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Epstein-Barr virus (EBV) is one of the most prevalent human viruses with more than 90% of the
adult population infected with EBV. EBV is well-known to cause infectious mononucleosis, but
also is associated with several B cell lymphomas and epithelial cell carcinomas. In bone marrow

or solid organ transplant patients and individuals with X-linked lymphoproliferative disease,



primary EBV infection can lead to life-threatening complications. There is no licensed vaccine
and even if one is available, these immunocompromised individuals might not respond well to
the vaccine. Thus, an effective vaccine and therapeutic are both needed. Here, I have evaluated
the efficacy of (a) EBV hyperimmune globulin isolated from healthy plasma donors with high
EBV gp350 antibody and EBV B cell neutralizing titers, (b) several EBV gp350, gH/gL and
gp42 monoclonal antibodies (mAbs) isolated from human plasma or vaccinated monkeys, (c) a
bispecific antibody targeting both gH/gL and gp42, and (d) gH/gL and gH/gL/gp42 nanoparticle
vaccines in a humanized mouse model. Animals that received hyperimmune globulin showed
protection from EBV infection at a similar level as that seen in animals receiving intravenous
immunoglobulin. However, humanized mice that received gH/gL. mAb B10 or gp42 mAb A10
showed increased survival and reduced viremia compared to animals that received other gH/gL
or gp42 mAbs. These two mAbs also demonstrated protection from development of EBV B cell
lymphomas in animals. Humanized mice that received bispecific antibody derived from gH/gL
mAb B10 and gp42 mAb A10 showed similar protection against EBV as animals that received
the combination of the two antibodies. Passive transfer of IgG isolated from mice immunized
with a gH/gL or gH/gl/gp42 nanoparticle vaccine showed reduction in viremia and no
development of EBV lymphomas compared to mice that received IgG from naive mice. These
findings suggest that development of vaccines or therapeutics targeting gH/gL. and/or gp42 may
provide protection in healthy individuals and severely immunocompromised individuals from

EBYV infection and B cell lymphoma.
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Chapter 1. Introduction



1.1 Epstein-Barr Virus
1.1.1 Classification and structure

Epstein-Barr virus (EBV), also known as human herpesvirus 4 (HHV-4), was the first
tumor virus found in humans and belongs to the gammaherpesvirus subfamily (Munz 2019).
Gammaherpesvirus can be further divided into two genera: Lymphocryptovirus (LCV) and
Rhadinovirus (RDV). LCV contains EBV and rhesus lymphocryptovirus, whereas RDV contains
herpesvirus saimiri (HVS) and Kaposi’s sarcoma herpesvirus (KSHV) (Edelman 2005).
Substantial homology is seen in the nucleotide sequences of viruses within the
gammaherpesvirus subtypes, but not much homology with alpha- or betaherpesviruses
(Longnecker, Kieff, Cohen, 2013). The EBV genome is a linear, double-stranded ~172 kbp DNA
which encodes ~80 proteins. DNA is encapsidated in an icosahedral nucleocapsid which in turn
is covered with an envelope (Figure 1.1). Several glycoproteins protrude from the envelope and
tegument proteins are present between the nucleocapsid and the envelope (Shannon-Lowe et al.,
2014). EBV is divided into two strains: type 1 and type 2. The two strains are classified based on
the sequence of the EBV nuclear antigen 2 (EBNA2) gene where only 55% of protein sequence
is identical between the two strains (Lucchesi et. al., 2008). Type I EBV is found worldwide but
type 2 is predominant in Africa and less frequent in Europe and the United States. Type 1 EBV
can also efficiently produce immortalized lymphoblastoid cell lines (LCLs) from B cells but type

2 is less efficient at producing LCLs (Lucchesi et. al., 2008).



Glycoproteins
= gp350. gp1%0. gB
gH/gL. gp42. gigN

Tegument Nucleocapsid
proteins viral capsid antigen
I 200 nm |

Figure 1.1. Diagram of EBV virion.

Linear, double stranded DNA is encapsidated in the nucleocapsid and surrounded by an envelope.
Tegument proteins are between the nucleocapsid and the envelope and various glycoproteins are shown as
spikes on the surface of the envelope. This figure was published in Gewurz BE, Longnecker L, Cohen JI.
Epstein-Barr Virus. In: Knipe DM, Howley PM, Cohen JI, Damania B, Whelan SPJ, Enquist L, Freed
EO. Fields Virology, 7% edition. Philadelphia, Wolters Kluwer 2022, 324-388.

1.1.2 Epidemiology

EBYV is one of the most prevalent viruses in humans and more than 90% of adults are
infected with EBV (Cohen et al., 2011). EBV is well-known to cause infectious mononucleosis
and is also associated with ~200,000 new cases of cancer each year worldwide. These cancers
include B cell lymphomas such as Burkitt and Hodgkin lymphoma, and epithelial cell
malignancies such as nasopharyngeal and gastric carcinomas (Cohen et al., 2011). In
immunocompromised patients undergoing solid organ or bone marrow transplant, EBV infection
is responsible for >70% of cases of post-transplant lymphoproliferative disorder (PTLD) (San-

Juan et al., 2014). In solid organ transplantation patients, the higher risk of developing a PTLD is
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in first two years after transplantation (Wistinghausen, Gross, and Bollard, 2013). This time
frame for development of PTLD is even shorter for patients undergoing bone marrow
transplantation which is usually within one year of transplantation (Fujimoto and Suzuki, 2020).
Also, the frequency of PTLD in EBV seronegative persons is 24- to 33-fold higher after
transplant than in EBV seropositive persons (Preiksaitis and Cockfield, 1998). EBV infection can
also be fatal to individuals with certain primary immunodeficiencies such as boys with X-linked
lymphoproliferative disorder (Cohen, 2015). Currently, there is no licensed prophylactic or

therapeutic vaccine.

1.1.3 Viral entry and spread

There are two major cell types that EBV infect in vivo: B cells and epithelial cells
(Figure 1.2). During B cell infection, EBV glycoprotein 350/220 first attaches to B cells via
complement receptor 2 (CR2), also known as CD21 (Fingeroth et al., 1984). gp350 and gp220
are encoded from the same mRNA, but gp220 is generated from a single splice variant. Both
gp350 and gp220 contain the domain that binds to CR2. Binding of gp350/220 to CR2 allows
EBYV to attach to the cells. EBV gH/gl/gp42 forms a heterotrimer which binds to HLA class II
on B cells (Spriggs et al., 1996). Binding of the gH/gl./gp42 complex to the B cell activates EBV
gB, to fuse viral and plasma membranes together to allow virions to enter the cells (McShane
and Longnecker, 2004).

In epithelial cell infection, BMRF?2 plays a similar role as gp350/220 where BMRF2
tethers the viral membrane to host cell plasma membrane by binding to integrins on the plasma

membrane (Tugizov et al., 2003). This binding activates gH/gL to bind to ephrin receptor A2 and



integrin receptors on the target cells and allows gB to fuse the viral and host cell plasma

membranes together (Zhang et al., 2018).

Epithelial cell entry B-cell entry
BMRF2  gH/gL gH/gL gB gB gH/gL gp350/220
g’”béb A
Integrins  Integrins  EphA2 Cﬁtﬁl CR2/CD21

Figure 1.2. EBV B cell and epithelial cell entry.

During epithelial cell entry, BMRF?2 attaches to cells, and gH/gL bind to integrins and Ephrin A2
receptors on epithelial cells. For B cell entry, gp350/220 attaches to cells, and gH/gL, gp42, and gB
interact with each to allow virus entry. This figure was published in Gewurz BE, Longnecker L, Cohen JI.
Epstein-Barr Virus. In: Knipe DM, Howley PM, Cohen JI, Damania B, Whelan SPJ, Enquist L, Freed
EO. Fields Virology, 7" edition. Philadelphia, Wolters Kluwer 2022, 324-388.

In humans, EBV is spread mainly through contact with saliva from infected persons
(Cohen, 2000). During primary infection, virus particles in the saliva infect epithelial cells in the
oropharynx followed by virus replication in epithelial cells and infection of resting, naive B cells
that traffic through the oropharynx (Figure 1.3). EBV can also directly infect resting, naive B
cells in the tonsillar crypts. Some of the infected B cells undergo lytic infection and actively
spread infectious virus particles, but most B cells become latently infected. The EBV genome
remains as an episome that does not produce infectious viral particles but has the potential to
reactivate anytime. One interesting aspect of EBV is its ability to immortalize B cells. EBV
infected latent B cells can proliferate indefinitely as LCLs in vitro (Longnecker, Kieff, Cohen,

2013).
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Figure 1.3. Diagram of EBV primary infection.
EBYV particles in the saliva enters through the oropharynx and infect epithelial cells and nearby resting B
cells. Infected B cells either go through lytic infection or become latently infected cells.

1.1.4 Latent infection

One of the most interesting aspects of gammaherpesvirus is its establishment of latent
infection in B cells. After primary infection, the viral genome resides in the host’s memory B
cells for the lifetime by staying silently with a limited expression of a subset of viral latent genes
(Young and Murray, 2003; Hatton et al., 2014). In cell culture, persistent presence of viral
genome in the host cells can be accomplished by immortalization of EBV as LCLs (Young and
Murray, 2003). During latency, EBV genomes express EBV-encoded nuclear antigens (EBNA-1,
2, and 3A-3C), latent membrane proteins (LMP1 and LMP 2A and 2B), EBNA-leader protein
(EBNA-LP), EBV-encoded small RNAs (EBERI and 2), and non-transcribed BART (BamHI-A
region rightward transcript) RNAs (Kang and Kieff, 2015). After primary infection, latent
infection can be divided into three types depending on the pattern of viral gene expression
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(Table 1.1). Different patterns of latent gene expression are critical for growth and survival of
EBV-associated malignancies. Type 1 latency is most common in Burkitt lymphoma tumors
while type 2 latency is commonly found in nasopharyngeal carcinomas (Kang and Kieff, 2015).
Type 0 latency, in which some viral RNAs, but no viral protein expression is found in healthy
persons previously infected with EBV. Type 3 latency is found in post-transplant

lymphoproliferative disease tissues.

Latency | EBERs | EBNA-1 | EBNA-2 | EBNA-3 E?_':A' LMP1 | LMP2 Disease
Blood in healthy EBV
0 + - - - - - - L
seropositive individuals
1 + + } ) } } ) Burkitt lymphoma,
gastric carcinoma
Nasopharyngeal
2 + + - - - + + carcinoma,
Hodgkin lymphoma
Post-transplant
3 + + + + + + + lymphoproliferative
disease

Table 1.1. EBV latency gene expression patterns.
Different latency genes are expressed in each type of latency and these types are often specific to certain
diseases.

1.1.5 Latent genes

EBNA-1 is expressed in latency types 1-3 and required for episome replication and
maintenance of the episomal genome when EBV infected B cells divide (Kang and Kieft, 2015;
Young and Murray, 2003). EBNALI is the only gene that is expressed during both lytic and latent
infection (Sivachandran et al., 2012). Recently, research demonstrated that EBNA-1 may have an

important role in multiple sclerosis (Lanz et al., 2022).



EBNA-2 and EBNA-LP are known to be co-expressed and involved in activation of viral
and cellular gene transcription by working cooperatively (Kang and Kieff, 2015). These two
genes are essential for B-cell transformation in LCLs (Cohen et al., 1989; Mannick et al., 1991).

EBNA-3A, -3B, and 3-C regulate host transcription and have the same promoter and
similar gene structures (Kang and Kieff, 2015). All three EBNA-3s are coactivators of EBNA-2,
but EBNA-3C can also function as a corepressor (Lin et al., 2002). EBNA-3B is the only gene
that is dispensable while EBNA-3A and 3C are essential for B-cell transformation in vitro (Kang
and Kieff, 2015).

LMP-1 is a major EBV-encoded oncogene and is critical for EBV-induced B-cell
transformation in vitro (Young and Murray, 2003). LMP1 can function as a tumor-necrosis
factor receptor (TNFR) and activates various signaling pathways such as NF-kB or JAK/STAT
pathways (Paine et al., 1995; Gires et al., 1999). LMP-2A and 2B are both non-essential for B
cell transformation but LMP-2A promotes B-cell growth by blocking B-cell receptor signaling
and induction of lytic infection (Miller et al., 1995; Longnecker, 2000). LMP-2B interferes and
negatively regulates LMP-2A by promoting the switch from latent to lytic EBV replication
(Rechsteiner et al., 2008).

EBERI and 2 are expressed in all types of latency and are the most abundantly expressed
EBV genes in latently infected cells (Young and Murray, 2003; Kang and Kieff, 2015). EBERs
use host RNA polymerase III to transcribe (Rosa et al., 1981). EBERs show resistance to IFNa-
induced apoptosis by inhibiting RNA-dependent protein kinase (PKR) (Nanbo and Takada,
2002). PKR is a mediator of the antiviral effects of the interferons and inhibition of PKR could

be an antiviral strategy against viral persistence (Clemens et al., 1994).



1.2 Antibody

1.2.1 Overview

Monoclonal antibodies (mAbs) have been developed to treat many diseases. Antibodies
are secreted from B cells to mediate humoral immunity when the body is exposed to foreign
substances such as viruses or bacteria (Xu et al., 2014). Antibodies can recognize diverse and
specific foreign pathogens. There are two forms of antibodies: membrane-bound antibodies and
secreted antibodies (Figure 1.4). Membrane-bound antibodies are on the surface of B cells and
have a C-terminal transmembrane domain that is anchored on the plasma membrane (Abbas et
al., 2011). These antibodies can function as receptors for specific antigens. Secreted antibodies
are present in the tissues, blood, and mucosal sites and prevent entry of pathogens into cells and
help to eliminate pathogen-infected cells. Secreted antibodies are involved in Fc-mediated
effector functions such as antibody-dependent cellular cytotoxicity (ADCC) and antibody-

dependent cellular phagocytosis (ADCP).

Secreted IgG
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Figure 1.4. Two forms of antibodies.

Antibodies can be present in secreted or membrane forms. In secreted antibodies, the heavy chain ends
with tail piece while in membrane antibodies, the C-terminal transmembrane domain is anchored on the
plasma membrane of B cells. This figure was published in Abbas AK, Lichtman AH, Pillai S. Antibodies
and Antigens. Cellular and Molecular Immunology, 7" edition. Philadelphia, Elsevier Saunders 2012, 89-
107.



1.2.2 Structure of antibodies

The structure of a typical antibody is composed of two heavy chains and two light chains
with an identical symmetry on each side to form a heterodimer (Litman et al., 1993) (Figure
1.5). Light chains of human immunoglobulin can be divided into two functionally similar
classes, k or A; both classes are composed of a constant domain (CL) and a variable domain (VL)
(Chiu et al., 2019). The heavy chain of human immunoglobulins can be divided into 5 isotypes,
IgA, IgD, IgE, IgG, and IgM, and each isotype has different functions (Brezski and Georgiou,
2016). IgA, IgD, and IgG have three constant domains (CH) and one variable domain (VH) and
IgE and IgM have four CHs and one VH (Chiu et al., 2019). IgM, the first antibody produced
after encounter with an antigen, is found as a pentamer and activates the complement system
(Janeway et al., 2001). IgA is secreted as monomers, dimers, and trimers and is involved in
mucosal immunity (Woof and Kerr, 2005). IgE is found in monomers and involved in immunity
to parasites and can cause hypersensitive reactions to allergens (Sutton et al., 2019). IgG is most
abundant antibody in humans and found in monomers. IgG can clear pathogens by
neutralization, opsonization, complement activation, and cell-mediated cytotoxicity (Forthal
2014). The function of IgD is still unknown.

IgG can further be divided into two fragment antigen binding domains (Fabs) and one
fragment crystallizable (Fc) domain (Figure 1.5). The Fab fragments are composed of VL-CL
paired with VH-CHI1 and the Fc fragment contains CH2-CH3 segments. Fab and Fc fragments
are linked by a hinge region that allows Fabs to be flexible and proteases can cleave this region
into Fab and Fc fragments (Stanfield and Wilson, 2014). Each Fab fragment has identical

antigen-binding sites that can bind a specific target antigen and the Fc region can trigger
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different effector functions by binding to various receptors on cells (e.g. macrophages, NK cells)

(Chiu et al., 2019).
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Figure 1.5. Structure of an antibody.

An antibody is composed of heavy and light chains which each contain variable and constant regions. An
antibody can also be cleaved into Fab and Fc fragments by proteases. This figure was published in Abbas
AK, Lichtman AH, Pillai S. Antibodies and Antigens. Cellular and Molecular Immunology, 7" edition.
Philadelphia, Elsevier Saunders 2012, 89-107.

The function of Fab and Fc domains was identified by proteolytic cleavage of IgG into
multiple fragments. When papain is added to an IgG, it digests the hinge region between the CH1
and CH2 domains of the heavy chain leading to three fragments, two Fab fragments and one Fc
fragment (Figure 1.6). If pepsin is added to the IgG, it cleaves a region below the hinge region

and produces one F(ab’), fragment with the rest of heavy chain digested in pieces.
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Figure 1.6. Cleaved fragments of IgG.

Digestion with papain produces two Fab fragments and one Fc fragment while pepsin produces one
F(ab’), fragment with the rest of heavy chain digested in peptide fragments. This figure was published in
Abbas AK, Lichtman AH, Pillai S. Antibodies and Antigens. Cellular and Molecular Immunology, 7"
edition. Philadelphia, Elsevier Saunders 2012, 89-107.

1.2.3 Half-life of antibodies
The half-life of antibodies in the blood differs based on their isotypes. IgE has the

shortest half-life of 2 days in the circulation, while IgA has a half-life of 3 days and IgM of 4
days (Abbas et al., 2011). IgG has the longest half-live of 21 to 28 days in humans. The long
half-life of IgG is due to its ability to bind to neonatal Fc receptor (FcRn). FcRn transports

maternal IgG through the placenta to the fetus (Roopenian et al., 2007). Circulating IgG in the
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blood gets endocytosed into early endosomes (Figure 1.7). To prevent IgG from degradation due
to acidic conditions in the endosome, IgG binds to FcRn and recycles back out to the
extracellular space as an IgG-FcRn complex. The neutral pH condition of the extracellular space
allows IgG to fall off from the complex and circulates again back into the blood. To increase the
half-life of mAbs developed as therapeutics, several of mutations at the Fc fragment of [gG were
discovered to increase their binding to FcRn. The LS mutation (M428L / N434S) in an IgG Fc
fragment is one of the widely used mutations to increase the half-live of the IgG molecule (Ko et

al., 2014).
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Figure 1.7. Recycling of IgG by FcRn to increase half-life of antibodies.

IgG binds to the FcRn in the endosome to prevent degradation due to low pH condition in the endosome.
IgG-FcRn complexes are recycled back into blood and IgG is released. This figure was published in
Abbas AK, Lichtman AH, Pillai S. Antibodies and Antigens. Cellular and Molecular Immunology, 7"
edition. Philadelphia, Elsevier Saunders 2012, 89-107.
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1.2.4 Monoclonal antibodies

The discovery of monoclonal antibodies (mAbs), antibodies that produce a single
specificity and target one epitope on the antigen, by tumor cells led to a significant advancement
in clinical medicine. Development of a method to produce one specific antibody in a large
quantity allowed mAbs to be used as medical diagnostics and therapeutics. Currently, there are
more than 100 FDA-approved mAbs (Mullard 2021) in various formats. Traditional canonical
antibodies are the most commonly approved forms, but other formats such as antibody-drug

conjugates or fragments have also been approved.

1.2.5 Bispecific antibodies

Lately, efforts to develop bispecific antibodies have been increasing. Unlike traditional
mAbs where both arms of an antibody target one epitope, bispecific antibodies can be engineered
to target two different epitopes, either on the same antigen or different antigens (Brinkmann and
Kontermann, 2017). Initially, bispecific antibodies were developed for cancer therapy, but
development has been widening to other fields such as chronic inflammatory diseases,
autoimmunity, neurodegeneration, bleeding disorders, and infections (Brinkmann and
Kontermann, 2017). Currently, there are more than 110 types of bispecific antibodies in various
stages of clinical trials (Ma et al., 2021). Advantages of bispecific antibodies are that they can
promote higher binding specificity by interacting with two different epitopes compared to one
and they can also simultaneously block receptors at different pathways of infection (Fan et al.,
2015). Bispecific antibodies may also reduce the cost of manufacturing as only one product
needs to be manufactured compared to two mAbs (Sedykh et al., 2018). Unlike traditional mAbs,
bispecific antibodies can be assembled into numerous formats as they require two different

heavy chains and two different light chains (Brinkmann and Kontermann, 2017). The format of
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bispecific antibodies can be largely divided into an asymmetric or a symmetric architecture
(Brinkmann and Kontermann, 2017). The presence or absence of a Fc region and mutations in
the Fc region adds more possibilities to assemble into different formats. Active studies are
ongoing to find a way to increase the possibility of pairing heavy and light chains into the
desired product. One common technology used in the field is the so-called “knobs-into-holes”
(KIH) structure (Figure 1.8). By introducing mutations in the CH3 domains of each heavy chain,
this increases the chance of forming heterodimers between two heavy chains like knobs into
holes (Krah et al., 2018). Despite the intense effort to find methods to produce bispecific
antibodies, it is still difficult to manufacture products that are homogenous and that stably
express with high purity (Fan et al., 2015). Currently, there are only four FDA-approved

bispecific antibodies (Ma et al., 2021).

