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Epstein-Barr virus (EBV) is a cancer-associated pathogen responsible for 165,000 deaths per year. EBV
is also the etiological agent of infectious mononucleosis and is associated with multiple sclerosis and
rheumatoid arthritis. Thus, an EBV vaccine could alleviate significant morbidity and mortality. EBV is
orally transmitted and has tropism for both epithelial cells and B cells. Therefore, a vaccine would need to
prevent infection of both cell types in the oral cavity. | describe how the passive transfer of AMMO1, a
dual-tropic neutralizing monoclonal antibody targeting the viral gH/gL glycoprotein complex, prevents
experimental EBV infection in humanized mice and rhesus macaques, suggesting that gH/gL is an
attractive vaccine candidate. Spurred by these findings, we produced and evaluated the immunogenicity
of several nanoparticle immunogens displaying gH/gL with distinct valencies and geometries. After one or
two immunizations, all nanoparticles elicited superior binding and neutralizing titers relative to monomeric
gH/gL. Antibodies elicited by a computationally designed self-assembling nanoparticle that displays 60
copies of the gH/gL protein conferred protection against a lethal dose of EBV in a humanized mouse
challenge model, whereas antibodies elicited by monomeric gH/gL did not. Taken together, these data
motivate further development of nanoparticle vaccine candidates for EBV which target the gH/gL

glycoprotein.
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Chapter 1: Introduction

1. Clinical Relevance

Overview

Epstein-Barr virus (EBV) is one of the most common human viruses, infecting about 95% of
people worldwide.! It is a herpesvirus with tropism for both B cells and epithelial cells and is associated
with several malignancies of these two cell types including Hodgkin lymphoma, Burkitt lymphoma, diffuse
large B cell ymphoma, post-transplant lymphoproliferative disease, nasopharyngeal carcinoma and
gastric carcinoma.?* It is estimated that EBV is responsible for ~265,000 new cases of cancer and
~164,000 cancer deaths globally per year.” EBV is also the causative agent of infectious mononucleosis
(IM), and has been linked to multiple sclerosis and rheumatoid arthritis.®-14
Infectious Mononucleosis

Acquisition of EBV as an adolescent or young adult typically results in infectious mononucleosis
(IM). In one study of undergraduates aged between 18 and 22, 89% of study participants developed
symptomatic infectious mononucleosis after primary infection with EBV.'® IM is caused by an overreactive
cytotoxic lymphocyte (CTL) response resulting from an initial failure of the immune system to control viral
replication, which leads to highly elevated inflammatory cytokine release and resulting symptoms.'6-18 [M
resolves after the CTL response eliminates most EBV infected cells. In fact, EBV is responsible for at
least 90% of cases of infectious mononucleosis (IM).'® Although IM is not considered to be a serious
illness, IM symptoms can pose great physical limitations to those infected. These symptoms typically
include extreme fatigue, fever, sore throat, head and body aches, swollen lymph nodes, and rash.2° In
most cases patients recover in 2 to 4 weeks, however for some the symptoms of fatigue can persist for
months.2° About 50% of IM cases result in splenomegaly, in which case patients are prevented from
performing intense physical activity for up to 4 weeks after onset of symptoms in order to avoid splenic
rupture. Following primary infection, EBV enters a latent state within resting memory B cells, allowing it to
evade the immune system and, as a result, most infected individuals carry the virus
asymptomatically.31821 Occasionally, EBV infected cells will reactivate the expression of Iytic genes,
however surveilling CTLs will eliminate these cells and prevent symptomatic infection from occurring in

immunocompetent individuals.



Cancer

EBV infection can promote cancer in infected cells through translational and transcriptional
programming which promote latency and are anti-apoptotic in nature.??2 These changes are thought to
contribute to oncogenesis.

Between 1990 and 2017, EBV-attributed cancer rates increased by 36% and EBV-attributed
cancer mortality increased by 17%, due in large part to population growth in East Asia, where the vast
majority of EBV-associated malignancies, namely gastric and nasopharyngeal carcinoma, occur.” This
burden is expected to increase further as populations and life expectancy continue to increase in these
regions of the world. EBV-associated carcinogenesis occurs at significantly elevated levels in other
subpopulations as well. For example, human immunodeficiency virus (HIV) infected individuals
experience much higher rates of EBV-linked cancers than the general population.?® These rates are even
higher among persons living with HIV in Sub-Saharan Africa, and can result in Non-Hodgkin’s
Lymphomas (NHL) as well as classic Hodgkin’s Lymphoma (HL).2® In fact, HIV-infected individuals overall
live with a 60-200-fold higher relative risk of developing NHL and an 8-10-fold higher relative risk of
developing HL compared to those that are uninfected.?® Additionally, patients who have recently received
an organ or hematogenic stem cell transplant may develop post-transplant lymphoproliferative disorders,
an often-lethal complication, because of the proliferation of EBV-infected cells due to CTL suppression.?
Multiple Sclerosis and Autoimmune Disease

EBV is also associated with the development of rheumatoid arthritis and multiple sclerosis (MS).
EBV has long been implicated in MS. Most recently, a 20-year longitudinal study of 10 million young
adults of which 955 developed MS showed that EBV infection preceded the onset of MS symptoms and
was linked to a 32-fold higher risk of developing MS."* This study is the strongest piece of evidence that
EBV is the leading cause of MS. Despite this, the pathological mechanism for how EBV causes MS is
unclear. Recently, it has been suggested that antibodies against the EBV EBNA1 protein may cross-react
with human GlialCAM protein, which Is expressed on cells in the central nervous system.2* Since MS is
characterized by lymphocytes attacking central nervous system cells, the presence of this cross-reactivity
may be one mechanistic explanation for this phenomenon.