4
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L368A T366W
Y407V

Knobs into holes

Figure 1.8. Bispecific antibody with knobs-into-holes mutations.

Three mutations on the CH3 domain of antibody 1 and one mutation on the CH3 domain of antibody 2
increase the chance of two heavy chains to form heterodimers. This figure was published in Krah, S.,
Kolmar, H., Becker, S., and Zielonka, S. (2018). Engineering IgG-like bispecific antibodies-an overview.
Antibodies. 7, 28.
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1.2.6 Bispecific mAb in CrossMADb format

CrossMAD technology is the crossover of the antibody heavy and light chain domains in
one of the Fab arms of a bispecific IgG to enable a correct assembly of heavy and light chains
(Figure 1.9). There are three types of crossovers. First, CrossMAbF® exchanges the complete
Fab domain of heavy and light chains but can also form side products that include a non-
functional monovalent antibody by the VH-CH1 and VL-CL domains and Fab from the 2
parental antibodies. Second, CrossMAbYH-VE exchanges variable regions of heavy and light
chains. This crossover type can also produce a side product called Bence-Jones proteins where a
normal light chain with variable and constant regions is paired with a crossed Fab-arm (VL-
CH1). Finally, CrossMAb“""C exchanges a constant domain of a light chain with a CH1

domain of a heavy chain. This is the only type that does not produce a side product.
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Figure 1.9. Types of bispecific CrossMAb formats.

Only one arm of the antibody is manipulated, and the other arm has conventional mAb format.
CrossMAb"™ and CrossMAbY"Y" form sides products while CrossMAb“"'““" does not product a side
product. This figure was published in This figure was published in Klein, C., Schaefer, W., and Regula,
J.T. (2016). The use of CrossMAb technology for the generation of bi- and multispecific antibodies.
MAbs. 8(6):1010-20.
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1.3 Antibody effector functions

An antibody’s most common function is to prevent infection by neutralization of the
pathogen via its antigen binding sites located in its Fab fragments (Abbas et al., 2011); however,
there are other effector functions mediated by the Fc fragment of an antibody to eliminate
antigens: antibody-dependent cellular phagocytosis (ADCP), antibody-dependent cellular
cytotoxicity (ADCC), and complement-dependent cytotoxicity (CDC). Different effector
functions of an antibody facilitate a stronger defense system against pathogens to protect the

host.

1.3.1 Neutralization

The simplest function of antibodies is to directly neutralize infection caused by microbes.
Antigen-binding regions of the antibodies are only required to neutralize antigens so
experimentally, Fab or F(ab)2 fragments without Fc fragments are capable of neutralizing
antigens in vitro (Lu et al., 2018). Since the Fc region is not required, any isotype of antibodies
can neutralize antigens. There are several mechanisms for antibodies to neutralize infection. The
most common mechanism is to block attachment of microbes to host cells (Stanfield and Wilson,
2014). Microbes often enter host cells via particular microbial surface molecules which bind to
membrane receptors of the host (Abbas et al., 2011). Bulky antibodies that are bound on the
microbial surface molecule will prevent microbes from binding to host cell receptors. Antibodies
can also neutralize pathogens by inhibiting or inducing conformational changes of the surface
molecule of microbes (Stanfield and Wilson, 2014). For example, in influenza virus,

conformational changes must occur in hemagglutinin to fuse membranes together (Carr and Kim,
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1993). Anti-influenza antibodies have been discovered that block these conformational changes

and have been shown to protect mice from lethal challenge (Dreyfus et.al., 2012).

1.3.2 Antibody-dependent cellular phagocytosis

ADCEP is a process of killing microbes such as virus particles by opsonization and
phagocytosis via interaction between the Fc domain of antibody and Fc receptors on immune
receptor cells (Kamen et al., 2019; Tay et al., 2019) (Figure 1.10). When Fab regions of IgG
detect and bind to an antigen, this allows the Fc region of IgG to bind to Fc receptors on the
phagocytes. Fc receptors signals phagocytes to activate phagocytosis and subsequently destroy
the ingested pathogens. Among different Fc receptors, FcyRI (CD64) has highest affinity to
human IgG1, IgG3, and IgG4 (Tay et al., 2019). This receptor is mainly present on the surface of
macrophages and neutrophils, two cell types that promote phagocytosis. A clinical trial of a
human cytomegalovirus (HCMV) vaccine in postpartum women showed that vaccination
induced low titers of neutralizing antibodies, but more robust titers of antibodies that mediated

ADCP (Nelson et al., 2018).
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Figure 1.10. Mechanism of antibody-dependent cellular phagocytosis.
IgG antibodies first bind to microbes via Fab fragment. This binding allows FcyRI on the phagocytes to
bind to Fc fragment of IgG and initiate phagocytosis, leading to destruction of ingested microbes. This
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figure was published in Abbas AK, Lichtman AH, Pillai S.Effector Mechanisms of Humoral Immunity.
Cellular and Molecular Immunology, 7™ edition. Philadelphia, Elsevier Saunders 2012, 269-292.

1.3.3 Antibody-dependent cellular cytotoxicity

ADCC is a mechanism that kills infected cells with antibodies in conjunction with the
activity of NK cells (Figure 1.11). When infected cells are present, antibodies bind to viral
proteins on the surface of the cells via their Fab region. This allows the Fc region of an antibody
to cross-link the Fc receptor on NK cells and allows the NK cells to secrete granzymes and
perforin to lead to death of the infected cells (Lu et al., 2018). The main Fc receptor on NK cells
is FcyRIITA (CD16). CD16 binds to clusters of IgG-antigen complex on the infected cell surface,
but not circulating monomeric IgG. Therefore, unlike ADCP, ADCC can only occur on infected
cells and not on cell-free virus particles. ADCC has been reported as a key effector function for
antibody protection against various infectious pathogens such as HIV-1, Ebola, and Dengue (Li

et al., 2014; Liu et al., 2017; Laoprasopwattana et al., 2007)
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Figure 1.11. Mechanism of antibody-dependent cellular cytotoxicity.

The Fab fragment of IgG binds to surface antigens on the infected cells and activates cross-linking of the
Fc fragment of IgG with FcyRIIIA on NK cells. Granzymes and perforin secreted from NK cells lead to
killing of infected cells. This figure was published in Abbas AK, Lichtman AH, Pillai S.Effector
Mechanisms of Humoral Immunity. Cellular and Molecular Immunology, 7™ edition. Philadelphia,
Elsevier Saunders 2012, 269-292.
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1.3.4 Complement-dependent cytotoxicity

CDC is activated by recruitment of complement when pentameric IgM or IgG that forms
stable hexameric complexes detects pathogens (Lu et al., 2018) (Figure 1.12). Complement can
be activated by the classical pathway where C1q is recruited to antigen-antibody immune
complexes or through the lectin pathway where mannose-binding lectin (MBL) is recruited to
antibody-opsonized material (Lu et al., 2018). Complement can also be activated by the
alternative pathway where neither C1q nor MBL are involved. Once the complement cascade is
activated by any of these three pathways, the products of complement activation attach to antigen
bound IgM or IgG and promote phagocytosis, inflammation, and/or cell lysis (Lu et al., 2018)
and clear the pathogen. A monoclonal antibody, rituximab, which is widely used in treatment of
B-cell malignancies and B-cell related diseases has been shown to trigger CDC and ADCC of B

cells (van Meerten et al., 2006).
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Figure 1.12. Three pathways of complement system activation.

The cascade of component activation in classical, lectin, or alternative pathways leads to formation of
membrane attack complex (MAC) and promote cell lysis. This figure was published in Abbas AK,
Lichtman AH, Pillai S.Effector Mechanisms of Humoral Immunity. Cellular and Molecular Immunology,
7™ edition. Philadelphia, Elsevier Saunders 2012, 269-292.
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1.4 Humanized mouse models
1.4.1. Types of humanized mouse models

Small animals such as mice and rats have been widely used in biomedical research but
due to EBV’s host tropism, there are limitations on finding a small animal model that can be
infected with EBV.To overcome this barrier, humanized mice have been engrafted with human
cells or tissues that are susceptible to various human pathogens. There are several methods to
make a humanized mouse (Figure 1.13). Using immunodeficient mice, humanized mice can be
generated in three ways: engraftment with human peripheral blood mononuclear cells (PBMCs),
human fetal tissues, or hematopoietic stem cells (HSCs) (Allen et. al., 2019). Mice engrafted
with human PBMCs are the most direct way to create humanized mice easily (Allen et al., 2019).
This model can be established in a short time and human T cells are highly expanded, but mice
often develop severe graft-verse-host disease (GVHD) and therefore are not suitable for long-
term in vivo studies (Yong et al., 2018; Ito et al., 2017). Another humanized mouse model often
used is engraftment of mice with a combination of human fetal bone marrow, liver, and thymus
(BLT). The BLT model is made by inserting human fetal liver and thymus under the kidney
capsule of the mice along with intravenous injection of CD34" HSCs from the same fetal liver
(Ito et al., 2017). Although this model has highest level of human cell reconstitution among the
three models, generation of this model takes time as surgical implantation is required and there
are ethical issues of using human fetal samples (Yong et al., 2018). Lastly, mice engrafted with
HSCs, also called humanized human immune system (HIS) mice, are the most commonly used
model (Ito et al., 2017). Before engrafting immunodeficient mice with HSCs, mice need to be
preconditioned with sublethal levels of X-ray irradiation or treated with radiomimetic drugs to
deplete mouse hematopoietic cells (Allen et al., 2019). HSCs can be obtained from human

umbilical cord blood, bone marrow, fetal liver, or peripheral blood after using granulocyte
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colony stimulating factor (GCSF) to mobilize the cells from the bone marrow. This model results
in mice containing human T and B cells (Yong et al., 2018). An advantage of this model is that
the B and T cells that develop from HSCs undergo negative selection during differentiation
which generate a naive immune system which is tolerated by the mouse host (Yong et al., 2018;
Pearson et al., 2008). A disadvantage is that cell differentiation takes time and contains low

levels of human red blood cells, polymorphonuclear leukocytes, and megakaryocytes (Yong et

al., 2018).
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Figure 1.13. Generation of humanized mouse models.

Humanized mice can be categorized into human peripheral blood leucocyte (huPBL) mice, bone
marrow/liver/thymus (BLT) mice, and humanized human immune system (HIS) mice. This figure was
published in Skelton, J.K, Ortega-Prieto, A.M., and Dorner, M. (2018). A hitchhiker’s guide to
humanized mice: new pathways to studying viral infections. Immunology. 154(1):50-61.
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1.4.2. Humanized mouse model for EBYV infection

Humans are the only natural host for EBV (Fujiwara et al., 2015) so there are limitations
on finding a small animal model when studying EBV infection. The cotton-top tamarin is
susceptible to EBV infection and has been previously used in preclinical studies, but they are an
endangered species, thus can no longer be used (Fujiwara et al., 2015). Rhesus monkeys can be
infected with rhesus lymphocryptovirus (sometimes referred to as rhesus EBV) (Cho et al.,
1999). Although rhesus lymphocryptovirus is very closely related to EBV, there is only 49%
amino acid similarity between EBV and rhesus lymphocryptovirus gp350 (Herrman et al., 2016).
Currently, the most widely used small animal model in EBV research is humanized mice.
Humanized mice, like humans, have been shown to develop both lytic and latent EBV infection.
After severe combined immunodeficiency (SCID) mice were inoculated with EBV-seronegative
donor PBMCs and then infected with EBV, 67% of the mice developed EBV-positive PTLD-like
lesions (Haque et al., 2006). In mice strain NOD/Shi-scid 112rg™!! (NOG) or NOD/LtSz-scid
I12rg”'~ (NSG) engrafted with human HSCs, signs of B cell lymphoproliferative disease (LPD)
after infection with high doses of EBV were similar to EBV-associated LPD found in
immunocompromised patients (Yajima et al., 2008). These mice developed viremia,
splenomegaly, and lymphoma in the spleen, liver, kidney, and/or adrenal glands with similar
latent gene expression and histopathology as immunocompromised patients. Humanized mice
infected with EBV generally show peak viral loads in the peripheral blood at week 4-to-6 post
infection which is similar to primary EBV infection in humans (Munz, 2017). Humanized mice
infected with low doses of EBV showed transiently detectable viral DNA in the peripheral blood
with no apparent signs of disease, but EBER-positive B cells were detected in the spleen and
liver up to ~7 months after infection (Fujiwara et al., 2015). This asymptomatic and persistent
infection mirrors EBV latency in humans.

25



Although humanized mice show similar features to those found in EBV infection in
humans, there is a caveat to this model. As humanized mice are engrafted with human HSCs,
they have human B and T cells, but not human epithelial cells (Munz, 2017). Lytic infection
through epithelial cells in oropharynx is an important entry route of EBV infection in humans but
having mouse epithelial cells prevents EBV infection through this route. Infecting humanized
mice with EBV via intravenous injection does not replicate the natural route infection in humans
and evaluating EBV therapeutics may be limited by the model. Another difficulty of using a
humanized mouse model in EBV research is that although these mice reproduce EBV-associated
B-cell LPD, there are other EBV-associated malignancies that have not been observed in this
animal model (Fujiwara et al., 2015). EBV is associated with Burkitt lymphoma, Hodgkin
lymphoma, gastric carcinoma, and nasopharyngeal carcinoma but there are no studies yet
showing humanized mice can develop these types of cancers.

In summary, EBV infection is associated with various diseases despite being one of the
most prevalent viruses in humans. There is no FDA approved vaccine or therapeutic and active
research to discover one is needed. In this dissertation, the following questions will be explored:
1) what is the most appropriate humanized mouse model to evaluate efficacy of EBV
therapeutics? ii) what is the most effective EBV mAb that can protect humanized mice from
EBYV infection and development of lymphoma? iii) can a bispecific antibody provide better
protection of humanized mice from EBV infection than a single monoclonal antibody? To
answer these questions, comparisons of different humanized mouse models that are suitable for
antibody efficacy studies will be discussed in chapter 2. Using an optimized humanized mouse

model (chapter 2), discovery and characterization of an EBV hyperimmune globulin (chapter 3),
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EBV mAbs (chapter 4), and a bispecific mAb (chapter 5) to find the best candidate(s) to prevent

EBYV infection and development of lymphoma will be reported.
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Chapter 2. Evaluation of humanized mouse models for EBV
infection studies

An additional author contributed on the work in this chapter: Wang Y
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Abstract

EBYV is nearly ubiquitous in adults. In addition to causing infectious mononucleosis, EBV is
associated with B cell lymphomas and epithelial cell malignancies including nasopharyngeal
carcinoma and gastric carcinoma. There are no licensed vaccines or therapeutics. Since humans
are the only natural host of EBV, the virus does not infect B cells or epithelial cells of small
animals and there is not a suitable small animal model to study EBV infection. Recently,
humanized mice that are engrafted with human PBMCs or CD34" hematopoietic cells and have
human lymphocytes, has been used in EBV studies. Here, I have examined different mouse
strains, both SCID mice injected with human PBMCs from EBV seronegative donors and
commercially available humanized mice for their ability to develop viremia and B cell
lymphomas after challenge with EBV. I also optimized the titer of the EBV challenge virus to
find the best conditions to use to evaluate the efficacy of EBV monoclonal antibodies to protect
the animals. Humanized mice had detectable viremia, but due to small sample size (associated
with the expense of the animals), it was difficult to observe distinguishable results between
different strains of humanized mice. SCID mice injected with PBMCs from EBV seronegative
donors also were tested, but unlike the humanized mice, not all animals became infected. Thus,

humanized mice were found to be the most reproducible model for EBV infection.
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2.1 Introduction

EBYV is the most common cause of infectious mononucleosis. 75% of infected individuals
shows symptoms like sore throat and fatigue, but usually only last 3-4 weeks (Dunmire et al.,
2015). Infectious mononucleosis is not a life-threatening disease in most cases, but still EBV is
an oncogenic virus and other diseases associated with EBV can result in severe morbidity and
death. EBV is associated with B cell lymphomas such as Hodgkin and Burkitt lymphomas, and
epithelial cell malignancies such as nasopharyngeal and gastric carcinomas (Cohen et al, 2011).
Each year, 200,000 cases of cancer are associated with EBV infections worldwide. EBV
infection is also associated with PTLD. Patients undergoing solid organ transplant have higher
chance of developing PTLD within 2-3 years of transplantation and within one year for bone
marrow transplant (Cohen et al., 2015). There are no licensed vaccines or therapeutics for EBV
and they are needed.

Although EBV is one of the most prevalent viruses, its natural host is only humans. EBV
is a lymphocryptovirus and nonhuman primate lymphocryptoviruses have some similarity with
EBYV (Cho et al., 1999). While rhesus lymphocryptovirus infects rhesus monkeys, EBV cannot
infect these animals (Herrman et al., 2016). To overcome the limitation on the lack of a small
animal model for EBV research, severely immunodeficient mice engrafted with human PBMCs
or CD34" cells (humanized mice) have been used and are currently the best small animal model
for EBV infection research. There are three methods to engraft human immune systems in
immunodeficient mice: injection of human PBMCs; injection of CD34" human hematopoietic
stem cells from bone marrow, umbilical cord, fetal liver, or G-CSF-mobilized peripheral blood;
and injection of human fetal thymus and liver under the kidney capsule along with human
hematopoietic stem cells from the same fetal liver (Walsh et. al., 2017). All humanized mice

express human lymphocytes such as B and T cells. Previous studies have shown humanized mice
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infected with EBV had peak viral loads at week 4-6 after challenge which is similar to the
kinetics seen in symptomatic humans with primary EBV infection (Dunmire et al., 2015).
However, humanized mice still have mouse epithelial cells; thus, EBV lytic infection in which
the virus replicates in oropharyngeal epithelial cells cannot be studied using this model and only
latent infection in B cells can be evaluated (Munz 2017).

Various EBV strains have been isolated from different sources. The most widely used
and studied strain is B95-8. B95-8 is a cotton-top marmoset cell line transformed by virus from a
human LCL from a patient with transfusion-induced infectious mononucleosis (Skare et al.,
1982). The B95-8 genome is similar to other EBV strains found in Western countries (Tsai et al.,
2017). B95-8 virus has a high transforming efficiency and produces high yields of EBV. The
EBV M8 strain was isolated from a Chinese patient with nasopharyngeal carcinoma (Tsai et al.,
2017). This strain spontaneously replicates in B cells both in vivo and in vitro and therefore
undergoes lytic infection more frequently than B95-8 virus (Tsai et al., 2013). EBV M81 also has
a higher tendency to infect epithelial cells than B95-8. As B95-8 and M81 were isolated from
different sources, different infection characteristics may be observed in humanized mice.

Here, SCID mice injected with human PBMCs and several commercially available
humanized mice strains were evaluated for weight changes and the level of viremia after
challenged with EBV. Also, different EBV strains and various titers of the viruses were
examined to find optimal conditions to use EBV as a challenge virus to study the efficacy of

monoclonal antibodies.
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2.2 Result

2.2.1 Mice that received the highest dose of EBV had the lowest survival rate but no
difference in viremia

SCID mice were injected with PBMCs isolated from healthy EBV-seronegative human
donors and challenged on the next day with either of two different strains of EBV: M81 and
B98-8 (Figure 2.1A). EBV B95-8 expresses GFP and EBV M81 expresses both GFP and
luciferase. The titer of EBV was measured by infecting Raji cells and counting the number of
GFP-positive cells (expressed as green Raji units, GRU [Sashihara et al., 2009]). Due to low
level of EBV M81 produced, only 4 x 10* GRU were tested in one group of mice. For EBV B95-
8,4 x 10° GRU, 1 x 10* GRU, and 1 x 10° GRU titers were evaluated with 4 mice in each group
(Figure 2.1B). Blood and weights were collected weekly starting one-week post infection. For
mice that received M81 virus expressing luciferase, IVIS in vivo imaging was conducted weekly
starting week 6 post infection and all mice were euthanized at week 19 post infection.

Mice that received the lowest titer of EBV B95-8 virus (4 x 10° GRU) had the highest
survival rate; the survival rate decreased as the titer of the virus increased (Figure 2.1C). All
mice that received 1 x 10° GRU of EBV B95-8 died by week 16 post infection. Mice that
received EBV M81 had a 25% survival rate which was the same as mice that received 1 x 10*
GRU of EBV B95-8. One mouse from the EBV M81 group died at week 2 post infection and
due to the short period of time after challenge, this was felt to be unlikely due to EBV infection.
Viremia was measured from blood collected weekly by quantifying the copy number of EBV
BamHI copies in the repeat sequence of the virus using qPCR. Mice that received M81 showed
detectable EBV starting from week 3 post infection and continually increased in EBV copy
numbers until end of the study (Figure 2.1D). Mice receiving 4 x 10° GRU of EBV B95-8

started to show detectable EBV at week 7 post infection, but only 50% of mice showed viremia.
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Mice receiving 1 x 10* GRU of B95-8, all mice had viremia but fewer EBV copies were detected
compared to animals receiving EBV M81 or 4 x 10° GRU of B95-8 EBV. Only 75% of mice
receiving 1 x 10° GRU B95-8, showed viremia, but with higher EBV copy number than those
receiving 1 x 10* GRU. Based on survival rate and levels of viremia result, 4 x 10> GRU B95-8
was not infectious enough to use for evaluation of EBV mAbs. Mice receiving 1 x 10° GRU
B95-8 virus had the lowest survival rate and high levels of viremia, but not all mice were

infected at this titer.
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Figure 2.1. Evaluation of EBV infection in SCID mice injected with human PBMCs.

(A) experimental scheme of injections. (B) A summery table of EBV strains, virus titer, and number of
mice in each group. (C) Survival rates for each group of mice after EBV challenge. (D) EBV DNA copies
in the blood quantified by real-time qPCR. Each dot represents one mouse, and the dotted line indicates
the limit of detection of the assay. Whiskers indicates minimum and maximum data points for EBV DNA
copies in the blood, the box represents upper and lower quartiles, and the horizontal line in the box is the
median.
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2.2.2 Mice that received M81 expressing luciferase showed progressive increase in virus
infected cells over time using an in vivo imaging system

The EBV M8 strain has a luciferase gene recombinantly incorporated into the genome
so that EBV infection (increasing number of virus-infected cells) can be monitored in vivo by
imaging for luminescence. Starting at week 6 post infection, luminescence was captured using an
IVIS in vivo imaging system (Figure 2.2). Mouse #1 showed bright luminescence from both the
abdomen and back at week 6 post infection and the intensity of the light increased over time. By
week 10 post infection, mouse #1 had bright light luminescence over the entire body. Mouse #3
had very low luminescence on week 6 post infection, but the intensity grew starting at week 12
post infection. By week 18 post infection, mouse #3 had large areas on both the abdomen and
back that were luminescent. For mouse #2, luminescence was never observed even though

viremia was detected, and the mouse died at week 14 post infection.
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Figure 2.2. In vivo images of mice challenged with EBV M81 expressing luciferase.
Abdomen and back of mice were imaged for 1 min. Intensity of the light is depicted in colors with blue
being lowest intensity and red being highest intensity.

36



2.2.3 EBY titration using different strains of humanized mice

Recently, humanized mice engrafted with human CD34" hematopoietic stem cells have
been used to study EBV infection. To find the best EBV model of humanized mice, highly
immunodeficient mice engrafted with human CD34" hematopoietic stem cells (huNSG), SCID
mice engrafted with human CD34" hematopoietic stem cells and fetal liver and thymus (BLT
mice), and NSG mice with cytokines that improve the level of engraftment better than huNSG
mice (NSG-SGM3 mice) were evaluated for survival and viremia after EBV infection. A study
using SCID mice with human PBMC injections showed that 1 x 10° GRU can infect mice with
detectable viremia, but not all animals were infected (Figure 2.1). Therefore, for the humanized
mouse studies, both 1 x 10° GRU and 1 x 10° GRU were evaluated. All mice were challenged
with EBV B95-8 on day 0 by IV injection and blood was collected and weights were measured
weekly starting at week 1 post infection (Figure 2.3A). Evaluation of huNSG and BLT mice was
conducted at the same time, while studies of NSG-SGM3 mice were conducted separately.
huNSG and BLT mice were euthanized at week 16 post infection and NSG-SGM3 mice were
euthanized at week 14 post infection. Due to the high cost of these animals, 2 huNSG and 2 BLT
mice were used in each group; for NSG-SGM3 mice, 3 mice were injected with 1 x 10° GRU
and 4 mice were injected with 1 x 10° GRU (Figure 2.3B). All huNSG mice that received 1 x
10° GRU of EBV survived, all mice that received 1 x 10° GRU died by week 11 post infection
(Figure 2.3C). BLT mice receiving 1 x 10° GRU or 1 x 10° GRU of EBV had 50% survival.
NSG-SGM3 mice that received 1 x 10° GRU were all dead by week 7 post infection and mice
that received 1 x 10° GRU showed 33% survival at the end of the study. Due to low numbers of
huNSG and BLT mice, it is difficult to conclude which titer of virus would be ideal to use in the

future study of EBV mAbs.
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Figure 2.3. Evaluation of EBV infection in different strains of humanized mice.

(A) Experimental scheme of EBV challenge and sample collection. (B) A summery table of mouse strain,
EBYV strains, virus titer, and number of mice in each group. (C) Survival rates for each group of mice after
EBYV challenge.
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2.2.4 All mice had viremia with a peak at week 4-7 post infection that declined over time

From weekly collected blood, the EBV repeat sequence, BamHI W, was quantified by
qPCR. In huNSG mice, viremia was observed after inoculation with two different titers of virus
starting week 1 post infection with a peak at week 5 post infection (Figure 2.4). Viral copy
numbers with the two different titers of inoculum were similar. In BLT mice, viremia was
detected at week 3 post infection for mice that received 1 x 10° GRU and at week 2 post
infection in mice that received 1 x 10® GRU. A peak at week 7 post infection was noted; mice
that received 1 x 10° GRU had higher viral copy numbers in the early stages of infection. In
NSG-SGM3 mice, both titers of inoculum resulted in viremia starting at week 1 post infection
and mice that received 1 x 10° GRU had higher numbers of viral copies. For all mice strains,
viremia was detectable with both titers of EBV inoculum, but due to the small number of huNSG
and BLT mice tested, it was difficult to observe a clear difference in the level of viremia between
the two titers. For NSG-SGM3 mice, 1 x 10° GRU resulted in a higher level of viremia so this
titer was chosen for evaluation of mAb evaluation study.

Based on these studies, huNSG mice were selected for studies of EBV mAbs. Research
with BLT mice was put on hold by the US government shortly after our studies were completed,
since these mice contain human fetal tissues. huNSG and NSG-SGM3 gave similar results,
although as noted above, the number of mice tested was not sufficient to detect significant
differences in the two mouse strains. Since huNSG mice are less expensive than humanized

NSG-SGM3 mice, the former was used for testing EBV mAbs.
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Figure 2.4. Viremia in different strains of humanized mice inoculated with two different titers of
EBV.

EBV DNA copies in the blood quantified by real-time qPCR. Each dot represents one mouse, and the
dotted line indicates the limit of detection of the assay. Whiskers indicates minimum and maximum data
points for EBV DNA copies in the blood, the box represents upper and lower quartiles, and the horizontal
line in the box is the median.
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2.3 Discussion

In this chapter, SCID mice injected with human PBMCs and several commercially
available humanized mice strains were evaluated for their ability to be infected with EBV. In
addition, the effects of different EBV strains and titers of the viruses were examined for EBV
infection. The B95-8 virus used expresses GFP, while the M81 strain expresses GFP and
luciferase. In SCID mice with human PBMCs, the survival rate correlated with the titer of B95-8
virus used to infect the animals; mice that received the highest titer showed lowest survival rate.
However, the level of viremia did not correlate with the titer of B95-8 in the inoculum. All mice
that received M81 virus developed viremia and virus infection could be observed directly in mice
via in vivo imaging of luciferase. In commercially available humanized mice, all mice showed
viremia, but due to small number of huNSG mice and BLT mice, it was difficult to distinguish
effects of two different titers of virus. Difference between the two titers were more easily
distinguished in humanized NSG-SGM3 mice where higher virus titer in the inoculum resulted
in lower survival rate and higher viremia.

In a study reported by Haque et al., SCID mice were injected with EBV seronegative
human PBMCs from 4 different donors, then intraperitoneally injected with gp350 antibody
72A1(3 mice from each donor) or PBS (3 mice from each donor), and then infected with EBV
(Haque et al., 2007). After 100 days, 8/12 mice (67%) from the PBS group developed EBV-
positive PTLD-like lesions and 0/12 (0%) mice that received 72A1 antibody developed lesions.
It is difficult to compare my results with their data as their study did not measure the level of
viremia and I did not examine PTLD-like lesions at the end of the study, but at least 50% of mice
in all 4 groups showed viremia in my study which may increase the likelihood of developing

PTLD-like lesions.
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M8, a virus isolated from a Chinese patient with nasopharyngeal carcinoma (NPC), can
spontaneously replicate in B cells at an unusually high level (Tsai et al., 2013). This trait is
similar to the enhanced viral replication seen in patients with NPC. However, in a study
conducted by Tsai et al., when the same number of B95-8 or M81 recombinant EBV genomes
were injected into mice, the number of B95-8-infected B cells in the spleen was higher than the
number of M81-infected B cells. This showed that M81 has reduced B cell tropism than B95-8.
The M8 virus used in our animal study has a luciferase gene recombinantly inserted into the
genome so that infection can be monitored over time in mice by an in vivo imaging system.
Unlike B95-8 virus where high titers of viruses can be obtained using a producer cell line, it was
difficult to produce M81 in high concentrations; therefore, only 4 x 10° GRUs of M81 was used
for inoculations. All mice that were challenged with M81 virus showed viremia by qPCR, but
luciferase activity was observed in 2/3 (66%) mice. The ability to follow EBV infection over
time by monitoring luciferase activity in vivo is a very useful tool; however, due to the low level
of M81 obtained from the producer cell line, M81 was not an ideal EBV strain to use for future
studies. Since B95-8 can produce in high concentrations, I tried to insert a luciferase gene into
the B95-8 producer cell line by BAC recombineering but was unable to generate a clone that
expressed luciferase that produced useful amounts of virus.

In both huNSG and BLT mice, due to small animal numbers in each group, it was
difficult to conclude what titer of the virus would be optimal to use in future humanized mice
studies. Infection of humanized NSG-SGM3 mice with EBV showed that high titer virus, 1 x 10°
GRU, resulted in a lower survival rate and higher level of viremia. In work published by Yajima
et al. in which mice received high titers of virus, inoculation with 1 x 10° 50% transforming

doses (TDso) of virus resulted in high levels of EBV in the blood and severe illness with weight
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loss, general inactivity, and piloerection from week 5-10 post infection; in contrast, mice that
received low titers of EBV, 1 x 10! to 1 x 10! TDs, appeared to be healthy throughout the study
(Yajima et al., 2008). Mice infected with lower titers of virus had EBV in the blood for several
weeks after infection, but the level then fell to undetectable. In my study, similar results were
observed; all three strains of humanized mice showed peak viremia at week 5-7 post infection
and the level of virus declined as the study progressed. All mice that died during the study were
between week 4-11 post infection which is a similar time frame as in Yajima’s study.

None of the mouse models that I’ve evaluated are perfect models to study EBV infection
since humanized mice can only be used to study B cell infection and there will always be
variability due to mice engrafted with different donors. However, humanized mice are so far the
best model that can recapitulate EBV infection similar to the high viral loads, kinetics of virus in
the blood, and development of lymphoma which occurs in EBV-infected hematopoietic stem cell
transplant recipients. As usage of BLT mice was highly restricted by the US government due to
the use of human fetal tissue after my first study was completed, this model could no longer be
used. Since results with huNSG and NSG-SGM3 mice were similar and NSG-SGM3 mice are
more expensive, [ determined that huNSG mice were the best model to use in future studies to
evaluate the ability of EBV mAbs to protect animals from viremia and EBV LPD. The optimal

titer for infecting these mice was found to be 1x 10° GRU.
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Chapter 3. EBV hyperimmune globulin isolated from donors
with high gp350 antibody titers protect humanized mice
from challenge with EBV

This work was published in:

Kim JH, Bu W, Mine S, Tariq Z, Nguyen H, Wang Y, Tolman C, Mond J, and Cohen J.I. (2021)
Epstein-Barr virus (EBV) hyperimmune globulin isolated from donors with high gp350 antibody
titers protect humanized mice from challenge with EBV. Virology 561, 80-86.
https://doi.org/10.1016/j.virol.2021.06.006
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Abstract

Primary infection with EBV is associated with post-transplant lymphoproliferative disease and
severe disease in patients with X-linked lymphoproliferative disease; no therapies are approved
to prevent EBV infection in these patients. Hyperimmune globulin has been used to prevent
some virus infections in immunocompromised persons. Here, we identified plasma donors with
high titers of EBV gp350 and EBV B cell neutralizing antibodies. Pooled IgG isolated from these
donors was compared to intravenous immunoglobulin (IVIG) for its ability to reduce viral load
in the blood in humanized mice challenged with EBV. Mice that received EBV hyperimmune
globulin had significantly reduced EBV DNA copy numbers compared to animals that received
saline control; however, while animals that received EBV hyperimmune globulin had lower EBV
DNA copies than those that received IVIG, the difference was not significant. Thus, while EBV

hyperimmune globulin reduced viral load compared to IVIG, the effect was modest.
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3.1 Introduction

EBYV is one of the most prevalent human viruses with more than 90% of the world’s adult
population infected with EBV (Cohen et al., 2011). EBV is the primary cause of infectious
mononucleosis and is also associated with certain B cell lymphomas and epithelial cell
malignancies. In immunocompromised individuals who undergo solid organ or hematopoietic
stem cell transplant, EBV is responsible for > 70% of cases of PTLD (San-Juan et al., 2014).
PTLD usually develops within first year after transplant in hematopoietic stem cell transplant
recipients and in the first 2 years in solid organ transplant recipients (Fujimoto and Suzuki, 2020;
Wistinghausen, Gross, and Bollard, 2013). The frequency of PTLD is 24- to 33-fold higher in
persons with primary EBV infection after transplant than in EBV seropositive persons
(Preiksaitis and Cockfield, 1998). EBV infection can also result in fatal disease in boys with X-
linked lymphoproliferative disease (XLPD) and in certain other primary immunodeficiencies
(Cohen, 2015).

Intravenous immunoglobulin (IVIG) or antiviral therapy has been used to try to prevent
infection in some patients at high risk of PTLD or XLPD; however, fatal breakthroughs have
occurred. Neither IVIG nor antivirals affect latent EBV infection; thus, they have only been used
to try to reduce infection or in the case of antivirals to inhibit EBV lytic replication. IVIG
contains polyclonal antibodies prepared from pooled plasma of >15,000 donors (Orange et al.,
2006). While plasma donors are not screened for antibodies to EBV, since 90% of adults are
infected with the virus, IVIG contains EBV antibodies, although antibody levels to different
EBYV proteins can vary from batch to batch.

Hyperimmune globulin is available to prevent or attenuate virus infections (Slitka and
Amanna, 2018). FDA licensed products include varicella, rabies, and hepatitis B hyperimmune
globulins that are used to prevent disease after exposure (post-exposure prophylaxis) to the
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corresponding virus infections. Cytomegalovirus and hepatitis B hyperimmune globulins are
used to prevent disease before exposure, while vaccinia hyperimmune globulin is used to treat
persons with progressive vaccinia. The FDA recently issued an emergency use authorization for
convalescent plasma from persons with high titers of antibody to SARS-CoV-2 to treat
hospitalized persons with COVID-19.

Currently there is no approved hyperimmune globulin for EBV. In view of the limited
effectiveness associated with IVIG for prevention of EBV PTLD (Humar et al., 2006) and
prevention of primary infection in patients with XLPD (Seemayer et al. 1995), EBV
hyperimmune globulin may be more effective than IVIG due to the higher titer of neutralizing
antibody. Here, we isolated EBV hyperimmune globulin from plasma of donors with high titers
of EBV gp350 and EBV B cell neutralizing antibodies and evaluated its effect on protection

against EBV infection using a humanized mouse model.
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3.2 Results

3.2.1. Screening of plasma from EBYV seropositive donors for EBV gp350 antibody and B
cell neutralizing titers

Plasma from 200 EBV seropositive donors were evaluated for EBV gp350 antibody titers
by LIPS assay. As a control, plasma previously obtained from NIH blood bank donors that had
been categorized as having high, medium, or low levels of gp350 antibody were used as a control
(Fig. 3.1A). Many of the plasma donors had similar or higher levels of gp350 antibody titers
compared to the high titer gp350 antibody control group. Based on these results, a subset of
plasma donors was evaluated for EBV B cell neutralizing titers to select donors for preparation
of EBV hyperimmune globulin. Seven donors were selected that had high titers of both gp350
and EBV B cell neutralizing antibodies (Fig. 3.1B). All 7 donors had higher EBV neutralizing

titers (1-2 log lower ICso values) than 4 different preparations of IVIG.
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Figure 3.1. EBV gp350 antibody levels in plasma from donors and EBV B cell neutralizing titers in
IVIG and selected plasma donors with high EBV gp350 antibody titers.

(A) gp350 antibody levels in human plasma donors were quantified using a gp350 LIPS assay. Plasma
previously obtained from blood bank donors that had been categorized with high, medium, and low gp350
antibody titers were used as controls. Antibody titers are expressed in light units (LUs) based on the LIPS
assay. Each dot indicates the mean titer of triplicate results for each donor and the solid black line
indicates the mean. The dotted line represents the cutoff value defined as the mean plus 2 standard
deviations of the antibody titer of EBV negative sera. (B) EBV B cell neutralizing antibody titers from
separate lots of IVIG and 7 plasma donors with the highest EBV gp350 antibody titers based on LIPS
assay. Each dot represents the ICso value of individual neutralization assay result.
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3.2.2. Comparison of IVIG and EBV hyperimmune globulin by passive transfer in
humanized mice and EBV challenge

Three plasma donors (donors #9122, 39921, 32077), available for further plasma
donation after their initial screening, were chosen from the 7 donors with the highest gp350 and
EBV B cell neutralizing titers, and IgG was purified from their plasma and pooled. This pooled
IgG was termed EBV hyperimmune globulin and had comparable levels of EBV B cell
neutralizing titers as IgG obtained from individual plasma donors (Fig. 3.2A). Differences in the
individual donors’ neutralizing titers in Fig 3.1B and 3.2A were due to the use of plasma from
donors in the former and purified IgG from donors in the latter. EBV hyperimmune globulin was
compared with IVIG for its ability to reduce the number of EBV DNA copies in the blood in
humanized mice challenged with EBV. Groups of 6 mice received 0.5 mg of either IVIG or EBV
hyperimmune globulin on days -1, 0, 1, 4, 7, and 10 of challenge (Fig. 3.2B). Another group of
mice was given PBS at the same time points as a control. On the day of challenge, 1 x 10° GRU
of EBV B95-8 was given by intravenous injection. Mouse weights were recorded, and peripheral
blood was collected weekly from week 1 to 15 after infection. The concentration of total human

IgG in plasma and the level of EBV DNA in whole blood was measured.
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Figure 3.2. Passive transfer protocol for humanized mice and EBV B cell neutralizing titers of IVIG

or EBV hyperimmune globulin.
(A) EBV B cell neutralization titers for IgG isolated from individual donors, hyperimmune globulin from

pooled donors, and IVIG were plotted. (B) Six doses of either PBS, IVIG or EBV hyperimmune globulin,
indicated by the black circles, were given by intraperitoneal injection and 1x10° GRU of EBV was used to

challenge mice by intravenous injection.
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Mice in all three groups were monitored for weight changes. In the PBS group, one
mouse reached the endpoint of 30% weight loss and was euthanized, while none of the mice in
the other groups had significant weight loss (Fig. 3.3A — 3.3C). PBS control group showed 83%

survival while all mice in the IVIG and hyperimmune EBV globulin groups survived (Fig.

3.3D).
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Figure 3.3. Changes of weight and survival rate for mice receiving IVIG, EBV hyperimmune
globulin, or PBS and challenged with EBV.

Percentage weights relative to initial weights (set at 100%) are plotted for mice that received: (A) PBS
control, (B) IVIG, or (C) EBV hyperimmune globulin. Each line represents one animal and dotted lines

indicate study end point 30% weight loss. (D) Survival rates were plotted for each group of mice up to
week 15 after infection.
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3.2.3. Mice receiving hyperimmune EBYV globulin had the lowest EBV viral load in the
blood after virus challenge

DNA was extracted from the blood of mice after challenge with EBV and the level of
viral DNA was measured by qPCR using a probe for the EBV BamHI W sequence. There are 11
copies of BamHI W, a repeat sequence, in the EBV B95-8 genome (Le et al., 2005); therefore,
amplifying this repeat sequence increases the sensitivity of the assay. All three groups of mice
had peak levels of EBV DNA in the blood 5 weeks after infection and thereafter the levels
decreased (Fig. 3.4A — 3.4C). When the number of EBV DNA copies in the blood was compared
over the full 15-week study period, an area under the curve analysis showed that mice that
received EBV hyperimmune globulin had a significantly lower viral load in the blood compared
to PBS group (p = 0.004, Welch two sample t test); however, animals that received IVIG did not
have significantly lower viral load than those that received PBS (p = 0.19) (Fig. 3.4D). While
mice that received EBV hyperimmune globulin had a lower viral load in the blood than those
that received IVIG over the 15-week study period, the difference was not significant (p = 0.13).
Since the majority of the adult population is infected with EBV, IVIG may contain high levels of
EBYV antibodies and therefore may had resulted in no significant difference between humanized
mice that received IVIG versus EBV hyperimmune globulin.