Treatments



To date, no prophylactic or approved treatment for EBV exists. Thus, a vaccine that prevents
EBV infection and/or associated pathologies would have a significant global health impact.2625 |n the
following sections of this chapter, | am going to summarize progress towards the development of an EBV
vaccine, including what we know about EBV infection, which antigens may need to be included in a
vaccine, the type of immune response a vaccine may need to elicit, and the animal models which allow us
to test vaccines.
Il Viral Entry
Overview

When designing an EBV vaccine, it is important to consider which antigens will be included in
your vaccine construct. When developing a vaccine, researchers typically include viral proteins that are
involved in cell entry. The rationale being that if immunization can elicit antibodies against these proteins
which block them from functioning, this would prevent viral entry and subsequent infection from occurring
in the first place. This type of neutralizing antibody response is the correlate of protection for most
licensed vaccines.?827 In this section, | am going to give a brief overview of EBV viral entry, including
which cell types are infected and which proteins are involved in the cell entry process. In later sections, |
will also discuss other important aspects of vaccine design, such as the immune response that a
protective EBV vaccine would likely need to elicit.
Viral Tropism

EBV is orally transmitted through saliva. In the oropharynx, the site of infection, both oral
epithelial cells and infiltrating B cells are present. Both cell types are capable of being infected by EBV,
but it is unknown which is infected first. It is possible that epithelial cells are infected first, followed by Iytic
replication and the infection of B cells. Vice versa, B cells may be infected first, followed by infection of
epithelial cells."® It is also possible that both cell types are infected simultaneously. Since each scenario is
possible, a protective vaccine would likely need to prevent infection of both cell types at the oral mucosa.
Because the correlate of protection for most approved vaccines is neutralizing antibodies, an effective
EBV vaccine would likely need to prevent or severely limit infection in both cell types.38

Proteins Involved in Viral Entry



The dual tropism of EBV infection is accomplished through the orchestrated function of multiple
glycoproteins.?8 gH, gL and gB constitute the core fusion machinery and are essential for viral entry
irrespective of cell type. gB is a transmembrane fusion protein that promotes the merger of the viral and
host membranes.?° gB activity depends on the heterodimeric gH/gL complex, which is essential for
infection and regulates fusion.3%-33 Epithelial cell infection is initiated by the binding of the viral BMRF-2
protein to B1 integrins on the cell surface.3* Following attachment, binding of gH/gL to one or more cell
surface receptors is thought to induce a conformational change that triggers gB activation. avp6, and
avp8 integrins, neuropilin 1, non-muscle myosin heavy chain IlA and the ephrin A2 receptor have all been
implicated as gH/gL receptors.3540

Viral attachment to B cells is mediated by gp350, which binds to complement receptors (CR) 1
and 2.41-43 The triggering of gB during B cell entry depends on the tripartite complex of gH/gL and the viral
glycoprotein gp42. Binding of gp42 to the B chain of human leukocyte antigen class Il leads to activation
of gB through the gH/gL/gp42 complex.44-46

In Section IV — Vaccines, | will revisit each of these viral entry proteins and explore their use in

vaccine development.

lil. Animal Models of Epstein-Barr Virus Infection

Overview

To design and test new therapies, researchers rely on the use of pre-clinical animal models of
infection.#”-5" These animal models allow vaccine researchers to evaluate the ability of vaccine candidates
and other therapeutics to protect against viral challenge. Because EBV is a human virus which has limited
tropism for other species, there are few tractable animal models of EBV infection, and many of these
models do not fully capitulate human EBV infection or require the use of non-human viruses which are
related to EBV. %255, Here, | will briefly describe animal models which have been used to evaluate EBV
infection and vaccines:
Non-Human Primate Models

Because many new- and old-world non-human primates (NHPs) are infected by
lymphocryptoviruses (LCVs) that are closely related to EBV, NHPs have been seen as an attractive

challenge model for the evaluation of EBV vaccines.5¢ One of the first uses of NHPs by EBV researchers
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involved the use of cotton-top tamarins and common marmosets for the evaluation of vaccine-induced
neutralizing antibody titers, as well as protection against challenge by EBV. However, due to the
endangered or red-list status of these species, they are no longer viable options for researchers.57

Unlike the cotton-top tamarin and common marmoset, rhesus macaques have a relatively large
population, are more closely related to humans so have more comparable immune systems and
physiology, and can be bred artificially, resulting in the extensive use of these macaques as an animal
model of infection. While EBV cannot stably infect and immortalize B cells in rhesus macaques, these
NHPs are still attractive to researchers because there is a high level of genetic similarity between EBV
and Rhesus Lymphocryptovirus (RhLCV), which is an ortholog of EBV that infects rhesus macaques. Like
EBV, RhLCV is orally transmitted, has a similar course of infection as EBV, and causes cancer in immune
suppressed animals.?8%° This similarity allows researchers to use RhLCV as proxy for EBV in challenge
studies. In our lab, we demonstrated the protective efficacy of AMMO1, an antibody against the EBV
glycoprotein gH/gL, to protect against oral infection by RhLCV in rhesus macaques.®° In the study,
animals with high levels of AMMO1 in their serum were protected against challenge with RhLCV.% See

Chapter 3 - Neutralizing antibodies protect against oral transmission of lymphocryptovirus for additional

detail and data regarding this study.
Mouse Models

Mice remain the most widely used animal model for researchers due to their relatively low-cost
and wide availability. Many EBV vaccine studies have used mice as a model for assessing serum or
plasma antibody titers in response to various immunization regimens. However, wild-type mice cannot
naturally be infected with EBV. For this reason, researchers use humanized mice when conducting EBV
challenge experiments.

Humanized mice are immunocompromised mice, typically non-obese diabetic [NOD] Rag1-/-,
l12rg-/-, engrafted with human CD34+ hematopoietic stem cells. These stem cells develop into human B
cells which can become infected by EBV, which makes humanized mice especially suitable as an animal
model of EBV infection.®162 This model has been used to evaluate the ability of monoclonal, or polyclonal
antibodies elicited by either vaccination or infection to protect against controlled viral challenge, including

a study by our lab which showed passive transfer of AMMO1 protects 11 of 13 humanized mice from
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viremia after EBV challenge.®063-65 However, because humanized mice do not efficiently generate an
antibody response after immunization, evaluating the protective efficacy of vaccine-elicited antibodies
requires passive transfer.86 Additional limitations of this model are that humanized mice a) only have
mouse epithelial cells, which cannot be infected by EBV, and b) are not capable of being infected via the
natural oral route; thus, these mice do not fully recapitulate two very important aspects of EBV infection.®”
As part of my own research, | passively transferred gH/gL 60-mer vaccine-elicited IgG to humanized mice
and demonstrated full protection against lethal challenge with EBV.68
Rabbit Model

Several studies have used rabbits as models for the evaluation of EBV vaccine
immunogenicity.%-73 Researchers have also explored the use of rabbits as an EBV challenge model.
Challenging rabbits via intravenous, intranasal, or peroral inoculation with EBV leads to the detection of
some EBV DNA in the blood of most rabbits, but only a smaller portion of rabbits have detectable levels
of EBV DNA transcripts in the spleen, and even fewer rabbits display sustained EBV infection.”#76 For
this reason, rabbits do not see widespread use as EBV challenge models.
Chinese Tree Shrew Model

Recently, the Chinese tree shrew was shown to display symptoms of EBV infection early in
challenge, however only a small subset of shrews showed EBV positivity in spleens or lymph nodes, and
none had EBV markers in lung or nasopharyngeal epithelial cells, indicating epithelial cells may not
become infected in this model.””:78
Iv. Vaccines
Overview

In this section, | will explore the current state of EBV vaccine development, building upon the
information mentioned in earlier sections on EBV viral entry and EBV animal models. | will first talk about
whether a vaccine is likely to work given what we know about pre-existing antibodies against EBV in
naturally infected individuals. | will then discuss which antigens might be included in an EBV vaccine,
looking to animal data and prior EBV vaccine research. Finally, | will review recent advances in EBV
vaccines.

Pre-existing Antibodies



12

Each of the viral entry proteins involved in viral entry (see Section 2 — Viral Entry and Section IV —

Vaccines - Potential Vaccine Antigens (below)) are targeted by neutralizing antibodies.3*79-8" Neutralizing
antibodies are the correlate of protection for most effective vaccines.?627 It is therefore likely that they will
be an important component of an immune response elicited by an EBV vaccine. Serum from naturally
infected individuals can neutralize EBV infection of B cells and epithelial cells,3482-84 however it is
unknown whether these antibodies would be able to protect against initial infection.82-84 There are several
pieces of evidence which suggest that this may be possible, as well as some evidence against this being
the case. For instance, infected individuals typically have several variants of EBV present in their bodies,
which might suggest that pre-existing EBV antibodies cannot protect against secondary infection.85-88
However, it is possible that these viral variants arose during the lytic replication phase of primary
infection, or that the initial virus inoculum contained several viral variants, which is entirely possible given
that several variants of EBV can be found in the saliva of IM patients as well as asymptomatic carriers of
EBV.8° Given the fact that there is a long delay between the onset of IM at 4-6 weeks and the peak of
neutralizing antibody titers against EBV at 6 months, it is also possible that individuals are exposed to
multiple EBV variants before neutralizing antibodies are at sufficient levels for protection.®® Evidence in
support of EBV antibodies being protective include the fact that, newborn infants generally remain EBV
negative for 6-8 months until maternal antibody levels wane, again suggesting that EBV antibodies are

protective.?1-% As mentioned in Section Ill - Animal Models, passive transfer of antibodies targeting

certain EBV surface proteins has been shown to protect against viral challenge in both rhesus macaques
and humanized mice. Taken together, these studies are strong evidence that pre-existing antibodies can
protect against viral challenge, and thus antibodies elicited by an EBV vaccine may be able to protect
against EBV infection.