Mice were euthanized at the end of the study, and sections of liver, spleen, lung, and
kidney were examined for evidence of lymphoproliferative disease or lymphoma. Tissues from
33.3% of mice in the PBS group, 16.7% of mice in the IVIG group, and none of the mice in the
EBV hyperimmune globulin group showed lymphoproliferative disease or lymphoma (Table

3.1).
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Figure 3.4. Quantification of EBV viral load from weeks 1 to 15 after challenge.

EBYV viral load expressed as EBV copy numbers per 10 pl of blood was plotted for each mouse over time.
Each dot represents one mouse. Whiskers are the minimum and maximum data points and box represents
upper and lower quartiles with the horizontal line at the median. EBV DNA was quantified in mice in the
(A) PBS control group, (B) IVIG group, and (C) EBV hyperimmune globulin group. (D) Median EBV
DNA copies for each group at separate time points were calculated. NS indicates not significant.

Treatment group No LPD or lymphoma (%) LPD or lymphoma (%)
PBS 4/6 (66.7%) 2/6 (33.3%)
IVIG 5/6 (83.3%) 1/6 (16.7%)
EBYV hyperimmune globulin 6/6 (100%) 0/6 (0%)

Table 3.1. Number of animals with LPD or lymphoma after challenge with EBV
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3.2.4 Mice that received IVIG or EBV hyperimmune globulin had similar levels of total
human IgG in the plasma

To be certain that differences in EBV DNA copy number in the blood between mice
receiving EBV hyperimmune globulin and IVIG was not due to differences in plasma levels of
the two immune globulin products, plasma from mice was tested for total human IgG
concentration by ELISA. Mice that received IVIG or EBV hyperimmune globulin showed an
increase in the level of human IgG that peaked at 1 to 3 weeks after infection (Fig. 3.5A -3.5C),
while animals that received PBS showed no increase in IgG levels. Mice that received IVIG or
EBV hyperimmune globulin had a decline in human IgG from weeks 3 to 11 after infection and
then remained stable. Similar levels of IgG were present in plasma of mice receiving IVIG or
EBV hyperimmune globulin each week with the exception of week 3 when IgG was significantly
higher in animals receiving IVIG than those receiving EBV hyperimmune globulin (p = 0.04)
(Fig. 3.5D). Therefore, the lower number of EBV DNA copies in the blood of mice that received
EBV hyperimmune globulin compared to those that received IVIG was not due to a difference in

the plasma level of total human IgG.
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Figure 3.5. Quantification of total human IgG in mouse plasma.

The total human IgG concentration was measured by ELISA in the plasma of mice that received (A) PBS,
(B) IVIG, or (C) EBV hyperimmune globulin. Each line represents one mouse and plasma samples
collected bi-weekly were used in the assay. (D) Median total IgG level of each group at different time
points was calculated.

56



3.3 Discussion

We have shown that humanized mice that received EBV hyperimmune globulin isolated
from the plasma of donors with high levels of gp350 and B cell neutralizing antibodies had
significantly reduced EBV DNA copies in the blood compared with mice that received PBS after
challenge with EBV. However, EBV hyperimmune globulin was not significantly better than
IVIG to reduce EBV DNA copies in the blood of mice after challenge.

We screened plasma donors for those with high gp350 titers since EBV gp350 is the
major target of B cell neutralizing antibodies in human plasma (Bu et al., 2019) and gp350
antibody titers correlate strongly with EBV neutralizing antibodies in human plasma (Sashihara
et al, 2009). While EBV gp350 has been the major target for an EBV vaccine (Sokal et al., 2007)
and EBV monoclonal antibodies have been developed as potential therapeutics (Herrman et al.,
2016; Tanner, Hu, and Alfieri, 2018; Mutsvunguma et al., 2019), recent studies have focused on
other EBV glycoproteins including gH/gL as vaccine candidates or therapeutics. gp350 is
important for virus attachment to B cells through CR2 (Nemerow et al., 1987) or CD35 (Ogembo
et al., 2013), but is not essential for infection in vitro (Janz et al., 2000). In contrast, EBV gH/gL.
is essential for virus fusion to B cells and epithelial cells (Wu and Hutt-Fletcher, 2007). In
addition, a vaccine containing gH/gL nanoparticles induced higher titers of antibody to neutralize
virus infection of B cells and epithelial cells than a similar gp350 nanoparticle vaccine (Bu et al.,
2019). Monoclonals to EBV gH/gL have been isolated that block fusion of the virus to both B
cells and epithelial cells and potently neutralize infection of both cell types (Bu et al., 2019;
Snijder et al. 2018). Thus, isolation of EBV hyperimmune globulin from donors with high titers
of antibodies to EBV gH/gL may have provided more effective reduction in the number of EBV

DNA copies in the blood than EBV hyperimmune globulin selected for antibody to gp350.
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We found that EBV hyperimmune globulin did not completely eliminate detection of
EBV DNA in the blood of humanized mice challenged with EBV intravenously. EBV does not
naturally infect small animals. Lymphocryptoviruses that are closely related to EBV can infect
rhesus monkeys (Cho et al., 1999), but the sequence of EBV and rhesus lymphocryptovirus
gp350 share only 49% amino acid similarity and EBV cannot infect rhesus macaques (Herrman
et al., 2016). Humanized mice engrafted with CD34" hematopoietic stem cells are currently the
best small animal model to study EBV infection. Infection of these mice with high doses of EBV
results in viremia and B cell lymphoproliferative disease or lymphoma with similar
histopathology and latent EBV gene expression as EBV infected immunocompromised patients;
infection with low doses of EBV cause persistent infection without lymphoproliferative disease
(Yajima et al., 2008). Humanized mice reach their peak viral load 4-to-6 weeks after primary
infection which is similar to the course in symptomatic infections in humans (Munz, 2017).
Despite the similarities between EBV infection in humans and humanized mice, there are several
limitations in the mice model. Humanized mice have engraftment of human lymphocytes, but not
human epithelial cells. Since mouse epithelial cells cannot be infected with EBV in the absence
of expression of human CR2 (Ahearn et al., 1988), only B cells in humanized mice can be
infected. Thus, these animals require intravenous inoculation with EBV for efficient infection
and therefore the natural route of EBV infection, the oropharynx, cannot be studied in humanized
mice. This difference in the route of infection may affect the evaluation of the efficacy of EBV
hyperimmune globulin. Thus, administration of EBV hyperimmune globulin to humans, may or
may not reach sufficient levels in the mucosa of the oropharynx to protect them from the natural

route of infection, despite protection observed in the humanized mice model.
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While hyperimmune globulin may be more effective than IVIG due to its higher EBV
antibody and neutralizing titers, mAbs to EBV glycoproteins may be even more effective. In
fact, a gp350 monoclonal antibody, 72A1, prevented EBV tumor development in severe
combined immunodeficient mice injected with EBV seronegative donor peripheral blood
mononuclear cells and challenged intravenously with EBV (Haque et al., 2006). More recent
studies with a gH/gL. mAb showed protection of humanized mice from challenge with EBV
(Singh et al, 2020). Future studies might use a combination of EBV mAbs to reduce the chance

of immune escape by the virus.
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Chapter 4. Characterization of EBY mAbs and nanoparticle
vaccines and testing their efficacy in a humanized mouse
model

Portions of the works in this chapter is published in:
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Additional authors contributed on the works in this chapter: Wang Y, Pittaluga S, Dowdell K,
and Pegu A
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Abstract

EBYV is the leading cause of infectious mononucleosis and is associated with ~200,000
cases of cancer annually worldwide. There is no available vaccine but even with a vaccine,
highly immunocompromised persons may not produce a potent immune response. B cell entry
during EBV infection is an orchestrated process between viral glycoproteins gp350, gH/gL,
gp42, and gB. gp350 is most abundant glycoprotein on the surface of the virus and on infected
cells and important for the virus to attach to B cells. gp350 is not required during B cell entry but
it is a major target of neutralizing antibodies in human plasma. Previous EBV vaccine and
therapeutic research were focused on gp350. gH/gL and gp42 are glycoproteins involved in the
initiation of virus fusion in B cells and gB allows the virus and host membranes to fuse together.
gH/gL, gp42, and gB are required during B cell entry but it is unknown whether these
glycoproteins are ideal antigens for therapeutics since these proteins are not the major target of
neutralizing antibodies in B cells.

Here, we have developed monoclonal antibodies (mAbs) against EBV glycoproteins
gp350, gH/gL and gp42 and evaluated the efficacy of these mAbs in humanized mice. When
animals were injected with gp350, gH/gL, gp42 mAbs, or a combination of all three mAbs and
challenged with EBV, one gH/gL. mAb one gp42 mAb, and a combination of mAbs resulted in
greater reduction in the level of viremia and a higher survival rate of the mice compared to all of
the other gH/gL or gp42 mAbs. Surprisingly, mice that received gp350 mAb showed similar
level of viremia to PBS control group.

We have also developed nanoparticle (NP)-based vaccines against gH/gL and
gH/gl/gp42 and passively transferred IgG isolated from mice immunized with these vaccines to

humanized mice. Our previously published gp350-NP vaccine was used as a vaccine in

61



combination with gH/gL-NP or gH/gl./gp42-NP to provide more robust protection. Humanized
mice that received IgG from naive BALB/c mice and were challenged with EBV showed viremia
and developed EBV B cell lymphomas, while mice that received IgG from gH/gL-NP+gp350-
NP or gH/gL/gp42-NP+gp350-NP immunized mice had very low levels of viremia and did not
develop lymphomas. These findings demonstrate that gH/gL. and gp42 may be important targets

for EBV therapeutics and vaccines.
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4.1 Introduction

90% of adults in the world are infected with EBV and can transmit the virus from their
infected saliva (Cohen et al., 2011). EBV is responsible for most cases of infectious
mononucleosis and is associated with various cancers such as Burkitt lymphoma, Hodgkin
lymphoma, and nasopharyngeal carcinoma (Cohen et al., 2011). In addition to the association of
EBV with cancer, patients with congenital, acquired, or post-transplant immunodeficiencies may
develop EBV lymphoproliferative disease. These patients have impaired T cell immunity that
leads to uncontrolled EBV driven B cell proliferation (Cohen 2015). Some immunodeficient
patients are given IVIG to provide antibodies to reduce EBV infection, but breakthrough
infections occur and IVIG is not an effective EBV disease preventive measure.

EBV B cell infection is initiated by attachment of viral glycoprotein gp350 to
complement receptor 2 (CR2/CD21) on the surface of B cells (Fingeroth et al., 1984). The next
step for virus entry requires the viral glycoprotein complex, gH, gL, and gp42 (Spriggs et al.,
1996). EBV gp42 in the complex binds to HLA class II molecules on B cells and along with
gH/gL initiates fusion of viral and B cell membranes by activating gB (Spriggs et al., 1996;
McShane and Longnecker, 2004). For epithelial cells, EBV attaches to the cell through EBV
BMREF?2 binding to integrins (Tugizov et al., 2003). This leads to binding of gH/gL both to
integrins and ephrin receptor A2 and activates gB to allow fusion of viral and cellular
membranes (Chen et al., 2018; Chesnokova et al., 2009; Zhang et al., 2018). Antibodies against
gH/gL or gp42 can prevent or reduce viral infection both by neutralizing virus infection and by
blocking fusion of virus and host cell membranes (Bu et al., 2019).

Our lab previously has developed a gp350-ferritin nanoparticle vaccine in which self-

assembling nanoparticles were generated that present the EBV gp350 CR2 receptor-binding sites
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on the surface in an ordered, high-density array (Kanekiyo et al., 2015). When mice or non-
human primates were vaccinated with the gp350-ferritin nanoparticle vaccine, the vaccine
elicited > 100-fold higher B cell neutralizing antibody titers than soluble gp350. Nevertheless,
gp350 vaccine may only protect infection of B cells and not epithelial cells.

The natural host of EBV is humans, and mice cannot be infected with this virus;
therefore, mice are not a suitable animal model to study EBV infection. In contrast, humanized
mice transplanted with human CD34" hematopoietic stem cells that reconstitute human immune
components including B cells, T cells, NK cells, and macrophages is the best small animal model
to study B cell EBV infection (Fujiwara et al., 2015). Infection of these humanized mice with
EBYV results in similar diseases as seen in immunocompromised humans including EBV-
associated B cell lymphoproliferative disease and EBV-associated hemophagocytic
lymphohistiocytosis (Fujiwara et al., 2015). When mice are inoculated with low doses of virus,
low grade EBV viremia is present in the peripheral blood, and the persistent, latent infection
does not result in lymphoproliferative disease or hemophagocytic lymphohistiocytosis similar to
healthy EBV seropositive humans (Yajima, 2008).

Here, we test the ability of individual gp350, gH/gL and gp42 mAbs or a combination of
these mAbs in humanized mice to identify which mAb(s) best protects the mice from EBV
infection. We also test the efficacy of gH/gL and gH/gL/gp42 nanoparticle vaccines in
humanized mice by passive transfer of IgG isolated from immunized mice. Most EBV vaccine
development has focused on gp350 since it is the major glycoprotein targeted by serum-
neutralizing antibodies for B cell infection (Thorley-Lawson and Poodry, 1982) and our study
shows the importance of targeting other EBV glycoproteins for development of future vaccines

or therapeutics.
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4.2 Results

4.2.1 mAbs 769C2 and 769B10 have longer half-lives than 770F7 in human FcRn
transgenic mice

EBYV gH/gl-specific mAbs have been isolated using fluorescent labeled gH/gL probes
and B cells from healthy human donors with high B cell and epithelial cell EBV neutralization
titers. Three gH/gL neutralizing mAbs, 769C2, 770F7, and 769B10, that target different epitopes
on gH were evaluated for their half-life in mice and their efficacy to protect humanized mice
from EBV infection.

The variable regions of each gH/gl. mAb were cloned in a vector resulting in a human Fc
backbone for each antibody. Since human IgG binds to FcRn resulting in endocytosis and
recycling of the antibody, the half-life of mAbs 769C2, 770F7, and 769B10 were determined by
injecting a single dose of each mAb in human FcRn transgenic mice. The concentration of the
mADb in the serum were measured by ELISA. The half-life was calculated using a non-
compartmental model (Table 4.1). mAbs 769C2 and 769B10 had similar half-lives of 19.7 and
17.3 days, respectively, and similar clearance rates of 5.2 mL/day/kg and 6.6 mL/day/kg in the
mice. mAb 770F7 had a shorter half-life of 10.7 days and a faster clearance rate of 10.5
mL/day/kg. Since the variable region of each mAb had been cloned into same IgG1 constant
region backbone plasmid, the pharmacokinetic differences depended on the variable region of

the antibody.
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Half-life AUC Clearance

mAbs (days)  (day*ug/mL) (mL/day/kg)
mAb 769C2 197 1020.9 5.2
mAb 770F7 107 4925 105
mAb 769810 173 787.3 6.6

Table 4.1. Pharmacokinetics of gH/gL. mAbs in human transgenic FcRn mice.
Averaged half-life, area under the curve (AUC), and clearance rate of each mAb in each group of human
FcRn transgenic mice was calculated using WinNonLin software. There were 5 mice in each group.

4.2.2 mAb 769B10 is the most effective mAb to protect humanized mice from death after
EBYV challenge

Since EBV infects human, but not mouse B cells, humanized mice with human
lymphocytes were used to determine the efficacy of gH/gl. mAbs in vivo. Groups of 5
humanized mice were inoculated intraperitoneally with 0.5 mg of mAb 769C2, 769B10, or
770F7 on days -1, 0, 1, 4, 7, and 10 of infection and challenged with 1 x 10° GRU of EBV B95-8
intravenously on day 0 (Figure 4.1A). Due to the limited number of animals that can be
engrafted with cells from a single human donor, mice from two different donors were equally
distributed among the different groups. Mice were weighed and blood was collected for 15
weeks after infection and animals were euthanized when they lost > 30% of their weight or were
unresponsive to external stimuli. Mice in the PBS control group all died or were euthanized by
11 weeks after EBV challenge (Figure 4.1B). 80% of mice receiving mAb 770F7 died or were
euthanized before week 5 post infection. From previous studies with humanized mice, the peak
viremia level was often seen at week 5 post infection, so deaths that occurred earlier than 5
weeks post infection were considered unlikely to be due to EBV infection. Mice that received
mADb 769B10 had the highest survival rate (60%), followed by animals that received mAb 769C2

group (20% survival) at the end of the study.
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4.2.3 mAb 769B10 is the most effective mAb to protect mice from viremia after EBV
challenge

To increase sensitivity to detect EBV in the blood of the mice, qPCR was performed
using primers and probes for the EBV repeat sequence, BamHI W, which is present in 11 copies
in the EBV B95-8 strain used in the experiments. DNA was extracted from mouse blood
collected weekly and EBV DNA was amplified and quantified by qPCR. All mice in the PBS
control group developed viremia after challenge with EBV with peak levels 5 weeks after
infection (Figure 4.1C). All mice that received mAbs 769C2 and 770F7 also became viremic
after EBV challenge with the peak level of viremia at 5 weeks. When area under the curve
analysis was performed, a p value of < 0.001 was considered significant. Mice receiving mAb
769C2 or 770F7 did not have significantly reduced viremia compared to the PBS control group
(p = 0.006 for 769C2 vs. PBS and p=0.018 for 770F7 vs. PBS). In contrast, only 20% of mice
that received mAb 769B10 became viremic after challenge and the number of EBV DNA copies
in the blood was significantly reduced compared to the PBS, mAb 769C2, or mAb 770F7 groups

(p <0.001 for 769B10 vs. each of the other three groups).
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Figure 4.1. Evaluation of efficacy of gH/gL. mAbs.

(A) Experimental scheme of injections. Mice were given six doses of gH/gl. mAbs 769C2, 770F7,
769B10, or PBS intraperitoneally and challenged intravenously with EBV after the second dose of mAb.
(B) Survival rates for each group of mice after EBV challenge. Five humanized mice were in each group.
(C) EBV DNA copies in the blood quantified by real-time qPCR. Each dot represents one mouse, and the
dotted line indicates the limit of detection of the assay. Whiskers indicates minimum and maximum data
points for EBV DNA copies in the blood, the box represents upper and lower quartiles, and the horizontal
line in the box is the median. ***p < 0.001
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To quantify mAb concentrations in plasma collected weekly, ELISA assays were
performed. gH/gL. mAbs were present in the plasma until week 9 and 11 post infection in mice
that received mAb 770F7 and mAb 769C2, respectively (Figure 4.2). Mice that received mAb
769B10 had the longest duration of mAb detected in the plasma with a gradual reduction until

week 13 post infection.
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Figure 4.2. Quantification of gH/gL. mAbs in the plasma.

Concentration of gH/gL mAbs in the plasma of individual humanized mice at various times after EBV
challenge measured in duplicate by ELISA. The median and standard errors of gH/gL. mAb
concentrations for each group of 5 humanized mice are also shown.
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4.2.4 Mice that received mAb 769B10 have no macroscopic lesions in organs or signs of
lymphoproliferative disease or lymphoma

At the end of the study, liver, lung, kidney, and spleen were collected and evaluated for
any macroscopic lesions on the surface of the organs. 60% of mice that received PBS or mAb
769C2 had macroscopic lesions on the surface of at least one of the organs (Figure 4.3A and B).
Only one of five mice (20%) that received mAb 770F7 had a macroscopic lesion. In contrast,
mice that received mAb 769B10 had no observable lesions on the surface of any of the organs.
Next, tissue sections from each organ were evaluated for signs of atypical infiltrates,
lymphoproliferative disease, or lymphoma by staining with hematoxylin and eosin (H&E) and an
antibody to human CD20 (a B cell marker) and by in situ hybridization using an EBV-encoded
RNA (EBER1) probe. The tissues were evaluated by a pathologist who was unaware of the
treatments that the animals had received. None of the mice receiving mAb 769B10 showed
disease in any of the organs (Figure 4.3A). However, all mice that received PBS or mAb 769C2
had disease in at least one organ and one mouse receiving mAb 770F7 had disease in an organ.
Three mice in the PBS group, and one mouse each receiving mAb 769C2 or 770F7 developed
EBV-positive B cells lymphomas (based on staining for CD20 and EBER1) (Figure 4.3A,
4.3C).

EBER1-stained tissues were scored based on the number of EBER-positive cells (0 for no
EBER-positive cells, up to 3+ for many EBER-positive cells) (Figure 4.3D). 80% of mice in the
PBS group and 60% of mice receiving mAb 769C2 had scores of 2-to-3 in at least one organ,
while only 20% of mice receiving mAb 770F7 or 769B10 had a score of 1 in at least one organ
(Figure 4.3E). Therefore, mAb 769B10 was the best gH/gl. mAb to protect mice from

lymphoma and lesions on the surface of organs.
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Number of mice with diease (%)
Macroscopic lesions  Atypical infiltrates LPD Lymphoma Lymphoma, atypical infiltrates, or LPD

PBS 3/5 (60%) 3 (60%) 0 (0%) 3(60%) 5 (100%)
769B10 0/5 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
769C2 3/5 (60%) 4 (80%) 0 (0%) 1(20%) 5 (100%)
770F7 115 (20%) 0 (0%) 0 (0%) 1(20%) 1(20%)
B
Groups: mAb 770F7 mAb 769C2
Organs: Spleen I Kidney (left) )
Lymphoma
c Kidney - PBS Kidney - PBS Spleen - mAb 769C2
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Figure 4.3. Pathology evaluation of organs.

(A) Summary table of mice with macroscopic lesions, atypical infiltrates, lymphoproliferative disease,
and lymphoma. (B) Images of organs with macroscopic lesions. (C) EBER1 and CD20 stained tissues
with lymphoma. (D) Representative images of EBER1 scoring. (E) A heatmap of organs with EBER1
scores in each group of mice with score 0 indicating no EBERI1 positive cells and scores 1-3 indicating
EBERI positive cells with increased numbers of positive cells as the score increases.
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4.2.5 Mice that received gp42 mAb A10 have the highest survival rate and no viremia after
EBYV challenge compared with other gp42 mAbs

EBYV infection of B cells requires gp42 for fusion of the viral membrane to the host cell
plasma membrane; in addition, gp42 binds to human leukocyte antigen (HLA) class II molecules
on host cells (Bu et al, 2019). gp42 mAb A10 was isolated from a cynomolgus monkey
vaccinated with an EBV gH/gl/gp42 vaccine. B cell neutralization demonstrated that gp42 mAb
A10 was more potent than the previously published gp42 mAb F2-1 (Strnad et al., 1982) (Figure
4.4A). Similar to evaluation of the gH/gL. mAbs, gp42 mAb A10 and gp42 mAb F2-1 were
evaluated for efficacy in humanized mice. As controls, PBS and gH/gL. mAb 769C2, a mAb that
did not protect against viremia in humanized mice, were used in the study. Humanized mice
received 6 doses of PBS or mAbs and challenged with EBV on day 0 using the same protocol as
for mAb gH/gL (Figure 4.4B). Animals were weighed weekly and blood samples were collected
weekly for 15 weeks post infection (Figure 4.4B). Mice in the PBS group had a 40% survival
rate, while 80% of mice that received gp42 mAb F2-1 or gH/gL mAb C2 survived (Figure
4.4C). In contrast, all of the mice that received gp42 mAb A10 survived until the end of the

study. Thus, gp42 mAb A10 protected humanized mice from death better than the other mAbs.

4.2.6 gp42 mAb A10 is the best gp42 mAb to protect mice from viremia after EBV
challenge

DNA was extracted from blood collected weekly and EBV DNA was quantified by qPCR
as reported above for the EBV gH/gL mAb experiments. All mice in the PBS group and all
animals that received gH/gL mAb 769C2 were viremic with a peak at week 5 post infection
(Figure 4.4D). 80% of mice that received gp42 mAb F2-1 were viremic. However, none of the
mice that received gp42 mAb A10 had detectable EBV DNA in blood. Next, the concentration of
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mADb in plasma collected weekly was measured by ELISA to evaluate whether the difference in
the percentage of mice that were viremic was due to different levels of mAbs present in the
plasma. mAb concentrations in mice that received gH/gl. mAb 769C2 had more rapid decreases
between week 5 and 9 post infection compared to mice that received gp42 mAb 10 or gp42 mAb
F2-1; however, overall patterns of antibody levels were similar in all three mAb groups (Figure
4.4E). In summary, gp42 mAb A10 protected mice from viremia better than mAb F2-1 or

gH/gL. mAb 769C2.
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Figure 4.4. Evaluation of efficacy of gp42 mAbs in humanized mice.

(A) B cell neutralization of gp42 mAb A10, gp42 mAb F2-1, and gH/gL. mAb 769C2. (B) Schedule of
injections and sample collections. (C) Survival rates of mice that received PBS, gp42 mAb A10, gp42
mADb F2-1, or gH/gL. mAb 769C2 and challenged with EBV. Five humanized mice were in each group
except for gp42 mAb A10 with 6 humanized mice in the group. (D) Graphs for viremia of each mouse
from week 1 to week 15 post infection. Each dot represents one mouse, and the dotted line indicates the
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detection limit of the assay. Whiskers indicates minimum and maximum data points, boxes represent
upper and lower quartiles, and horizontal lines in boxes are medians. (E) Concentration of gp42 or gH/gL
mAbs in the plasma of individual humanized mice at various times after EBV challenge measured in
duplicate by ELISA. The median and standard errors of gp42 or gH/gL mAb concentrations for each
group of 5 humanized mice are also shown.

4.2.7 Mice that received gp42 mAb A10 have no macroscopic organ lesions or signs of
lymphoproliferative disease or lymphoma

At 15 weeks post infection, all mice were euthanized, and lungs, liver, spleen, and
kidneys were collected from each animal. 80% of mice in the PBS group had macroscopic
lesions in one of the organs and 20% of mice receiving gp42 mAb F2-1 had lesions in the organs
(Figure 4.5A and B). Mice that received gp42 mAb A10 or gH/gl. mAb 769C2 were free from
any observable lesions in the organs. Organs were sectioned and stained with H&E and antibody
to CD20, and in situ hybridization was performed with a probe to EBER1. All tissues with
lymphoma had EBER1 positive and CD20 positive cells (Figure 4.5C). Tissues stained with
EBER1 were scored from 0 to 4 based on the number of EBER 1-positive cells with 0 indicating
no EBER1-positive cells and 4 indicating the most EBER1-positive cells. 80% of mice in the
PBS group and 60% of mice receiving gH/gL. mAb 769C2 had at least one organ with an EBER1
score of 1 or higher (Figure 4.5D). Only 20% of mice that received gp42 mAb F2-1 had an
EBERI1 score of 1 or higher. In contrast, none of the mice that received gp42 mAb A10 had
EBERI-positive cells. Thus, gp42 mAb A10 best protected all mice from EBV infection and

lymphoma.
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Number of mice with diseases

Macroscopic lesions LPD Lymphoma
PBS 4/5 (80%) 1/5 (20%) 3/5(60%)
gp42 mAb A10 0/6 (0%) 0/6 (0%) 0/6 (0%)
gp42 mAb F2-1 1/5 (20%) 0/5 (0%) 1/5 (20%)
gH/gL mAb 769C2 0/5 (0%) 1/5 (20%) 0/5 (0%)

gp42 mAb F2-1
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Figure 4.5. Pathology of organs from mice that received gp42 or gH/gL. mAbs.

(A) Summary table of organs with macroscopic lesions, signs of atypical infiltrates, lymphoproliferative
disease, or lymphoma. (B) Representative images of organs with macroscopic lesions. (C) H&E, EBERI,
and CD20 stained images of organs with lymphoma. (D) Heatmap of organs with EBER1 scores in each
group of mice with 0 indicating EBER1 negative cells and scores 1-4 indicating EBER1 positive cells
with increased numbers of positive cells as the score increases.
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4.2.8 gp350 mAb HO02 did not protect humanized mice from death or viremia

gp350 mAb HO2 was isolated from a cynomolgus macaque vaccinated with an EBV
gp350-ferritin vaccine using a fluorophore-labeled gp350 probe. gp350 is the most abundant
glycoprotein on the virus and on virus-infected cells and antibodies against gp350 are
responsible for 50-60% of the EBV B cell neutralizing activity in human plasma (Bu et al.,
2019). gp350 mAb HO2 was much more potent to neutralize EBV infection of B cells than a
panel of gH/gL. mAbs (data not shown). Thus, I hypothesized that gp350 mAb H02 would show
excellent protection against EBV infection in humanized mice. Also, since B cell infection is a
highly orchestrated process involving gp350, gH/gL, and gp42, I hypothesized that mAbs
targeting multiple glycoproteins would provide stronger protection compared to a single mAb.
To compare the efficacy of a gp350 mAb with gH/gL. mAbs and a gp42 mAb, mice were injected
with gp350 mAb HO2 only, gH/gl. mAbs + gp42 mAb A10, or gp350 mAb HO2 + gH/gL. mAbs
+ gp42 mAb A10. For the gH/gL. mAbs, 769C2, 769B10, and 770F7 mAbs were mixed in a
1:1:1 ratio and used. The total amount of mAb was the same whether animals received a single
mADb or a combination of mAbs. The same injection scheme was followed as for the gH/gL. mAb
or gp42 mADb studies reported above, with a total of 6 doses of mAb and the EBV challenge
given shortly after the second dose of mAb. Mice that received PBS or gp350 mAb H02 died by
week 15 post infection; in contrast, all of the mice that received gH/gL mAbs + gp42 mAb A10
or that were given gp350 mAb HO2 + gH/gL. mAbs + gp42 mAb A10 survived at week 15 post
infection (Figure 4.6A). When viremia was measured by qPCR, all mice in both the PBS group
and the gp350 mAb HO2 group were viremic with a peak level of EBV DNA at week 5 post
infection (Figure 4.6B). In contrast, only ~40% of mice that received gH/gL. mAbs + gp42 mAb

A10 had EBV DNA detected in the blood with a peak level at 5 weeks post infection. About
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15% of mice that received gp350 mAb + gH/gL. mAbs + gp42 mAb A10 had EBV DNA
detected in their blood. Thus, despite gp350 being the predominant glycoprotein on the virus and
a potent target for neutralizing antibody in B cells, gp350 mAb HO02 alone did not protect
humanized mice from death or viremia. The combination of gp350, gH/gL, and gp42 mAbs

provided the best protection for humanized mice challenged with EBV.
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Figure 4.6. Evaluation of gp350 mAb and combinations of gH/gL. and gp42 mAbs with gp350 mAb
in humanized mice.

(A) Survival rate of mice that received PBS, gp350 mAb H02, gH/gl. mAbs (769C2, 769B10, and 770F7)
+ gp42 mAb A10, or gp350 mAb HO2 + gH/gl. mAbs (769C2, 769B10, and 770F7) + gp42 mAb A10
and challenged with EBV. Seven humanized mice were in each group except for the PBS control group
with 5 humanized mice. (B) Viremia of each mouse from week 3 post infection to week 13 post infection.
Each dot represents one mouse. Whiskers indicates minimum and maximum data points and boxes
represents upper and lower quartiles; the horizontal line in the box is the median.

79



4.2.9 Level of surface expression of CR2 on different B cells correlate with levels of EBV B
cell neutralizing activity by mAbs in vitro

To understand why humanized mice that received gp350 mAb H02 showed no protection
from viremia after EBV challenge, while gp350 mAb H02 was more potent than gH/gL. mAbs in
the in vitro B cell neutralization assay, the level of CR2 in the cell line used in the neutralization
assays was examined. EBV enters B cells first by attachment of viral gp350 to CR2 (also known
as CD21) to the cells (Fingeroth et al., 1984). Thus, the level of CR2 on the surface of the cells
used for the in vitro neutralization may affect the neutralization results of the gp350 mAbs. To
determine if this is the case, various B cells were evaluated for their level of CR2. Raji cells,
used for most in vitro neutralization assays, had highest CR2 levels, followed by BL41 and BL30
Burkitt lymphoma cells (Figure 4.7A). In contrast, DG75 Burkitt lymphoma cells showed no
detectable surface expression of CR2 by flow cytometry. In vitro neutralization assays of gp350
and gH/gL. mAbs were performed using these cell lines. To confirm that results in various B cell
neutralization assays were generalizable and not specific to gp350 mAb H02, another gp350
mAb, A9, was also included in the assays. Both of the gp350 mAbs were more potent than the
gH/gL. mAbs in neutralization assays that were performed using Raji cells (Figure 4.7B).
However, in BL41 or BL30 cells which have less surface expression of CR2 than Raji cells, the
neutralizing titer of gp350 mAbs was reduced. In DG75 cells which have no detectable surface
expression of CR2, both of the gp350 mAbs showed no neutralization. In neutralization assays
performed in various B cell lines using gH/gl. mAbs, the level of surface expression of CR2 in
the cell line did not affect the neutralizing titer of the gH/gL. mAbs. These results demonstrate
that there is a correlation between neutralization of gp350 mAbs, but not gH/gl. mAbs, with the

level of CR2 expression on the surface of the cell lines.
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Figure 4.7. In vitro neutralization using B cell lines with various level of CR2 expression.

(A) Surface expression of CR2 on Raji, BL41, BL30, and DG75 cells measured by flow cytometry using
a mADb to CR2. Each dot represents one independent assay. The long horizontal lines indicate the mean of
4 independent assays and the short horizontal lines are the standard errors. (B) In vitro neutralization of
gp350 mAbs and gH/gl. mAbs in Raji, BL41, BL.30, and DG75 B cells. Each dot represents one
experiment. Whiskers indicates minimum and maximum data points, and the horizontal lines are the
medians. *Neutralization was not observed.
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4.2.10 Humanized mice passively transferred with immune sera from vaccinated mice
showed protection from EBV infection and lymphoma after challenge with virus

Apart from our own development of EBV mAbs, we have developed additional EBV
nanoparticle vaccines in collaboration with Sanofi. Our lab previously showed that a gp350-
nanoparticle (NP) vaccine elicited antibodies in mice and monkeys that protect B cells from EBV
infection and that gH/gL. and gH/gL/gp42 NP vaccines induce antibodies in animals that protect
both B cell and epithelial cells from infection (Kanekiyo et al., 2015; Bu et al., 2019). Based on
structural data of gH/gL and gp42, self-assembling nanoparticles from a single polypeptide chain
containing gH/gL or gH/gl/gp42 fused with bacterial ferritin were designed. gH and gL or gH,
gL, and gp42 were constructed as a single chain so that it was certain that the ratio of
gH:gl:ferritin or gH:gL:gp42:ferritin would be 1:1:1 or 1:1:1:1, respectively (Wei et al., 2022).
Efficacy of these vaccines were evaluated by passive transfer of immune sera from vaccinated
mice to humanized mice following by challenge with EBV. First, BALB/c mice were immunized
on week 0, 3, and 7 with gH/gL-NP + gp350-NP or gH/gL/gp42-NP + gp350-NP along with
AFO03 adjuvant. Next, sera collected at various time points post-immunization were pooled and
IgG was isolated. As a control, IgG from unimmunized BALB/c mice were isolated. Purified
IgG from each of the two vaccine groups and from the PBS group was injected into humanized
mice on days -1, 0 (day of EBV challenge), and 1. Then 1 x 10° GRU of EBV was injected
intravenously on day 0. Mice that received IgG from gH/gL/gp42-NP + gp350-NP had highest
survival rate followed by mice that received gH/gL-NP + gp350 (Figure 4.8A). Next, viremia at
week 5, 7, and 9 post infection was quantified. All animals in the control group had viremia
while only one animal each from the gH/gL-NP + gp350-NP or the gH/gL/gp42-NP + gp350-NP
group had very low EBV DNA copies in the blood at week 7 post infection (Figure 4.8B). Week

5 and 9 viremia levels were significantly reduced in animals in the gH/gL-NP + gp350-NP and
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gH/gl/gp42-NP + gp350-NP groups compared to the PBS control group (p<0.05 at week 5 and
9).

In addition, the levels of anti-gH/gL, anti-gp42, and anti-gp350 antibody were determined
in plasma of animals 1 week after challenge by LIPS assay (Figure 4.8C). The gH/gL-NP +
gp350-NP and gH/gl/gp42-NP + gp350-NP groups had similar levels of gp350, gH/gL., and
gp42 antibody ranging from 10° to 10° relative light units which were comparable to animals that
were immunized with 2 doses of EBV vaccines in previous studies (Kanekiyo et al., 2015; Bu et

al., 2019).
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Figure 4.8. Passive transfer of 1gG from gH/gL-NP+gp350-NP or gH/gL./gp42-NP+gp350-NP
immunized mice.

(A) Survival rate of mice that received IgG from control, gH/gL-NP + gp350-NP or gH/gL/gp42-NP +
gp350-NP immunized animals and challenged with EBV. Six humanized mice were in each group. (B)
Viremia from each group measured at week 5, 7, and 9 post infection. Medians with 25% and 75%
percentiles are shown. (C) Antibody titers in the plasma samples at week 1 post infection for gp350,
gH/gl, and gp42 measured by LIPS assay. Results are shown in relative light units (RLU). Each dot
represents one mouse and whiskers represent minimum and maximum data points, the box represents
upper and lower quartiles, and the horizontal line is the median. * p <0.05
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At the end of the study, liver, spleen, and kidneys were collected and stained with H&E
and CD20, and in situ hybridization for EBER1 was performed. In the kidneys of mice that
received PBS control, EBV-positive B cell lymphomas were observed based on CD20 and
EBERI1, while no lymphomas were seen in mice that received gH/gL-NP + gp350-NP and
gH/gl/gp42-NP + gp350-NP (Figure 4.9A). The same results were seen in the spleens of mice
that received IgG from control, gH/gL-NP + gp350D-NP, and gH/gL/gp42-NP + gp350-NP
(Figure 4.9B). Three of the six animals that received control IgG had EBV B cell lymphomas
while none of the animals that received gH/gL-NP + gp350-NP or gH/gL/gp42 + gp350-NP
developed lymphoma. In each tissue, an EBER1 score was assigned based on the number of
EBERI-positive cells where 0 was no EBER1-positive cells and 3 was the maximal EBER1-
positive cells. In the control group, 4 of 6 animals showed an EBER1 score of 1 or greater while
the other two groups were negative for EBER1 (Figure 4.9C). Thus, passive transfer of IgG
from mice immunized with gH/gL-NP + gp350-NP or gH/gL/gp42-NP + gp350-NP can provide
protective immunity in humanized mice by reducing viremia and preventing development of

lymphomas.
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Figure 4.9. Protection against EBV lymphoma in humanized mice.

(A) H&E, CD20, and EBERI1 stained images of kidney tissues in control, gH/gL.-NP + gp350-NP, or
gH/gl/gp42-NP + gp350-NP group. (B) H&E, CD20, and EBER1 stained images of spleen tissues in
control, gH/gL.-NP + gp350-NP, or gH/gl./gp42-NP + gp350-NP group. (C) Heatmap of organs with
EBERI1 scores in each group of mice with 0 indicating EBER1 negative cells and scores of 1-3 indicating
EBERI positive cells with increased numbers of positive cells as the score increases. Yellow arrows
indicate lymphoma, and red arrows indicate cells staining positive for CD20 or EBERI.
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4.3 Discussion

Here, we evaluated gp350, gH/gL, and gp42 mAbs isolated from human and cynomolgus
monkeys as well as the combination of these mAbs. Of the three gH/gL. mAbs that were tested,
mice that received gH/gL. mAb 769B10 that were challenged with EBV showed the highest
survival rate, lowest level of viremia, and no evidence of EBV lymphoma or lymphoproliferative
disease. gp42 mAb A10 also showed similar results as mAb 769B10 in humanized mice with
high survival rates, no viremia, and no lymphoma after EBV challenge. However, humanized
mice that received gp350 mAb HO2 showed no protection in survival or from viremia and had
similar results as mice given PBS and challenged with EBV. The combination of gp350, gH/gL,
and gp42 mAbs resulted in the best protection of the humanized mice with low level viremia and
a high survival compared to mice that received gp350 mAb HO2 only. Also, in evaluation of
gH/gL-NP + gp350-NP and gH/gL/gp42-NP+gp350-NP vaccines for their efficacy to protect
humanized mice from EBV infection and lymphoma, both groups of humanized mice that
received IgG from gH/gL-NP + gp350-NP and gH/gL/gp42-NP + gp350-NP immunized mice
showed very low viremia and no development of lymphoma after challenge with EBV. In
contrast, mice that received IgG from naive mice showed high level of viremia with EBV B cell
lymphomas after EBV challenge.

In a previous paper (Singh et al., 2020) using gH/gL. mAb AMMO1, humanized mice
were injected with one dose of mAb before being challenged with a low dose of EBV and 15%
(2/13) of mice had viremia. In our study, humanized mice were injected with 6 doses of gH/gL
mAbs and challenged with a higher dose of virus. Interestingly, only one mouse receiving gH/gL.
mAb 769B10 had low copy numbers of EBV DNA in the blood, and the rest of the animals had
undetectable levels of EBV. gH/gL. mAb 769B10 shares ~50% of gH/gL contact residues with

AMMOL. Mice that received mAb 769B10 also showed better protection from mortality and
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development of lymphoma compared to our other gH/gl. mAbs. This demonstrates that areas of
gH where gH/gL. mAb 769B10 and AMMO1 bind may be sites that have an important role in
EBYV infection.