Potential Vaccine Antigens

As mentioned in Section Il — Viral Entry, several virally encoded EBV glycoproteins mediate entry

and define tropism, and each represent possible targets for an EBV vaccine. The gp350 protein is the most
abundant protein on the surface of EBV and mediates attachment of virus to target cells by binding to
complement receptors 1 and 2.79-9%-%9 However, antibodies against gp350 are ineffective at inhibiting EBV

infection of oral epithelial cells lacking these complement receptors, leaving them vulnerable to
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infection.34.100.101 |n fact, antibodies against gp350 are ineffective at inhibiting EBV infection of CR- epithelial
cells and can enhance infection of this cell type.34100.101gp350 is capable of adsorbing most of the serum
antibodies that neutralize EBV infection of B cells.”®8' To date, most EBV subunit vaccine efforts have
focused on gp350

Mechanistically, neutralizing anti-gp350 monoclonal antibodies (mAbs) block the gp350-CR1/CR2
interaction.42.102-105 A study in which a gp350 knockout EBV was generated showed that virus lacking gp350
only saw a 1.7-fold reduction in binding to B cells while still retaining infectivity, which indicates gp350
activity may be dispensable.% Passive transfer of a neutralizing anti-gp350 mAb protected one of three
macaques against high-dose experimental infection with a chimeric rhesus lymphocryptovirus containing
the EBV gp350 protein,'97 indicating that gp350 antibodies could be protective in vivo. Another study
showed that immunization with recombinant RhLCV gp350 protected 2 of 4 macaques from RhLCV
challenge, however they did not examine neutralization titers elicited by this vaccine.'® In one phase Il
clinical trial, a gp350 vaccine failed to protect against EBV infection, as defined by seroconversion to non-
vaccine antigens, despite decreasing the incidence of symptomatic infectious mononucleosis by 78%.9°
This suggests that a gp350 vaccine could be improved upon in order to block EBV infection in the oral
cavity. In line with this notion, it has been suggested that the inclusion of additional viral proteins may
improve the efficacy of an EBV vaccine.?1%° Alternatively, it is possible that a vaccine targeting non-gp350
viral proteins could be more efficacious.

One such alternative is the EBV gH/gL glycoprotein complex, which plays an essential role in the
infection of both epithelial cells and B cells. Anti-gH/gL antibodies account for most serum antibodies that
neutralize EBV infection of epithelial cells, but only a small fraction of antibodies that neutralize infection
of B cells.8" Only a handful of anti-gH/gL monoclonal antibodies (mAbs) have been identified, all of which
neutralize EBV infection of epithelial cells with comparable potency, but most have weak, or no
neutralizing activity against EBV infection of B cells.83.100.110-114 \We previously described the isolation and
characterization AMMO1, an anti-gH/gL monoclonal antibody (mAb) which potently neutralizes EBV
infection of epithelial cells and B cells in vitro by binding to a discontinuous epitope on gH/gL.""2 The
769B10 mAb also neutralizes EBV infection of both cell types and binds to an epitope that overlaps with

AMMO1, confirming this is a critical site of vulnerability on EBV.8! As mentioned in Section Il — Animal
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Models, in order to evaluate the ability for AMMO1 to protect against EBV infection in vivo, our lab
conducted challenge studies using Rhesus lymphocryptovirus (RhLCV), an EBV ortholog, to infect rhesus
macaques which had received a passively delivered AMMO1. Passive transfer of AMMO1 severely limits
viral infection following high-dose experimental EBV challenge in humanized mice and protects rhesus
macaques against oral challenge with RhLCV if present at adequate levels at the time of challenge.6%.63
These studies, which are highlighted in Chapter 3 of this document, provide proof of concept that anti-
gH/gL antibodies can protect against EBV infection and indicate that a gH/gL-based vaccine capable of
eliciting AMMO1-like antibodies could prevent oral transmission of the virus.

Another antigen, gB, is also essential for both epithelial cell and B cell infection. The gB
glycoprotein exists in two conformationally distinct forms: as a pre-fusion trimer prior to cell attachment
and entry, and as a post-fusion trimer after gB has fused to host-cell membranes.35 Immunizing with the
pre-fusion trimer could be advantageous since it most likely presents relevant neutralizing epitopes that
prevent structural rearrangements that mediate fusion. Immunization of rabbits with altered forms of gB
which might mimic the pre-fusion trimer elicit antibodies which are capable of neutralizing titers against
EBV infection of B cells in vitro. However, these alterations include the removal of a furin cleavage site of
the protein, possibly altering the natural folding state of the pre-fusion protein. These alternations to the
natural folding of the gB pre-fusion protein trimer could potentially limit this antigen’s ability to elicit
neutralizing antibodies against natural infection.

Other antigens, such as gp42 and BMRF2, are also potential EBV vaccine antigens. However,
these proteins are only implicated in B cell and epithelial cell infection, respectively, and thus are not ideal
targets for a vaccine.

Recent Innovations (Multimerization)

Antigen multimerization has been used to improve the immunogenicity of subunit vaccines
against several pathogens including malaria, HIV-1, respiratory syncytial virus (RSV), severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), influenza'15-122 and EBV.64.6981 Multimerization can
enhance the immunogenicity of subunit vaccines through several mechanisms including more efficient B
cell receptor cross linking, triggering of innate B cell responses, lymph node trafficking, and enhanced

MHC class Il antigen presentation.'23-125 |n support of this nation, Cui et al. and Bu et al. have shown that
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immunization with a 3-mer or 24-meric gH/gL, respectively, elicits higher serum neutralizing titers against
infection of B cells and epithelial cells than immunization with monomeric gH/gL.%°8! While promising,

both studies only focused on a single multimer platform. In Chapter 2 - Immunization with a self-

assembling nanoparticle vaccine displaying EBV gH/gL protects humanized mice against lethal viral

challenge, | expand on these by developing several self-assembling gH/gL multimeric constructs of
varying valency, size, and geometry to evaluate how different multimerization platforms affect
neutralizing antibody titers.

V. Summary

| began this chapter with a brief overview of the clinical significance (See Section | — Clinical

Relevance) of Epstein-Barr Virus and its impact on global health. | touched on the causative relationship
between EBV and infectious mononucleosis, the role of EBV in cancer cases and deaths, as well as the
link between EBV and autoimmune diseases, including multiple sclerosis and rheumatoid arthritis. Prior to
any discussion of EBV vaccine development, it is important to overview EBV linked diseases to not only
highlight the urgent need for a vaccine, but because our knowledge of EBV disease plays a large role in
vaccine development strategies. This is especially apparent when we consider the experimental use of
various animal models of EBV infection. For instance, when using animal models to assess the protective
efficacy of EBV vaccines, it is necessary to consider how human EBYV infection differs from EBV infection
in the animal model being used. Because there are differences in the course and mode of infection in
animal models, we must acknowledge that vaccine efficacy observed in animal models is not entirely
predictive of what will be observed in humans. Some of these limitations of EBV animal models are

discussed briefly in Section Il — Animal Models. Despite these limitations, there is still a lot we can learn

using these models when staying mindful of what they can and cannot tell us.
When discussing EBV vaccine development, we must also consider EBV viral tropism and viral

entry. In Section Il — Viral Entry, | describe the tropism of EBV for human B cells and epithelial cells and

give an overview of the proteins that are involved in viral entry. This knowledge is important for three
reasons. First, because, like our understanding of EBV disease, understanding viral tropism informs our
use of EBV animal models. As an example, it is important to remember that humanized mice are limited in

their ability to recapitulate human EBV infection because mouse epithelial cells are incapable of being
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infected by EBV. Second, we must consider tropism and viral entry because it guides the selection of
which in vitro cell-based models we use to evaluate the immune response to EBV vaccine candidates; as
researchers, we focus on B cell and epithelial cell infectivity assays because they are the main cell types
for which EBV has tropism. Third, the understanding of which proteins are involved in viral entry is
necessary to make rational decisions about which antigens to include in a vaccine. This idea is a topic of
discussion in the very next section, in which | cover whether neutralizing antibodies are elicited against
viral entry proteins during natural infection, and whether these neutralizing antibodies are capable of
neutralizing infection against both B cells and epithelial cells.

In Section IV — Vaccines, | explore both the historical use and potential future use of various EBV

viral entry proteins as vaccine antigens. | give an overview of the various EBV glycoproteins that have
been explored in the context of EBV vaccine development. First, | touch on gp350 animal studies as well
as human clinical trials. Data from gp350 studies suggest that a vaccine targeting additional viral proteins
may be more efficacious than one targeting gp350 alone. Complimentary to this idea, | next discuss
gH/gL and the various animal studies that suggest an anti-gH/gL vaccine may be protective. Finally, |
touch on other glycoproteins, such as gB, gp42, and BMRF2, notably the challenges presented by gB,
and the rationale for why gp42 and BMRF2 may not be ideal vaccine antigens as they are only involved in

B cell infection. In Section IV — Vaccines, | also explore the several pieces of strong evidence that pre-

existing antibodies may be protective against EBV infection. This is important in the context of pre-clinical
EBV vaccine development because it shows that an EBV vaccine which elicits high titers of neutralizing
antibodies may be protective, and that developing an EBV vaccine with this goal in mind may be an
effective strategy. In further support of this idea, neutralizing antibodies are a correlate of protection for
most approved anti-viral vaccines, so it is likely that an EBV vaccine will need to elicit neutralizing
antibodies.

The selection of in vitro cell based models, in vivo animal models, and the overall study design in
both Chapter 2 and Chapter 3 are informed heavily by the reasoning mentioned earlier in this summary:

In Sections Il and Il of this chapter, | refer to a study in which AMMO1 is passively transferred to

humanized mice and to rhesus macaques, protecting them from challenge with EBV and RhLCV,

respectively. This work is included here as Chapter 3 - Neutralizing antibodies protect against oral
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transmission of lymphocryptovirus. This study is important to include here because it serves as a proof-of-

concept for the work described in Chapter 2. Specifically, the experimental outcomes of this study
suggest that passively transferring anti-gH/gL antibody may protect against EBV infection. Additionally, it
suggests that a vaccine including the gH/gL antigen could elicit antibodies against the AMMO1-eptiope,
the vaccine may confer protection.

In the final paragraph of Section IV — Vaccines, | highlight multimerization, which is a recent

innovation in the EBV vaccine field. | mention how recent studies compare a multimeric gH/gL vaccine
with monomeric gH/gL vaccine, showing improved immunogenicity in the multimeric format as compared

to monomeric. In Chapter 2 - Immunization with a self-assembling nanoparticle vaccine displaying EBV

gH/gL protects humanized mice against lethal viral challenge, | expand on these early studies by

comparing not just one, but four different multimeric gH/gL vaccines against monomeric gH/gL vaccine

and demonstrate protective efficacy in an animal model.
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Chapter 2: Inmunization with a self-assembling nanoparticle vaccine displaying EBV gH/gL
protects humanized mice against lethal viral challenge
This work was published in Cell Reports Medicine on June 21, 2022.