Our humanized mice study evaluating the efficacy of gp42 mAbs showed that gp42 mAb
A10 was more potent than gp42 mAb F2-1 in neutralizing infection in B cells in vitro. Also,
gp42 mAb A10 protected humanized mice from death, viremia, and development of lymphoma
or lymphoproliferative disease better than mAb F2-1 (Strnad et al., 1982) when animals were
infected with EBV. Since mAb F2-1 was isolated from a mouse hybridoma and gp42 mAb A10
was isolated from a cynomolgus monkey vaccinated with an EBV gH/gl/gp42 vaccine, both
mAbs would need to be humanized in order to conduct clinical trials. Thus, our lab has
humanized gp42 mAb A10 and the same results were observed as seen with the cynomolgus
mAb when given to humanized mice. gH/gL. mAb 769B10 and gp42 mAb A10 individually
demonstrated potent protection in humanized mice, but the combination of these two mAbs may
elicit even stronger protection as both mAbs target glycoproteins responsible for fusion.

gp350 mAb HO2 showed greater potency than gH/gL. mAbs in in vitro B cell
neutralization assays. Since gp350 is the most abundant glycoprotein on the virus and EBV-
infected cells and is responsible for 50-60% of EBV neutralization of B cell infection by
antibodies in human plasma, I hypothesized that gp350 mAb H02 would show potent protection
against EBV infection in humanized mice. Surprisingly, mice that received gp350 mAb H02
showed the lowest survival rate and highest level of viremia, compared to mice given gH/gLL
mAbs. Based on in vitro neutralization assays using B cell lines with various levels of CR2 on
their surface, I found that the level of CR2 on the target cell affects the measurement of

neutralizing activity of gp350 mAbs in vitro. When EBV infects B lymphocytes, virus particles
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enter the cells by EBV gp350 binding to its receptor, CR2, on host cells (Fingeroth et al., 1984;
Frade et al., 1985). Thus, ability of B cell lines to be infected with EBV is known to correlate
with expression of CR2 on the cells (Speck and Longnecker 1999). However, the mechanism for
the correlation we observed between CR2 on the cell lines and high neutralizing activity of
gp350 mAbs is known. Higher levels of CR2 should allow EBV to bind to cells more effectively
and therefore should require higher concentrations of gp350 antibodies to neutralize infection. It
is possible that other differences in the cell lines such as the level of CD35, another complement
receptor that gp350 bind to during B cell entry, may have a major influence on neutralization of
EBV in vitro (Ogembo et al., 2013). The level of CD35 on the surface of the B cell lines was not
evaluated; therefore, the mechanism behind the correlation of the EBV infectivity and the
neutralizing activity of gp350 mAb is unclear and further studies are needed. In the humanized
mice study in which gp350 mAb HO2 resulted in no protection against EBV infection, it is
possible that the use of a very high titer of challenge virus (10° GRU) was sufficient such that
virus was in close contact with cells and did not need the help of gp350 which enhances
attachment of the virus to cells. In this circumstance, gp350 which is important, but not essential,
for attachment of virus to the cells can be bypassed and becomes less important for virus entry.

Since gH/gL-NP and gH/gl./gp42-NP vaccines have not yet been tested in humans to
evaluate their efficacy, we performed passive transfer of isolated IgG from immunized BALB/c
mice with these vaccines. Passive transfer of IgG has been used in prior studies and has been
shown to induce vaccine-induced immune protection for other viruses. Espinosa and colleagues
passively transferred immune sera from mice immunized with a virus-like particle (VLP) ZIKA
to naive mice and showed that the immune sera could protect the animals from weight loss,

morbidity, and mortality after virus challenge (Espinosa et al., 2018). Howard et al., also
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demonstrated that passive transfer of immune sera from mice vaccinated with an inactivated
whole-virus HSN1 vaccine provided dose-dependent protection from challenge with lethal doses
of wild-types HSN1 virus (Howard et al., 2011). Our passive transfer study with EBV
nanoparticle vaccines also demonstrated protection with increased survival rates, reduction in
viremia, and no development of B cell lymphomas.

Humanized mice are currently the best small animal model to study EBV infection since
the virus only infects and replicates in human cells. Mice engrafted with human CD34"
hematopoietic stem cells develop a transient high-level viremia similar to that seen in EBV-
infected humans, and like hematopoietic stem cell transplant recipients, the mice with
transplanted CD34" cells can develop EBV lymphoproliferative disease and lymphoma (Yajima
et al., 2008). Nonetheless, there are limitations with this model. Humanized mice still have
mouse epithelial cells. Since B cells and epithelial cells are two major cell types infected with
EBV, and gH/gL is required for infection of both cell types, the efficacy of gH/gL. mAbs in these
mice can only be evaluated in B cell infection (Spriggs et al., 1996; Chen et al., 2018). The
presence of mouse epithelial cells in this model also limits the route of infection. Normally, EBV
infects oropharyngeal epithelial cells, but in humanized mice, EBV cannot infect mouse
epithelial cells through this route. For the purposes of my study, virus was given by intravenous
inoculation, and it is possible that a different route of infection (e.g. saliva via the oropharynx or
transplanted tissue containing EBV-infected cells) may result in different outcomes for the
ability of mAbs to protect humans. Another downside of using humanized mice is that there is a
limitation on number of animals that can be engrafted from a single donor. Humanized mice
engrafted with different donors must be used when several mAbs are evaluated and conducting a

study with mice engrafted from several donors can lead to variability in the results. For the
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gH/gL or gp42 mAb studies, I tried to combine mice from different donors in each group to
reduce variability in results so that one group of mice are not from a single donor. Commercially
available humanized mice have >25% human CD45" cells (a marker on white blood cells);
therefore, the percentage of CD45" cells can vary between mice. Variability in the percentage of
CD45" cells in each mouse may affect the rate of B cell infection which explains why not all
animals in the PBS group have similar levels of viremia, even when they were challenged with
same amount of EBV.

In conclusion, I have found two mAbs, gH/gL. mAb 769B10 and gp42 mAb A10, that
potently protect humanized mice from death, viremia, and development of lymphoma. In my
model, mice receiving gp350 mAb HO02, which has strong neutralizing activity in vitro, were not
protected from EBV infection. However, the combination of mAbs against gp350, gH/gL, and
gp42 provided potent protection against EBV infection. Also, passive transfer of IgG from
gH/gL-NP + gp350-NP or gH/gl./gp42-NP + gp350-NP immunized mice to humanized mice
showed excellent protection from viremia with no lymphoma development after challenge with
EBV. Previous EBV vaccines (Sokal at al., 2007; Kanekiyo et al., 2015) or therapeutic studies
with mAbs (Haque et al., 2006) have been focused on gp350, but the humanized mouse study
results in this chapter demonstrate that vaccines or therapeutics targeting EBV gH/glL and/or

gp42 may be more effective than those targeting gp350.
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Chapter 5. Development of an EBV bispecific antibody that
might provide better efficacy than conventional mAbs

Additional authors contributed on the works in this chapter: Wang Y, Bu W, and Mine S
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Abstract

Development of bispecific antibodies as therapeutics has been increasing with more than
a hundred bispecific antibodies in various stages of clinical trials. Bispecific antibodies can target
two different antigens or two different epitopes of one antigen allowing higher activity by acting
cooperatively. Since two different antigens or epitopes are recognized, it may make
neutralization escape mutants more difficult to evolve. In chapter 4, EBV mAbs against gH/gL
and gp42 demonstrated markedly reduced viremia and prevented EBV lymphomas in humanized
mice challenged with EBV. Here, I developed a bispecific mAb targeting both EBV gH/gL and
gp42 and evaluated its efficacy in humanized mice. I found that the bispecific mAb bound to
both gH/gL and gp42 and prevented viremia in humanized mice challenged with EBV. Targeting
two different glycoproteins with a bispecific mAb gave robust protection and might reduce the
risk of development of an antibody escape mutant. Although humanized mice that received
bispecific mAb were protected from viremia and lymphoma, in vitro neutralization and fusion
inhibition in both B cells and epithelial cells showed similar potency as one of the parental

mAbs, 769B10.
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5.1 Introduction

EBYV is one of most prevalent human viruses infecting more than 90% of adults (Cohen et
al., 2011). EBV is associated with Hodgkin and Burkitt lymphoma, nasopharyngeal and gastric
carcinoma, and post-transplant lymphoproliferative disease (San-Juan et al, 2014). In boys with
X-linked lymphoproliferative disease or individuals with certain other primary
immunodeficiencies, EBV infection can be fatal (Cohen, 2015). EBV has also been shown to be
an important risk factor for development of multiple sclerosis (Bjornevik et al., 2022). There is
no licensed therapeutic or prophylactic vaccine to treat or prevent EBV diseases.

Previously, other investigators as well as ourselves (chapter 4) showed that humanized
mice receiving EBV gH/gL. mAbs are protected from viremia and lymphoma after challenge
with EBV (Zhu et al., 2021; Singh et al., 2020; chapter 4). In addition, we showed that an EBV
gp42 mAD also protected humanized mice from viremia and disease after infection with EBV
(Chapter 4). gH/gL is essential for EBV fusion to B cells and epithelial cells (Wu and Hutt-
Fletcher, 2007) and EBV gp42 is required for fusion of the virus to B cells (Kirschner et al.,
2007). Thus, antibodies against these glycoproteins may be useful to reduce EBV infection
and/or disease.

Bispecific mAbs have advantages over conventional mAbs by targeting two different
epitopes and thereby potentially reduce the cost of manufacturing. In addition, by binding to two
different epitopes, the mAb may bind more effectively to the target and there may be less risk of
development of antibody escape mutants. Bispecific mAbs can be developed in various formats
with differences in valency, in vivo half-life, manufacturability, and/or Fc-effector functions
(Labrijn et. al., 2019). Bispecific mAbs have been developed to use as therapeutics in several
viral infections such as hepatitis B, HIV, and SARS-Cov-2 (Tan et al., 2013; Sung et al, 2015;
De Gasparo et al., 2021; Cho et. al., 2021).
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Here, we developed an EBV bispecific mAb using the variable regions of a gH/gL and a
gp42 mADb in the CrossMab“™!F format (Klein, Schaefer, and Regula, 2016) and evaluated the
mAb for virus neutralization, cell-to-cell fusion blocking activity, and protection of humanized

mice from challenge with EBV.
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5.2 Results

5.2.1 Construction and structural characterization of a bispecific mAb containing Fabs
from EBV gH/gL. mAb B10 and gp42 mAb A10

Previously we found that EBV gH/gL. mAb B10 and gp42 mAb A10 were the most
potent of the EBV mAbs we isolated to neutralize EBV infection in vitro and to prevent
development of EBV lymphomas in humanized mice. Before constructing a bispecific mAb
containing the Fab regions of EBV gH/gL. mAb B10 and gp42 mAb A10, we first evaluated the
ability of Fab fragments from each of the two mAbs to neutralize EBV in vitro. Full-length gp42
mAb A10 was significantly more effective to neutralize EBV infection of B cells than the gp42
mAb A10 Fab fragment (p-value = 0.007); in contrast the gH/gL. mAb B10 Fab fragment
neutralized EBV infection of B cells more potently at a ~10-fold lower ICso than the
corresponding full-length mAb (p-value = 0.153) (Figure 5.1A). An equimolar mixture of the
two mAb Fab fragments neutralized virus infection at a ~ 3-fold lower ICso than an equimolar
mixture of the two full-length mAbs (p-value = 0.168).

Based on the neutralizing antibody results, we constructed a bispecific mAb containing
Fab fragments of both EBV gH/gL. mAb B10 and gp42 mAb A10 using a CrossMAb“H!-CE
construct (Figure 5.1B). CrossMAb“"!-“I was constructed to have the gH/gL mAb B10 arm in
the format of a conventional mAb, while the gp42 mAb A10 arm had the constant region of light
chain and CH1 domain of heavy chain exchanged. To increase likelihood of the assembling of
two heavy chains correctly, knobs-into-holes mutations (T366S, L368A, Y407V, and T366W)
were introduced in the CH3 region of the Fc portion of the antibody. A bispecific mAb with an
equimolar amount of IgG heavy and light chains was confirmed by SDS-PAGE (Figure 5.1C)
and an absence of excess heavy or light chains was verified by size-exclusion chromatography

(Figure 5.1D).
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Figure 5.1. Neutralization of full-length and Fab fragment of gH/gL. mAb B10 and gp42 mAb A10
and the characterization of bispecific antibody.

(A) B cell EBV neutralizing antibody titers of full-length and Fab fragments of gp42 mAb A10, gH/gL
mADb B10, or combination of two mAbs. (B) A representative image of the constructed bispecific mAb.
Domains that are swapped in gp42 mAb AlO arm is outlined in black. (C) Purified gH/gl. mAb B10, gp42
mAb A10, and bispecific mAb in reducing and non-reducing SDS-PAGE gel. (D) Size-exclusion
chromatography of bispecific mAb. ** p<0.01

97



5.2.2 The bispecific mAb binds to both gH/gL. and gp42
To verify that the bispecific mAb binds to both gH/gL. and gp42, we performed LIPS

assays with the viral glycoproteins. The bispecific mAb bound to gH/gL at a similar titer as
gH/gL. mAb B10 (Figure 5.2A) and the bispecific mAb bound to gp42 at a concentration similar
to gp42 mAb A10 (Figure 5.2B). The bispecific mAb bound to gH/gL and to gp42 at a similar

titer as the combination of gH/gL. mAb B10 with gp42 mAb A10.
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Figure 5.2. The bispecific mAb binds to both gH/gL. and gp42 by LIPS assay.

(A) Binding of gp42 mAb A10, gH/gL mAb B10, bispecific mAb, and combination of parental mAbs to
gH/gL. (B) Binding of gp42 mAb A10, gH/gL. mAb B10, bispecific mAb, and combination of parental
mAbs to gp42. The top of the bars indicates the means of three independent assays and the short
horizontal bars represent the standard errors.
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Next, we evaluated sequential binding of the mAbs to the glycoproteins using biolayer
interferometry (BLI). Since the assay involves gH/gL binding to the bispecific mAb after it has
bound to gp42, and gH/gL can also bind gp42, we constructed gp42 with deletion of the gH/gL
binding domain. The gp42 deletion mutant (gp42-del) that we used lacks amino acids 36-86
which includes the N-terminal gH/gL binding domain (Liu et al., 2010). Using a streptavidin
biosensor, biotinylated gp42-del was bound first, followed by the F(ab), fragment of the
bispecific mAb, and then gH/gL. was added (Figure 5.3A). The F(ab), fragment of the bispecific
mADb rather than a full-length bispecific mAb was used as only the binding domains are present
on the Fab fragments of the bispecific mAb. Also, gp42 mAb A10 was tested in place of the
bispecific mAb to confirm that gp42 mAb A10 can only bind to gp42-del but not to gH/gL. As a
negative control for non-specific binding, EBV gp350 mAb was used in place of the bispecific
mAb. BLI showed that the mAb F(ab), fragment of the bispecific mAb bound to gp42-del and
gH/gL subsequently bound to this complex; in contrast, gp42 mAb A10 bound to gp42-del, but
gH/gL could not bind to the complex (Figure 5.3B). As expected, the gp350 mAb did not bind to
either gp42-del or gH/gL. Thus, the bispecific antibody could bind to both gp42 and gH/gL
sequentially. When the order of binding to gp42-del and gH/gL. were reversed, mAb F(ab)
fragment of the bispecific mAb successfully bound to gH/gL but failed to bind to gp42-del
subsequently (Figure 5.3C). This observation points out possible steric hinderance between

gp42-del and gH/gL when bispecific mAb is bound.
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Figure 5.3. Sequential binding of bispecific mAb by BLI.

(A) Overview steps of binding assay by biolayer interferometry. (B) Sequential binding of bispecific mAb
F(ab),, gp42 mADb A10, or gp350 mAb A9 to gp42-del followed by gH/gL. (C) Sequential binding of
bispecific mAb F(ab),, gH/gl. mAb B10, or gp350 mAb A9 to gH/gL followed by gp42-del.
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5.2.3 The bispecific mAb has similar EBV B cell neutralizing titer and EBV-mediated
glycoprotein fusion inhibition as gH/gL. mAb B10

B cell neutralizing antibody titers were measured for the bispecific mAb and the two
mAbs from which it was derived to determine if the bispecific mAb could neutralize EBV
infection similar to or better than its parental mAbs. The potency of the bispecific mAb to
neutralize EBV infection in B cells was similar to gH/gL. mAb B10, but less than gp42 mAb A10
(Figure 5.4A). Combining gH/gl. mAb B10 and gp42 mAb A10 in the EBV B cell
neutralization assay resulted in a similar level of virus neutralization as the bispecific mAb. In
epithelial cells, gH/gL. mAb B10 was most potent to neutralize EBV infection followed by
combination of gH/gL. mAb B10 with gp42 mAb A10, and then the bispecific mAb (Figure
5.4B).

The gH/gL/gp42 complex is required for EBV fusion to B cells, while the gH/gL.
complex is necessary for virus fusion to epithelial cells. Therefore, we measured the ability of
the mAbs to inhibit virus glycoprotein-mediated fusion using a luciferase-based cell-to-cell
fusion assay (Bu et al., 2019). In B cells, the concentrations of gH/gL. mAb B10, the bispecific
mAb, and the combination of gH/gL. mAb B10 with gp42 mAb A10 needed to block fusion were
similar and were ~5-fold lower than gp42 mAb A10 (Figure 5.4C). In epithelial cells, gH/gL.
mAb B10 was the most potent mAb for inhibiting fusion, followed by the combination of gH/gL
mAb B10 with gp42 mAb A10, and the bispecific mAb (Figure 5.4D). Inhibition of
glycoprotein-mediated fusion was not detected with gp42 mAb A10 in epithelial cells even when
used at 300 pg/ml. Thus, the bispecific mAb had a similar B cell neutralizing and fusion

inhibition titer in B cells as gH/gL. mAb B10.
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Figure 5.4. EBV neutralizing and fusion blocking activity of the bispecific mAb in B cells and
epithelial cells.

(A) Raji B cell neutralization of two parental mAbs, bispecific mAb, and combination of parental mAbs.
(B) SVKCR?2 epithelial cell neutralization of gH/gl. mAb B10, bispecific mAb, and combination of
parental mAbs. (C) B cell fusion inhibition of two parental mAbs, bispecific mAb, and combination of
parental mAbs using Daudi-T7 and CHO-K1 cells. (D) Epithelial cell fusion inhibition of gH/gL. mAb
B10, bispecific mAb, and combination of parental mAbs using HEK 293T14 and CHO-K1 cells. Each dot
represents one independent assay, the whiskers represent minimum and maximum data points, the box
represents upper and lower quartiles, and the horizontal line is the median of 4 independent assays.

102



5.2.4 The bispecific mAb protected humanized mice from death and viremia after EBV
challenge

EBYV infection of mice engrafted with human hematopoietic cells results in viremia and
EBYV lymphomas (Kim et al., 2021). We injected humanized mice intraperitoneally with 6 doses
of the bispecific mAb, PBS, or combined gp42 mAb A10 with gH/gL. mAb B10; 2 doses of mAb
were given before intravenous challenge with EBV and 4 doses of mAb were given after
challenge (Figure 5.5A). Blood was collected and animals were weighed each week for 15
weeks post challenge. Mice that received the bispecific mAb or combined parental mAbs had
80% and 75% survival rates respectively, whereas mice that received PBS showed 20% survival
rate (Figure 5.5B). Mice that received the bispecific mAb generally maintained their weight
throughout the study whereas mice that received combined parental mAbs had a slight decrease
in weight at the end of the study; one mouse in each of these groups had severe weight loss and
had to be euthanized between 5 and 6 weeks after virus challenge (Figure 5.5C). Quantification
of the number of EBV DNA copies in the blood by qPCR showed that all mice in the PBS group
had detectable viral DNA with peak DNA copy numbers on week 7 post infection; 3 mice were
euthanized due to severe weight loss at that time (Figure 5.5D). The two mice in the PBS group
that survived past week 7 subsequently had DNA copy numbers below the detection limit of the
assay. All mice that received the bispecific mAb had no detectable EBV DNA in the blood
throughout the study except for one mouse that had EBV DNA measured just at the detection
limit at week 15. Most of mice that received combined gp42 mAb A10 with gH/gl. mAb B10
also had undetectable EBV DNA in the blood except for one mouse with a low number of EBV

DNA copies at week 13.
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Figure 5.5. The bispecific mAb improves survival and prevents viremia in humanized mice after
EBY challenge.

(A) Experimental scheme of injections. Mice were given six doses of bispecific mAbs, a combination of
parental mAbs, or PBS intraperitoneally and challenged intravenously with 10° green Raji units of EBV
after the second dose of mAb. (B) Survival rates for each group of mice after EBV challenge. Five
humanized mice were in the PBS group, 5 were in the bispecific Ab group, and 4 were in the combination
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of parental mAbs group. (C) Weight changes throughout the study. A dotted line represents end point
weight loss. (D) EBV DNA copies in the blood quantified by real-time qPCR. Each dot represents one
mouse, and the dotted line indicates the limit of detection of the assay. Whiskers indicates minimum and
maximum data points for EBV DNA copies in the blood, the box represents upper and lower quartiles,
and the horizontal line in the box is the median.

5.2.5 The bispecific mAb reduced infiltration of organs with virus-infected B cells and
prevented EBV lymphoma in humanized mice challenged with EBV

At the end of the study, lungs, liver, kidneys, and spleen were collected from each mouse
and evaluated for macroscopic lesions and histology. Two of five (40%) mice from the PBS
group had splenic lesions present at the time of necropsy in at least one of the organs; in contrast,
none of the mice that received the bispecific mAb or combined parental mAbs showed visible
lesions in the organs (Figure 5.6A and B). Tissues were stained with H&E and CD20 and in situ
hybridized with an EBER1 probe to look for signs of atypical B cell infiltrates, B cell
lymphoproliferative disease, or EBV B cell lymphoma. 40% of mice that received PBS showed
signs of lymphoproliferative disease while none of the mice that received bispecific mAb or
combination of parental mAbs developed any disease (Figure 5.6A).