1. Summary

Epstein-Barr virus (EBV) is a cancer-associated pathogen responsible for 165,000 deaths annually. EBV is
also the etiological agent of infectious mononucleosis and is linked to multiple sclerosis and rheumatoid
arthritis. An EBV vaccine would have significant global health impact. EBV is orally transmitted and has
tropism for both epithelial and B cells. Therefore, a vaccine would need to prevent infection of both in the
oral cavity. Passive transfer of neutralizing antibodies against the gH/gL glycoprotein complex prevent
experimental EBV infection in humanized mice and rhesus macaques, suggesting that gH/gL is an attractive
vaccine candidate. Here, we evaluate the immunogenicity of several gH/gL nanoparticle vaccines. All
nanoparticles display superior immunogenicity relative to monomeric gH/gL. A nanoparticle displaying 60
copies of gH/gL elicits antibodies that protect against lethal EBV challenge in humanized mice, whereas
antibodies elicited by monomeric gH/gL do not. These data motivate further development of gH/gL
nanoparticle vaccines for EBV.
. Introduction
Epstein-Barr virus (EBV) is one of the most common human viruses. It is a herpesvirus with tropism

for both B cells and epithelial cells and is associated with several malignancies of these two cell types
including Hodgkin lymphoma, Burkitt ymphoma, diffuse large B cell lymphoma, post-transplant
lymphoproliferative disease, nasopharyngeal carcinoma and gastric carcinoma.?? It is estimated that EBV
is responsible for ~265,000 new cases of cancer and ~164000 cancer deaths globally per year.26.7:126
EBV is also the causative agent of infectious mononucleosis (IM) and is linked to multiple sclerosis and
rheumatoid arthritis.®'# Thus, a vaccine that prevents EBV infection and/or associated pathologies would
have a significant global health impact.?6.25

EBV is orally transmitted and both B cells and epithelial cells are present in the oropharynx. Thus,
an effective vaccine would likely need to prevent or severely limit infection in both cell types.3'8 The dual
tropism of EBV infection is accomplished through the orchestrated function of multiple glycoproteins.2®

gH, gL and gB constitute the core fusion machinery and are essential for viral entry irrespective of cell
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type. gB is a transmembrane fusion protein that promotes the merger of the viral and host membranes.2®
gB activity depends on the heterodimeric gH/gL complex, which is essential for infection and regulates
fusion.30-33 Epithelial cell infection is initiated by the binding of the viral BMRF-2 protein to 31 integrins on
the cell surface.3* Following attachment, binding of gH/gL to one or more cell surface receptors is thought
to induce a conformational change that triggers gB activation. av36, and avp8 integrins, neuropilin 1, non-

muscle myosin heavy chain IlIA and the ephrin A2 receptor have all been implicated as gH/gL receptors.35

40

Viral attachment to B cells is mediated by gp350, which binds to complement receptors (CR) 1
and 2.4"43 The triggering of gB during B cell entry depends on the tripartite complex of gH/gL and the viral
glycoprotein gp42. Binding of gp42 to the B chain of human leukocyte antigen class Il leads to activation
of gB through the gH/gL/gp42 complex.44-46

Neutralizing antibodies are the correlate of protection for most effective vaccines.?6?7 |t is
therefore likely that they will be an important component of an immune response elicited by an EBV
vaccine. Serum from naturally infected individuals can neutralize EBV infection of B cells and epithelial
cells, 348284 and all the viral proteins involved in viral entry are targeted by neutralizing antibodies.3479-81
To date, most EBV subunit vaccine efforts have focused on gp350. gp350 is capable of adsorbing most of

the serum antibodies that neutralize EBV infection of B cells.”9.81

Mechanistically, neutralizing anti-gp350 monoclonal antibodies (mAbs) block the gp350-CR1/CR2
interaction.42.192-105 However, antibodies against gp350 are ineffective at inhibiting EBV infection of CR-
epithelial cells and can enhance infection of this cell type.3+100.101 Passive transfer of a neutralizing anti-
gp350 mADb protected one of three macaques against high-dose experimental infection with rhesus
lymphocryptovirus, the EBV ortholog that infects macaques” indicating that gp350 antibodies could be
protective in vivo. A phase Il trial of a gp350 vaccine failed to protect against EBV despite decreasing the
incidence of symptomatic infectious mononucleosis by 78%.%° In light of these results, it has been
suggested that a gp350 vaccine could be improved upon with the inclusion of additional viral proteins.109

Alternatively, it is possible that a vaccine targeting non-gp350 viral proteins could be more efficacious.
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gH/gL is a promising antigen for vaccine development. Anti-gH/gL antibodies account for most
serum antibodies that neutralize EBV infection of epithelial cells, but only a small fraction of antibodies
that neutralize infection of B cells.8" Only a handful of anti-gH/gL monoclonal antibodies (mAbs) have
been identified, all of which neutralize EBV infection of epithelial cells with comparable potency, but most
have weak, or no neutralizing activity against EBV infection of B cells.3.100.110-114 \We previously described
the isolation and characterization AMMO1, an anti-gH/gL monoclonal antibody (mAb) which potently
neutralizes EBV infection of epithelial cells and B cells in vitro by binding to a discontinuous epitope on
gH/gL."2 The 769B10 mADb also neutralizes EBV infection of both cell types and binds to an epitope that
overlaps with AMMO1, confirming this is a critical site of vulnerability on EBV.8! Passive transfer of
AMMO1 severely limits viral infection following high-dose experimental EBV challenge in humanized mice
and protects rhesus macaques against oral challenge with RhLCV if present at adequate levels at the
time of challenge.®%63 These studies provide proof of concept that anti-gH/gL antibodies can protect
against EBV infection and indicate that a gH/gL-based vaccine capable of elicitihng AMMO1-like antibodies

could prevent oral transmission of the virus.