The level of mAbs in the plasma of the mice during the study were evaluated by
quantifying gH/gL and gp4?2 antibody levels by ELISA (Figure 5.6C). Antibodies against gp42
or gH/gL showed similar trends in mice that received the bispecific mAb or combined gp42 mAb
A10 with the gH/gL. mAb B10 having the highest level at week 1 post infection and a gradual
decrease throughout the study. At the end of the study at week 15 post infection, mAb levels in

the plasma were reduced ~3-logs lower than the peak level at week 1 post infection.
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Figure 5.6. pathology evaluation of organ tissues and gH/gL and gp42 mAb concentration in the
plasma.

(A) Summary table of mice with macroscopic lesions, atypical B cell infiltrates, B cell
lymphoproliferative disease, and/or EBV B cell lymphoma. (B) Images of spleens with macroscopic
lesions. (C) Concentration of gH/gL and gp42 mAbs in the plasma of individual humanized mice at
various times after EBV challenge measured in duplicate by ELISA. Each dot represents the mean of
gH/gL. mAb or gp42 mAD concentrations in 5 humanized mice in the bispecific Ab group and 4
humanized mice in the combination of parental mAb group. The short horizontal lines represent the
standard errors.
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5.3 Discussion

We developed a bispecific mAb containing the antibody binding domains of two potent
gH/gL and gp42 mAbs and found that it neutralized EBV infection in B cells and epithelial cells
at a similar titer as gH/gL. mAb B10. The bispecific mAb also inhibited fusion at a similar
concentration as gH/gL. mAb B10 in B cells and was slightly less effective than gH/gL. mAb B10
in epithelial cells. The bispecific mAb completely protected humanized mice from both viremia
and EBV-positive lymphoma after challenge with EBV.

Although, the bispecific mAb was confirmed to bind to both gH/gL and gp42 by LIPS
and BLI, it did not show a clear advantage over its two parental mAbs. Since the bispecific mAb
does not target two different epitopes on one glycoprotein but rather epitopes on two different
glycoproteins, it is not certain whether each arm of the bispecific mAb is binding to both
glycoproteins (gH/gL and gp42) within one gH/gl/gp42 molecule or two glycoproteins on two
different molecules. Using BLI, we confirmed that the bispecific can bind sequentially to gp42
first and gH/gL later, but not vice versa. Since gH/gL is larger than gp42, it is possible that
binding of the bispecific mAb to gH/gL first results in steric hinderance such that the other arm
of the antibody cannot bind to gp42. It is possible that if a linker was inserted proximal to the
gp42 mAD binding domain of the arm or the gH/gL binding domain on the other arm, it would
allow each arm to be more flexible and might increase the chance of a single bispecific antibody
to bind to gH/gL and gp42 on a single gH/gL/gp42 trimer.

The bispecific mAb we developed might be likely to be effective in neutralizing the
activity of an EBV escape mutant in either gH/gL or gp42. mAb escape mutants are more
commonly seen in RNA viruses, but escape mutants are reported in DNA viruses (Ray et. al.,
2018; Wu et. al., 2021). While EBV does not have a high mutation rate compared with RNA

viruses, a T cell escape mutant in a patient who underwent hematopoietic stem cell
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transplantation resulted in fatal EBV lymphoproliferative disease (Gottschalk et. al., 2001). By
targeting two different glycoproteins, the bispecific mAb has the potential for higher activity by
acting cooperatively. Another advantage of the bispecific mAb is reduced cost of manufacturing.
Since both gH/gl. mAb B10 and gp42 mAb A10 showed excellent protection in humanized
mice, combining both mAbs may provide better efficacy. Manufacturing of a single bispecific
mADb instead of two separate gH/gL and gp42 mAbs should reduce the cost. One caveat is that
purity of a homogenous preparation of a bispecific mAb can be challenging since there are two
different heavy chains and light chains each that can assemble in different proportions.
Bispecific mAbs have been developed as therapeutics for various viral infections such as
Ebola, Zika, human immunodeficiency virus (HIV), dengue virus, and SARS-CoV-2 (Frei, et,
al., 2016; Wang et. al., 2017; Sung et. al., 2015; Shi et. al., 2016; De Gasparo et al., 2021; Cho
et. al., 2021) although none has been licensed. Another herpesvirus bispecific mAb with
antibody binding sites obtained from a mAb to the cytomegalovirus (CMV) pentamer
(gH/gL/UL28/UL29/UL31) and a mAb to CMV gB has been published (Su et. al., 2021). In vitro
studies with this CMV bispecific antibody showed that it had activity similar to the gB mAb to
neutralize fibroblasts and neuronal cells, as well to the pentamer mAb to neutralize infection of
epithelial and endothelial cells. In our in vitro neutralization assays, our bispecific mAb showed
a similar neutralizing titer as parental gH/gL. mAb B10 in both B cells and epithelial cells but did
not neutralize infection better than gp42 mAb A10 in B cells. While the CMV bispecific mAb
was evaluated for pharmacokinetics in rhesus monkeys, the mAb was not tested for protection
against CMV infection in vivo. To our knowledge, our mAb is the only herpesvirus glycoprotein

bispecific mAb that has been tested in a challenge model in an animal.
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In summary, we have developed a bispecific mAb that binds sequentially to EBV gp42
and gH/gL with comparable neutralizing titer and fusion inhibition to one of its parental mAb,
gH/gL. mAb B10, and completely protects humanized mice from EBV viremia and lymphomas.
Although our bispecific mAb did not show higher potency in neutralization and fusion inhibition
than its parental mAbs, targeting epitopes on two different antigens may reduce the risk of
development of EBV escape mutants when high concentrations of virus are present. The EBV
bispecific mAb might be especially useful for preventing EBV infection or disease in EBV
seronegative immunocompromised patients, especially when exposed to high titers of virus as
can occur in transplant recipients receiving an EBV-infected lymphocyte-rich lung or small

intestine (Dharnidharka et al., 2002).
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Chapter 6. Conclusions and future directions
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6.1 Conclusions

EBYV vaccine and therapeutic research had been moving at a slow-pace as development of
vaccines and therapeutics were not considered a high priority as symptoms of infectious
mononucleosis, the most well-known disease caused by EBV, are rarely life-threatening and the
perceived market for such a vaccine has been considered as relatively small. Nonetheless, there
are immunocompromised patients who have a real risk of developing post-transplant
lymphoproliferative disease/lymphoma or fatal X-linked lymphoproliferative disease after EBV
infection and for these patients, there is a need for therapeutics (Panchal et al., 2018; Al-Mansour
et al., 2013). Recently, EBV has been reported to have a major role in the development of
multiple sclerosis (Bjornevik et al., 2022) and interest in developing vaccines and therapeutic has
increased. In my dissertation research, I wanted to seek an answer to a question: what is the most
efficient EBV mAbD that can protect humanized mice from EBV infection and development of
lymphoma? To address this question, I’ve evaluated various formats of therapeutics from
hyperimmune globulins to monoclonal antibodies and a bispecific antibody using a humanized
mouse model.

There are no small animals that can be infected with EBV which makes EBV vaccine and
therapeutic research difficult. Recently, immunodeficient mice engrafted with human CD34"
cells that have circulating human lymphocytes have been used in EBV research (Singh S et al.,
2020; Zhu et al., 2021). In chapter 2, to address an answer to the question of what is the most
appropriate humanized mouse model to assess efficacy of EBV therapeutics, different strains of
humanized mice were evaluated. Four different types of humanized mice were evaluated: SCID
mice injected with human PBMCs from EBV-seronegative donors, NSG mice engrafted with
human CD34" cells (huNSG), SCID mice engrafted with human fetal thymus, liver, and CD34"

cells (BLT), and NSG mice engrafted with human CD34" cells and expressing cytokines that
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improve engraftment (NSG-SGM3). In SCID mice injected with human PBMCs, not all mice
showed viremia despite inoculation with a high titer of EBV which makes this animal model not
suitable for evaluation of EBV mAbs. For BLT mice, usage was severely restricted by the US
government immediately after our first study was completed due to the use of human fetal
tissues. All huNSG mice and NSG-SGM3 mice showed viremia after challenge. Because
humanized mice are costly, we decided to use huNSG mice to evaluate EBV mAbs as these mice
are less expensive than NSG-SGM3 mice.

Some patients with X-linked lymphoproliferative disease or severe combined
immunodeficiency are given IVIG to prevent infection with EBV. However, IVIG is not always
effective and breakthrough infections may occur which can be fatal. In chapter 3, I evaluated
EBV hyperimmune globulin as a replacement for IVIG treatment. When IgG isolated from
donors who have high titers of EBV gp350 binding and EBV B cell neutralizing antibody was
given to humanized mice, viremia level was significantly reduced. Nonetheless, when the level
of viremia in mice given hyperimmune globulin and animals given IVIG was compared,
hyperimmune globulin did not show significant superiority to IVIG. This may be due to high
concentrations of EBV antibodies in IVIG since EBV is one of the most prevalent viruses in
adults. Also, we selected donors with high gp350 binding antibody titers because gp350 is
responsible for most (50-60%) of the EBV B cell neutralizing activity in human plasma (Bu et
al., 2019). However, in a study where efficacy of a gp350 mAb 72A1 and a gH/gL. mAb
AMMOLI, both of which potently neutralize EBV infection in B cells, were evaluated in
humanized mice challenged with EBV, the authors found that mice that received the gp350 mAb
had much higher viremia compared to the gH/gL. mAb (Singh et al., 2020). This observation

demonstrates that gp350 is not an ideal target for a prophylactic mAb; instead, an antibody
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against gH/gL provides better protection in this model. If we had selected donors with high
gH/gL antibody titers for our IgG transfer experiment, we likely may have seen better protection
compared to IgG from donors with high gp350 antibody titers.

gp350 has been a major target for EBV vaccine development for the last few decades. A
clinical trial with a recombinant gp350 vaccine in 2007 was the only phase 2 trial that has been
conducted for an EBV vaccine. While there was a 78% reduction in the incidence of infectious
mononucleosis, there was no reduction of EBV infection (Sokal et al., 2007). Recently, EBV
vaccine and therapeutic research are shifting towards other glycoproteins such as gH/gL. and/or
gp42. Our lab has isolated several EBV gH/gL and gp42 mAbs and I evaluated their efficacy in
humanized mice in chapter 4. Evaluation of three gH/gL. mAbs that target different epitopes
showed that one mAb, 769B10 resulted in higher survival rates and reduced viremia when given
to humanized mice challenged with EBV compared to the other two gH/gL. mAbs. Also, unlike
the other gH/gL. mAbs, mAb 769B10 completely prevented development of EBV B cell
lymphoma in the mice. Of the gp42 mAbs tested, mAb A10 showed higher survival rates, and
prevented viremia and EBV B cell lymphoma in humanized mice challenged with EBV
compared to the previously published gp42 mAb, F2-1 (Strnad et al., 1982). Based on these
results, we decided to move forward towards clinical development of gH/gL. mAb 769B10 and
gp42 mAb A10.

We also developed nanoparticle (NP) vaccines, gH/gL-NP and gH/gL/gp42-NP and
evaluated their efficacy in humanized mice by passively transferring immune sera from BALB/c
mice that were vaccinated with gH/gL-NP+gp350-NP or gH/gL/gp42-NP+gp350-NP into
humanized mice. Mice that received IgG isolated from gH/gL-NP+gp350-NP or gH/gL/gp42-

NP+gp350-NP immunized BALB/c mice showed protection from EBV infection by an increase
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in survival rate, reduction in viremia, and prevention of development of lymphoma. In contrast,
humanized mice that received IgG isolated from naive BALB/c mice showed a low survival rate,
high level viremia, and development of lymphoma.

EBYV entry into B cells is a highly orchestrated process that require several glycoproteins
(Fingeroth et al., 1984; Spriggs et al., 1996; McShane and Longnecker, 2004). Although gp350 is
important for attachment to B cells, it is not strictly required for B cell infection especially when
high titers of EBV are used to infect cells (Janz et al., 2000). In contrast, gH/gL. and gp42 are
required for infection and have important roles during fusion of the virus membrane with the
host cell membrane (Wu and Hutt-Fletcher 2007; Kirschner et al., 2007). Therefore, mAbs
targeting multiple glycoproteins may provide more robust protection than targeting a single
glycoprotein. To examine if combination mAb therapy can provide better protection than single
mAbs, I evaluated the efficacy of gp350 mAb, combined gH/gL + gp42 mAbs, and combined
gp350+gH/gL+gp42 mAbs in humanized mice challenged with EBV. From this study, we
learned that gp350 mAb alone did not protect humanized mice from viremia whereas mice that
received combinations of mAbs showed lower viremia. The failure of gp350 mAb to protect
mice may have been related to the high dose of EBV (10° GRU) used to infect mice. Since
gp350 is important for attachment, artificially providing a high concentration of virus may result
in attachment to B cells even if gp350 is occluded by mAb. More mice receiving combined
gH/gL+gp42 mADb were viremic compared to those receiving combined gp350+gH/gl.+gp42.
This observation supports the hypothesis that targeting multiple glycoproteins important for B
cell entry provides better protection and may be necessary to develop an effective therapeutic

using a mixture of mAbs targeting different glycoproteins.
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In general, neutralizing antibody is thought to be the major correlate of protection against
most virus infections. Therefore, EBV neutralizing activity was used to select mAbs for further
characterization among the many mAbs that we isolated. Based on in vitro B cell neutralization,
gp350 mAbs showed greater potency than gH/gl. mAbs. However, when humanized mice were
injected with gp350 mAbs and challenged with EBV, these mice showed similar viremia as the
PBS control group. This was surprising as gp350 mAbs were especially potent to neutralize EBV
infection of B cells. EBV attaches to B cells by binding of gp350 to the CR2 receptor and Raji
cells, a cell line most commonly used for in vitro neutralization, express high levels of CR2
(Speck and Longnecker 1999). We evaluated neutralization of gp350 and gH/gL. mAbs in cell
lines with various levels of CR2 and demonstrated that the neutralizing activity of gp350 mAbs
correlate in a dose-dependent manner with expression of CR2 on target cells. gp350 mAbs
showed higher potency in B cell lines expressing high levels of CR2 and no neutralization in B
cell lines that express very low or no CR2. Neutralization of gH/gL. mAbs were not affected by
the level of CR2 expression on the B cells. The observation that gp350 mAbs were more potent
in B cells expressing higher levels of CR2 contradicts with our knowledge of the infection
process where higher levels of CR2, increase the likelihood of EBV to infect B cells, and one
would expect higher levels of gp350 antibodies to be required to neutralize infection. It is
possible that another gp350 receptor, CD35, may function as a dominant receptor for gp350 to
bind during in vitro neutralization. However, the level of CD35 on different B cell lines were not
evaluated in this study.

Based on the observation of increased protection from viremia and absence of
development of lymphoma in humanized mice using the combination of gH/gL. mAb and gp42

mAb, in chapter 5, I developed a bispecific mAb using gH/gL. mAb 769B10 and gp42 mAb
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A10. An effective bispecific mAb may have many advantages including a reduction in
manufacturing costs, higher activity in protection than a single mAb by working cooperatively,
and possibly inhibition of evolving escape mutants. I successfully produced a bispecific mAb
that binds to both gH/gL. and gp42 confirmed by LIPS assay and BLI. Humanized mice that
received the bispecific mAb had no detectable viremia. However, the bispecific mAb showed
similar in vitro B cell and epithelial cell neutralizing titers and fusion-inhibition activity as one of
the parental gH/gL. mAbs, 769B10. Since the neutralization and fusion-inhibition activity of the
bispecific mAb had a level comparable to that of the gH/gL. mAb 769B10, it is possible that the
gp42 mAb A10 arm of the bispecific antibody could not bind after the gH/gL. mAb 769B10 arm
bound to gp42 first . More investigation will be needed to confirm binding of each arm at the

same time and if there are potential benefits of the bispecific mAb compared to a single mAb.

6.2 Future Plans

gH/gl. mAb 769B10 and gp42 mAb A10 were shown to protect humanized mice from
viremia and development of B cell lymphoma. Nonetheless, the injection scheme that I used
where each mouse was injected with total of 6 doses of mAbs in a 10-day period may be
unnecessary and not practical when these mAbs are given to patients. Therefore, one future in
vivo study is to reduce the number of doses to 1-3 injections and see if a similar protection can
be observed. Singh et al. (2020) demonstrated that their gH/gL. mAb, AMMOI1, showed
reduction in viremia in humanized mice after a single dose of gH/gL. mAb 48 hours prior to
challenge with EBV. Also, Zhu et al. (2021) conducted a similar animal study with their gH
mAb, 1D8, and with a single injection a day before infection, showed that humanized mice that

received 1D8 all survived with lower viremia than the controls. Fewer injection of mAbs would
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be a more stringent test of the mAbs and may help to distinguish more potent mAbs among all
the ones that showed protection using 6 doses of antibody.

Developing a mAb that can be used prophylactically, when given before infection, is
likely to be beneficial to patients undergoing transplant to reduce the risk PTLD; however, a
therapeutic mAb, when given after infection, is also needed. An effective therapeutic mAb might
reduce severe EBV infection associated with continued lytic viral replication in
immunocompromised persons or in those with chronic active EBV infection. There have been
multiple studies showing that EBV mAbs are effective for prophylactic use in animal models,
but none showing that mAbs could be effective for therapy. Thus, it would be interesting to
evaluate our gH/gL and/or gp42 mAbs therapeutically in humanized mice by injecting mAbs
only after infection with EBV.

With the bispecific mAb I produced, I confirmed that it can bind to both antigens by
performing LIPS assays separately for gH/gL or gp42; however, in the BLI assay, the bispecific
mADb only showed binding to both gp42 and gH/gL. when gp42 was bound first followed by
gH/gL. Binding of gH/gL prior to gp42 somehow prevented the bispecific mAb from binding to
gp42. This observation may be due to steric hinderance as the bispecific mAb is targeting two
different glycoproteins and binding to an epitope on gH/gL first might interfere with accessing
an epitope on gp42 where the other arm of bispecific mAb needs to bind. Performing cryo-EM
would help to understand the spatial orientation of how the bispecific mAb is binding to both
gH/gL and gp42. Another possibility is that each arm of the bispecific mAb is not long or
flexible enough to bind to two different epitopes at the same time. Thus, adding a linker within

one arm or in both arms of the bispecific mAb to make it longer and more flexible may allow
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both arms to bind to their epitopes simultaneously. This might result in a more potent mAb

compared to its parental mAbs.

6.3 Concluding Remarks

EBYV is one of the most common viruses found in humans; however, since most people
are asymptomatic when infected or experience only mild symptoms, the need for a vaccine or a
therapeutic has not been considered a high priority. Nonetheless, 200,000 new cases of cancer
are associated with EBV worldwide each year and with increasing numbers of
immunocompromised persons, EBV infection is causing more diseases in these patients,
including transplant recipients who may develop of the post-transplant lymphoproliferative
disease. Recent findings of a strong association of EBV with multiple sclerosis also bolsters the
need for effective vaccines and therapeutics for EBV. Because EBV has two phases of
replication, including latent virus replication when B cells divide, it is difficult to clear the virus
from the body once infected. After optimizing our humanized mouse model and evaluating
multiple different EBV mAbs, we found two potent EBV mAbs 769B10 and A10 targeting
gH/gL and gp42, respectively, that demonstrated strong protection from viremia and
development of lymphomas in humanized mice as discussed in chapter 4. These findings suggest

that we may not be far from having an effective EBV therapeutic to those who are in need.
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Chapter 7. Materials and methods
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7.1 Cells

293/2089 cells containing the B95-8 EBV genome or M81 EBV genome, which express
green fluorescent protein (GFP), were cultured in DMEM with 10% fetal bovine serum,
penicillin (100U/mL), streptomycin (100U/mL) and hygromycin (100 pg/mL) (Delecluse et al.,
1998). The following human B cells were cultured in RPMI 1640 medium with 10% fetal bovine
serum (FBS), penicillin, and streptomycin: Raji (an EBV-positive Burkitt lymphoma cell line),
BL41 (an EBV-negative Burkitt lymphoma cell line), BL30 (an EBV-negative Burkitt
lymphoma cell line), DG75 (an EBV-negative Burkitt lymphoma cell line), and Daudi (an EBV-
positive peripheral blood cell line from a patient with Burkitt lymphoma). HEK 293 (a human
embryonic kidney cell line), HEK 293T14 (a human embryonic kidney cell line expressing T7
RNA polymerase [Omerovi¢, Lev, and Longnecker, 2005]), and CHO-K1 (a Chinese hamster
ovary cell line) cells were cultured in DMEM medium with 10% FBS, penicillin, and
streptomycin. SVKCR?2 epithelial cells (SV40-transformed human keratinocyte cells expressing
CR2 [Li et al., 1992]) were cultured in 1:1 mixture of DMEM and F12 medium with 10% FBS,
penicillin, and streptomycin (Bu et al., 2019). 293F cells were cultured in Expi293 expression

medium (Thermo Fisher Scientific).

7.2 Viruses

EBV B95-8 and M81 were prepared by transfecting 293/2089 cells with plasmids
expressing EBV BZLF1 and BALF4 (Neuhierl et al., 2002) using PEI Max (Polysciences). After
7 days, medium was collected and filtered through a 0.80 um MCE membrane filter (Millipore).

Filtered supernatant was concentrated by ultracentrifugation at 21,000 rpm for 1 hr at 4°C. The
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virus pellet was resuspended in DMEM with 10% FBS and EBV B95-8 or M81 was stored at -

80°C.

7.3 Virus titration

EBV B95-8 or M81 were serially 2-fold diluted in a 96 well plate and incubated with 75
ul of 1 x 10° Raji cells. After 72 hr, cells were fixed with 2% paraformaldehyde in PBS. GFP-
positive Raji cells were counted using a BD FACS Canto II flow cytometer (BD Bioscience) and
analyzed by FlowJo software (Tree Star Inc.). The EBV titer was measured in Green Raji units

(GRU) as previously described (Sashihara et al., 2009).

7.4 Plasma collection and EBV IgG purification

Plasma donors were consented using FDA approved informed consents for
plasmapheresis. Plasma was separated from red blood cells during plasmapheresis and the red
blood cells were returned to the donors. Prior to donation, donors were screened in accordance
with FDA regulations to protect the donor and ensure the safety, purity, and potency of the
collected plasma. All plasma units were tested for presence of antigens and antibodies to human
immunodeficiency viruses I and II, hepatitis A, B, and C, and parvovirus.

IgG was purified from plasma using Protein G Sepharose Fast Flow (Cytiva Life
Sciences) using the manufacturer’s protocol. Briefly, plasma was diluted with the binding buffer,
centrifuged for 15 min to clarify the supernatant which was loaded onto a Protein G column, and
the IgG was eluted with low pH buffer. The pH of the purified IgG was neutralized, extensively
dialyzed with PBS, and sterile filtered. The concentration was determined by OD280 using 1

mg/ml = 1.4 AU.
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7.5 Production and purification of EBV mAbs

Use of recombinant DNA was approved by University of Maryland Biosafety
Committee. Antibodies to gH/gL were isolated using a fluorescent-conjugated gH/gL probe by
single cell sorting from cryopreserved PBMCs of healthy blood bank donors selected for high
serum EBYV neutralization titers. gp42 mAb A10 was isolated from plasmablasts of a
cynomolgus monkey vaccinated with a gH/gl/gp42 vaccine by single cell sorting. Reverse
transcription was performed on sorted cells and Ig heavy and light chain genes were amplified by
PCR. For gH/gL. mAbs, amplified fragments of heavy and light chain sequences were
synthesized and cloned into IgG1 and kappa chain expression vectors, respectively, by GenScript
(Bu et al., 2019). For gp42 mAb A10, overlapping PCR was performed to assemble amplified
fragments into an expression cassette that contains the CMV promoter, IgG variable and constant
regions, and poly A tail. The expression cassettes were first cloned into pUC19 plasmid, and then
variable regions of A10 heavy and lights chains were cloned into pFUSEss-CHIg-hG1 and
pFUSEss-CLIg-hL2 plasmids (InvivoGen), respectively to produce A10 that contains human
constant regions.

Heavy and lights chain plasmids of each EBV mAb were transfected in Expi293F cells
with an ExpiFectamine transfection kit (Thermo Fisher Scientific). Transfected cells were
incubated for 5 days at 37°C in a shaking incubator and supernatant was centrifuged at 4000 rpm
for 30 min. Supernatant was filtered through a 0.2 um PES membrane filter and purified by
loading onto a 5 ml HiTrap rProtein A FF column (Cytiva). Antibody was eluted from the
column with 0.05% trifluoroacetic acid and immediately neutralized to pH 7 with 1M Tris-HCI

pH 8. The purified mAbs were dialyzed to 1X PBS using Slide-A-Lyzer dialysis cassette G2
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(Thermo Fisher Scientific) and concentrated using Amicon Ultra-15 centrifugal filters

(Millipore). Concentrated mAbs were filtered through 0.22 pm PES filter and stored at -80°C.

7.6 Production and purification of gH/gL and gp42 proteins

Expi293F cells were co-transfected with gH-AviHis and gL plasmids or a gp42-AviHis
plasmid and incubated for 5 days. gH/gL or gp42 proteins were purified by batch purification. In
brief, the supernatant from transfected cells was supplemented with 1M Tris pH 7.5 and 5SM
NaCl to make a final concentration of 200 mM Tris pH 7.5 and 150 mM NaCl, respectively. Ni-
NTA agarose (Thermo Fisher Scientific) was added to supernatant and stirred in the cold room
for 3 hours. Supernatant with Ni-NTA beads was loaded onto a disposable chromatography
column and eluted in buffer containing 20 mM Tris pH 7.5, 150 mM NacCl, and various
concentrations of imidazole ranging from no imidazole to 300 mM imidazole. Eluate fractions
were collected and loaded on SDS-PAGE gels. Fractions with appropriate protein sizes were

combined and evaluated for purity using size exclusion chromatography.

7.7 Luciferase immunoprecipitation system assay

EBYV gp350, gH/gL, and gp42 antibody titers were determined by LIPS assay (Sashihara
et al., 2009). Briefly, 293T cells were transfected with plasmids expressing EBV gp350, gH/gL,
or gp42 fused with Renilla luciferase. Cell supernatants were collected and incubated with either
human or mouse plasma, IVIG, gH/gL. mAb B10, gp42 mAb A10, or bispecific mAb and
immunoprecipitated with protein A/G beads for 1 hr. Coelenterazine substrate was added and
luciferase activity was measured in light units (LU) by a luminometer. Each sample was tested in

triplicate.
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7.8 EBV B cell and epithelial cell neutralization

For B cell neutralization assays, 100 pg/mL of IVIG (Bivigam, ADMA Biologics), EBV
hyperimmune globulin, EBV gp350 mAbs, EBV gH/gL. mAbs, EBV gp42 mAbs, or bispecific
mAb was serially diluted 23 times using 2-fold dilutions in a U-bottom 96-well plate. 25 pL of
B95-8/F virus was added to each of the wells and incubated for 2 hr at 37°C. After incubation,
50 pL of 1 x 10° Raji cells were added and incubated for 3 days at 37°C. Cells were fixed in 2%
paraformaldehyde in DPBS.

For epithelial cell neutralization, mouse plasma, 100 pg/mL of EBV gH/gL. mAbs or
bispecific mAb was serially diluted 23 times using 3-fold dilutions in a flat-bottom 96-well plate.
25 uL of B95-8/F virus was added to each of the wells and incubated for 2 hr at 37°C. After
incubation, 50 pL of 2 x 10* SVKCR2 cells were added and incubated for 3 days at 37°C. Cells
were washed with Dulbecco’s PBS, trypsinized, and fixed in 2% paraformaldehyde in PBS.

GFP-positive cells were quantified using a FACSCanto II flow cytometer (BD
Biosciences) and BD FlowJo software (BD Biosciences). The dilution of IVIG, EBV
hyperimmune globulin, EBV mAbs, or bispecific mAb that inhibited infectivity by 50% (1Cso)
based on reduction of the number of GFP-positive cells was calculated by non-linear regression
analysis using GraphPad PRISM software. Neutralizing activity was considered absent when the

software program failed to fit the results to an appropriate regression curve.

7.9 B cell and epithelial cell fusion inhibition
B cell and epithelial cell fusion was measured as previously reported in Bu et al., 2019.
Briefly, for the B cell fusion assay, CHO-K1 cells were transfected with plasmids encoding gH,

gL, gp42, gB, and luciferase. gH, gL, gp42, and gB are under the control of a CMV IE promoter
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and the luciferase gene is under the control of the T7 polymerase promoter. Transfected CHO-
K1 cells were incubated with gH/gL. mAb B10, gp42 mAb A10, bispecific mAb, or a
combination of two parental mAbs for 2 hours. Daudi-T7 B lymphocytes that stably express T7
RNA polymerase were added to the CHO-K1/mAb mixture and incubated overnight. The next
day, cells were lysed and luciferase activity was measured using a luminometer.

To measure fusion activity in epithelial cells, CHO-K1 cells were transfected with
plasmids encoding gH/ gL, gB, and luciferase. The promoter for each gene is same as that used
in B cell fusion assay. Transfected CHO-K1 cells were incubated with gH/gL. mAb B10, gp42
mAb A10, bispecific mAb, or combination of two parental mAbs for 2 hours and HEK 293T14
cells that express the T7 RNA polymerase were added. After overnight incubation, cells were

lysed and luciferase activity was quantified using a luminometer.

7.10 SCID mice injections

All experiments were carried out in accordance with federal regulations and NIH
guidelines and were approved by the Animal Care and Use Committee of the National Institute
of Allergy and Infectious Diseases and University of Maryland. SCID mice (4 mice/group) were
injected intraperitoneally with 3 x 107 PBMCs the day before they were infected with EBV. Each
group of mice was challenged with either of the two EBV strains by intravenous injections:
EBV M81 (4 x 10> GRU/100 pl), B95-8 (4 x 10> GRU/100 pl, 1 x 10* GRU/100 pul, or 1 x 10°

GRU/100 pl). One group of mice were injected with 100 pl of RPMI medium as a control.
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7.11 Humanized mice injections

All animal experiments were performed in accordance with federal regulations and NIH
guidelines and approved by the Animal Care and Use Committee of the National Institute of
Allergy and Infectious Diseases and University of Maryland. Female HSCCB-NOG-F (NOD.Cg-
Prkdc*™® 112rg"™!5%¢/ JicTac) mice that were 19 to 20 weeks post-engraftment were purchased
from Taconic. IVIG, EBV hyperimmune globulin, EBV gp350 mAbs, gH/gL. mAbs, gp42 mAbs,
bispecific mAb, or 300 ul of PBS was injected intraperitoneally into each mouse on days -1, 0, 1,
4,7, and 10 relative to the day of EBV challenge. For each injection, 0.5 mg of inoculum was
given. On day 0, at least 4 hours after receiving mAbs or PBS, all animals were challenged with
1 x 10° GRU of EBV B95-8/F virus given intravenously. Mouse weights and blood were
collected weekly for 15 weeks after EBV infection. Mice were euthanized when they lost 30% of

their original weight, were unable to obtain food or water, or were non-responsive to stimuli.

7.12 Pharmacokinetics of gH/gL. mAbs in human FcRn transgenic mouse

Female and male B6. mFcRn—/— hFCRN Tg32 mice, purchased from Jackson Laboratory,
were used to measure gH/gl. mAb levels to determine the half-life of the antibodies. Mice were
injected with 5 mg/kg of gH/gL. mAb 769C2, 769B10, or 770F7 intravenously by tail injection on
day 0. Serum was collected before injection and on days 1, 2, 5, 7, 9, 14, 21, 28, and 35 after
injection. The concentration of each mAb was quantified by ELISA assay. Half-life, area under

the curve, and clearance rate were calculated using WinNonLin software (Certara).
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7.13 Passive transfer of IgG from immunized mice

On week 0, 3, and 7, BALB/c mice (n=80/group) were immunized with 5 pg gH/gL
nanoparticle vaccine or 5 ng gH/gl/gp42 nanoparticle + 5 pg gp350 nanoparticle vaccine in the
presence of AF03 adjuvant. Sera at weeks 4, 5, 8, 9, and 10 were pooled and mouse IgG was
isolated. Purified mIgG (20 pg per gram of mouse) from each group was passively transferred by
intraperitoneal injection to humanized mice on day -1, 0, and 1 post infection. On day 0, mice were

challenged with 1 x 10° GRU of EBV and weights were recorded and blood was collected weekly.

7.14 In vivo luciferase imaging

150 pl of D-Luciferin (15 mg/ml) was administered intraperitoneally 5 min before
anesthesia. D-luciferin-injected mice were anesthetized with isoflurane. Once mice were
anesthetized, mice were transferred to the maintenance cones inside the imaging box with their
noses in the nose cones. Photographs were taken with exposure time of 1 min using an IVIS

Lumina series III (Perkin Elmer). Images were taken on both the dorsal and ventral side of mice.

7.15 Quantifying the number of EBV DNA copies in the blood by qPCR

EBV DNA was quantified in blood as previously reported (Strowig et al., 2009) with
minor modifications. DNA was isolated from mouse blood using a DNeasy Blood and Tissue kit
(Qiagen, Germantown, MD). Forward primer 5’-GGACCACTGCCCCTGGTATAA-3’and
reverse primer 5’ -TTTGTGTGGACTCCTGGCG-3’were used to amply the EBV BamHI W
repeat fragment and probe 5’-FAM-TCCTGCAGCTATTTCTGGTCGCATCA-3’ was used to
detect the PCR product. Human GAPDH was amplified using primers 5’-

AGGGTGGTGGACCTCAT-3’ and 5’-TGAGTGTGGCAGGGACT-3’ and the PCR product
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was detected with probe 5’-HEX-CAGCAAGAGCACAAGAGGAAGAGAGA-3’. EBV viral
DNA was quantified using a TagMan Universal PCR Master Mix kit and CFX96 Touch Real-
Time PCR Detection System (BioRad, Hercules, CA). Genomic DNA isolated from Raji cells

was used as a standard. p-values were calculated using the Welch two sample t-test.

7.16 Pathology of tissues in humanized mice

Humanized mice were euthanized at the end of the study and the liver, spleen, lung, and
kidney were fixed in 10% neutral-buffered formalin, embedded in paraffin, and sectioned. Tissue
slides were stained with hematoxylin and eosin and anti-CD20 monoclonal antibody, and in situ
hybridization was performed with an EBER1 probe. Quantitation of EBER positivity (0 to 3+ or
0 to 4+ in some cases), and diagnosis of lymphoproliferative disease or lymphoma were

performed by a pathologist who was blinded to the treatment arms.

7.17 Total human IgG quantification by ELISA

Plasma was separated from mouse blood by centrifuging at 800 x g for 10 min. Total
human IgG concentration in plasma was measured using an IgG (Total) Human Uncoated
ELISA kit (Invitrogen). Plasma was diluted to fall within the standard range of the kit. Briefly,
96 well plates were coated with purified anti-human IgG monoclonal antibody and incubated
overnight at 4°C. Plates were washed with wash buffer and blocked with blocking buffer for 2 hr
at room temperature. Plates were washed again, and plasma samples and standards were added to
wells and incubated for 2 hr at room temperature. After incubation, plates were washed, and

HRP-conjugated anti-human IgG monoclonal antibody was added. After incubation for 1 hr at
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room temperature, tetramethylbenzidine substrate solution was added and incubated for 15 min.

IM H3PO4 was added as a stop solution and wells were read at 450 nm.

7.18 Quantification of gH/gL or gp42 mAb concentration by ELISA

96-well ELISA plates were coated with 200 ng/well of EBV gH/gL or gp42 in ELISA
coating buffer (BioLegend) and incubated overnight at 4°C. Plates were washed 6 times with
PBS with 0.05% Tween-20 (washing buffer) and blocked with PBS containing 0.05% Tween-20,
5% skim milk, and 2% BSA (blocking buffer) for 1 hr at room temperature. Plates were washed
again with washing buffer. Known concentrations of purified gH/gL or gp42 mAb were used as a
standard. Control wells were incubated with blocking buffer without any serum or mAb. Plates
were incubated with mouse sera, mouse plasma, or control mAb for 1 hr at room temperature and
washed 6 times with washing buffer. Following washing, a 1:8000 dilution of goat anti-human
IgG-HRP (Southern Biotech, Birmingham, AL) in blocking buffer was added to each well,
including mAb control wells, and incubated at room temperature for 1 hr. Plates were washed
with washing buffer and 100 pl of SureBlue Reserve TMB Microwell Peroxidase substrate was
added. 100 pl of 1 N sulfuric acid was added to each well after 3 min to stop the reaction and the
absorbance of yellow color was read at Asso. All assays were performed in duplicate and samples
were corrected to subtract the background level (averaged Asso values of control wells). A
standard curve was generated by plotting corrected averaged Auso values to known concentration
of gH/gL or gp42 mAb by fitting data to sigmoidal dose-response curve using GraphPad PRISM

software.
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7.19 Construction of bispecific mAb

EBYV bispecific mAb was constructed in the format of CrossMab“!-“L where the CH1
heavy chain and constant region light chain of gp42 mAb A10 were swapped; no changes were
made for Fab region of gH/gL. mAb B10. Backbone plasmids for heavy and light chains of
antibodies 1 and 2 were generously provided by the Vaccine Research Center, NIAID, NIH. A
variable region of gH/gL. mAb B10 heavy chain and variable regions of heavy and light chains of
gp42mAb A10 were cloned into the backbone plasmids, VRC 4193, VRC 4192, and VRC3778,
respectively. No changes were made for light chain of gH/gl. mAb B10. For knob-into-hole
mutations, S354C and T366W were introduced in the heavy chain of gH/gl. mAb B10, and
Y349C, T366S, L368A, and Y407V mutations were introduced in the heavy chain of gp42 mAb
A10. M428L and N434S mutations were engineered into the Fc region to increase half-life of the

bispecific mAb.

7.20 Production and purification of bispecific mAb

Heavy and light chains of gH/gL. mAb B10 and gp42 mAb A10 were diluted to a
concentration of 300 ng/uL. Heavy and light chain plasmids were mixed at a 1:2 ratio for both
mAbs. Expi293F cells were transfected with a 1:3 ratio with above heavy and light chain mixed
gH/gL. mAb B10 and gp42 mAb A10, respectively. Transfected cells were incubated for 5 days,
and supernatant was loaded onto a HiTrap MabSelect PrismA protein A column (Cytiva). The
antibody was eluted from the column using Pierce IgG elution buffer (Thermo Scientific).

Purified bispecific mAb was dialyzed to 1X PBS and stored at -80°C for long term storage.
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7.21 SDS-PAGE gels

EBV mAbs and bispecific mAb were evaluated for protein sizes using SDS-PAGE gels
under reducing and non-reducing conditions. For non-reducing gels, mAbs were mixed with
NuPAGE LDS sample buffer 4X (Invitrogen). For reducing gels, mAbs were mixed with
NuPAGE LDS sample buffer 4X with 10% B-mercaptoethanol and heated at 95°C for 5 min.
Sample buffer was added to the mAbs and they were loaded onto NuPAGE 4-12% Bis-Tris gels
(Invitrogen) and electrophoresis was performed at 200V for 40 min. Gels were stained with

coomassie blue and imaged with a gel imager.

7.22 Size exclusion chromatography

To confirm the purity of purified mAbs and the bispecific mAb, size-exclusion
chromatography was performed. Superdex 200 increase 100/300 GI columns (Cytiva) were
equilibrated with 1X PBS before use. Purified mAbs or bispecific mAb that were concentrated to

a volume of 700 pl were loaded onto columns and eluted with 1X PBS.

7.23 Digestion to yield Fab or F(ab): fragments of EBV mAbs and a bispecific mAb

An HRV-3C protease site was introduced in the middle of the hinge region in the heavy
chains of gH/gL. mAb B10 and gp42 mAb A10 plasmids to produce Fab fragments while the
protease site was introduced below the hinge region for heavy chains of bispecific gH/gL. mAb
B10 and gp42 mAb A10 plasmids to produce a F(ab): fragment. Expi293F cells were transfected
as described above for EBV mAbs or bispecific mAb production but using heavy chain plasmids
with a protease site. EBV mAbs and bispecific mAb with a protease site was purified in the same

method as regular EBV mAbs or bispecific mAb. 1 pg of protease was added to 50 ug of purified
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EBV mAbs or bispecific mAb with a protease site and digested overnight at 4°C. Protease
digestion was confirmed by SDS-PAGE gel and the digested material was loaded on a HiTrap
rProtein A FF column (Cytiva) that was connected to a GSTrap FF column (Cytiva). Fab or
F(ab); fragments were eluted from the connected columns with 1X PBS and purity was

confirmed using size exclusion chromatography SEC.

7.24 Sequential binding of bispecific mAb by biolayer interferometry

Streptavidin biosensors (ForteBio) were equilibrated with 1X PBS for 60 sec and
biotinylated gp42-del or gH/gL protein (10 pg/mL) was immobilized onto the biosensors for 300
sec. The sensors were placed in 1X PBS for 30 seconds (baseline measurement) followed by
dipping in 75 pg/mL of either gp42 mAb A10, gH/gL. mAb B10, bispecific mAb F(ab)»
fragment, or non-specific gp350 mAb A9 for 300 sec. The sensors were dipped in 1X PBS for 30
sec (second baseline) and then placed in 75 pg/mL of gH/gL or gp42-del for 300 sec. The

sensors were then placed into 1X PBS for 300 sec to measure dissociation.

7.25 Quantification of surface CD21 expression levels by flow cytometry

To quantify the level of CRD21 expression on Raji, BL41, BL30, and DG75 cells, 0.5 x
10 cells were harvested and stained with anti-CD3-V421, anti-CD19/20-A488, or anti-CD21-
APC antibody, and live/dead-near infrared antibodies for 30 min at 4°C. Cells were washed with
1X PBS and fixed in 0.5% paraformaldehyde. Using a Fortessa flow cytometer (BD
Biosciences), the live cell population was selected by live/dead staining, and then the CD20" cell
population was gated based on CD3 and CD20 antibody staining. The CD21" high expressing

CD20" B cells were quantified and the % of B cells expressing CD21 was determined.
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