Here we generated several protein subunit vaccines where gH/gL is scaffolded onto self-
assembling multimerization domains to produce nanoparticles with well-defined geometries and valency.
Relative to monomeric gH/gL, immunization with the gH/gL nanoparticles elicited higher binding titers and
neutralizing titers after one or two immunizations in mice. Competitive binding and depletion of plasma
antibodies with an epitope-specific gH/gL probe suggested that only a small fraction of vaccine-elicited
antibodies targeted the AMMO1 epitope. Consistent with this, depletion of plasma antibodies with an
epitope-specific gH/gL knockout reduced plasma neutralizing activity to undetectable levels. Passive
transfer of Ig9G purified from animals immunized with a computationally designed nanoparticle displaying
60 copies of gH/gL protected against high-dose lethal challenge in a humanized mouse model, while IgG
purified from animals immunized with monomeric gH/gL did not. Collectively these results demonstrate
that gH/gL is an attractive vaccine antigen, but that multivalent display of gH/gL is required to elicit

neutralizing antibodies of sufficient titer to protect against EBV infection.

1l. Results
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Generation and Characterization of Multimeric gH/gL Vaccine Constructs

Cui et al. and Bu et al. have shown that immunization with multimeric gH/gL elicits higher serum
neutralizing titers against infection of B cells and epithelial cells than immunization with monomeric
gH/gL.5%8" However, these studies focused on a single multimerization platform when generating gH/gL
constructs, either Helicobacter pylori ferritin, a 24-mer, or a T4 fibritin foldon domain, a trimer. Here we
sought to develop several self-assembling multimeric gH/gL constructs with differing valencies, sizes, and
geometries to evaluate how they differ in their ability to elicit neutralizing antibodies in mice. We
generated various expression constructs where different multimerization domains were genetically fused
to the C terminus of the gH ectodomain. These included i) a computationally designed circular tandem
repeat protein (cTRP) that forms a planar toroid displaying four copies of gH/gL that is stabilized by inter-
protomer disulfide bonds;'?7 i) a modified version of the multimerization domain from the C4b-binding
protein from Gallus gallus (IMX313) which also forms a planar, ring-like structure stabilized by inter-
protomer disulfide bonds capable of displaying seven copies of gH/gL 28; iii) Helicobacter pylori ferritin
which assembles into a 24-mer nanoparticle with octahedral symmetry and has previously been used to
multimerize the EBV gp350 and gH/gL proteins;8'12° and iv) a secretion-optimized variant of a
computationally designed, self-assembling 60-mer with icosahedral symmetry.'30 The gH fusion proteins
were co-expressed with gL using the Daedalus lentiviral expression system in HEK293 cells '3'. The
gH/gL fusion proteins were purified by affinity chromatography followed by size-exclusion
chromatography (SEC). The average yields, in mg/L of each purified gH/gL protein are provided in Table
S1. The SEC elution profiles of the gH/gL fusion proteins were consistent with their expected size (Fig. 1A
and Table S2). The 4-mer and 7-mer constructs eluted earlier than the monomer. The gH/gL 60-mer
eluted in the void volume as expected, while the gH/gL 24-mer eluted near the void volume. SEC-MALS
revealed that the molecular weight of the particles were ~540, ~670, ~4420 and ~7400 kDa for the 4-mer,
7-mer, 24-mer and 60-mer, respectively, which are close to their predicted nanoparticle sizes (Table S2).
Bands corresponding to the expected sizes of the gH fusion proteins were identified by reducing SDS-
PAGE (Fig. 1B). Non-reducing SDS-PAGE revealed higher molecular weight complexes of the 4-mer and

7-mer consistent with the formation of inter-protomer disulfide bonds between the multimerization domain
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subunits (Fig.1C). These analyses also revealed a band corresponding to gL and demonstrated that the
preparations were highly pure (Fig. 1B and C).

The gH/gL nanoparticles were imaged using negative-stain electron microscopy (nsEM), which
demonstrated that all particles were monodisperse and of the predicted size. Density corresponding to
gH/gL emanating from the nanoparticle cores was apparent in 2D class averages of the 4-mer, 7-mer and
24-mer (Fig. 1D). Density corresponding to gH/gL was less clearly defined on the 60-mer particles;
however, a comparison of 3D reconstructions of the gH/gL-I3 fusions relative to the 60-meric I3 core
revealed clear density corresponding to the C terminus of gH, indicating conformational flexibility around
the gH-I3 fusion junction (Fig. S1).

To ensure that fusion to the multimerization domains did not alter the antigenicity of gH/gL, we
measured the binding of several anti-gH/gL mAbs to each nanoparticle using an ELISA assay where
biotinylated monomeric or gH/gL nanoparticles were captured on an ELISA plate coated with streptavidin.
Of all the mAbs, AMMO1 binds with the highest affinity to monomeric gH/gL (Fig. 1E).""2 The AMMO1
epitope bridges Domain | and Domain-II (D-I/D-1l) and spans both gH and gL.""2 CL40 has the second
highest affinity (Fig. 1E),''? and binds to an epitope spanning the D-II/D-lll interface of gH '''. CL59 binds
at the C terminus of gH on D-IV'"" and has lower affinity than CL40 or AMMO1 (Fig. 1E).""2 E1D1 binds
exclusively to gL and has the lowest affinity for the complex (Fig. 1E).112.113

In general, the mAbs maintained antigenicity to each multimeric construct, and some showed
significant improvements in binding to the nanoparticles (Fig. 1E-I). Despite showing the weakest binding
of all the mAbs to the gH/gL monomer, E1D1 showed the strongest binding to the 7-mer and the 24-mer
(Fig. 1G and H). The E1D1 epitope is most distal to the multimerization domains and is therefore highly
exposed on the nanoparticles. Moreover, the spacing of the E1D1 epitope may be optimally presented for
bivalent engagement by the E1D1 mAb in some formats. In contrast, CL59 showed the weakest binding
to all the gH/gL nanoparticles. CL59 binds closer to the C terminus of the gH ectodomain, which would be
in close proximity to the nanoparticle core, potentially limiting exposure of the epitope in the context of
the nanoparticles (Fig. 1F-I). With the exception of E1D1,we did not observe a significant improvement in
binding for most mAbs in the 60-mer format relative to the monomer.

Immunogenicity of gH/gL nanoparticles
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To assess the immunogenicity of the gH/gL nanoparticles, we immunized C57BL/6J mice with 5
pg of gH/gL monomer, 4-mer, 7-mer, 24-mer, or 60-mer formulated with adjuvant at weeks 0, 4 and 12.
Plasma was collected two weeks post each immunization (Fig. 2A). Endpoint binding titers to gH/gL were
measured by ELISA (Fig. 2B). After the first immunization, the median reciprocal binding titers in the
gH/gL 4-mer, 7-mer, 24-mer, and 60-mer groups were higher than those in the monomer group. A
second immunization boosted the binding titers in each group 200- to 1000-fold. Again, the median titers
in animals immunized with the gH/gL 4-mer, 7-mer, 24-mer, and 60-mer were higher than in those
immunized with monomeric gH/gL.

A third immunization with the monomer boosted the gH/gL binding titers such that they were
comparable to those elicited by the 4-mer, 7-mer, and 60-mer. A third immunization with the 24-mer also
boosted the titers such that they were higher than the monomer 4-mer and 60-mer groups, while the third
immunization with the other nanoparticles did not further boost the median binding titers (Fig. 2B).

We next measured the ability of vaccine-elicited plasma to neutralize EBV infection of both B cells
and epithelial cells. To monitor neutralization in eptihelial cells we used the SVKCR2 cell line that stably
expresses CR2 which promotes cellular attachment of virions via gp350 improving the otherwise poor
infectivity of epithelial cells in vitro 132. Neutralizing activity against epithelial cell infection was elicited two
weeks after the first immunization in all groups that received multimeric, but not monomeric gH/gL. The
median reciprocal half maximal inhibitory dilution (IDso) titers were significantly higher in the 60-mer group
compared to the monomer and 24-mer groups (Fig. 2C and S2). Additionally, median titers were
significantly higher in the 7-mer group compared to the monomer and 24-mer groups.

The second immunization boosted median neutralizing titers by ~10-100 fold in the epithelial cell
infection assay. The median neutralizing titers were higher in all of the gH/gL nanoparticle immunized
groups than they were in the monomer group (Fig. 2C and S2). The epithelial cell neutralizing titers in the
7-mer and 60-mer were also higher than those elicited by the 24-mer. The third immunization with the
gH/gL nanoparticles did not further boost epithelial cell neutralizing responses, while the third dose of
monomeric gH/gL boosted titers to levels that were comparable to those in other groups.

None of the gH/gL antigens elicited antibodies that could neutralize B cell infection two weeks

after the first immunization (Fig. 2D and S3). Following the second immunization, neutralizing titers were
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present in plasma from all groups immunized with gH/gL nanoparticles, but not in animals immunized with
the monomer. Among the nanoparticle-immunized mice, the B cell neutralizing titers elicited by the 60-
mer were higher than the 4-mer and 24-mer at this time point. Although the median B cell neutralizing
titers elicited by the 60-mer (reciprocal IDso = 436) were higher the 7-mer (reciprocal IDso = 94), the
difference was not statistically significant.

As was observed with the epithelial cell neutralizing titers, a third immunization with the gH/gL
nanoparticles did not further boost B cell neutralizing responses, while a third dose of monomeric gH/gL
boosted titers to levels that were comparable to those in other groups. In general, the neutralizing titers
were about 10-fold lower against B cell infection compared to epithelial cell infection in all groups. From
these analyses we conclude that all gH/gL nanoparticles displayed superior immunogenicity compared to
monomeric gH/gL after one or two immunizations and that a third immunization did not result in a
significant titer boost.

Plasma epitope mapping

Each multimeric gH/gL nanoparticle tested here has a unique valency and geometry which
differentially affects the exposure of certain epitopes bound by neutralizing anti-gH/gL mAbs (Fig. 1D-H).
To test whether the nanoparticle format skewed the epitope-specificity of vaccine-elicited antibodies from
each construct, we assessed the ability of pooled immune plasma to compete with the E1D1, CL40, CL59
and AMMO1 mAbs for binding to monomeric gH/gL by ELISA (Fig. 3A-D).

Pooled plasma collected following one immunization with the gH/gL 4-mer and gH/gL 60-mer
weakly inhibited E1D1 binding (Fig. 3A and S4A). After the second immunization, plasma from all groups
inhibited CL40, CL59, and E1D1 binding (Fig. 3A-C and S4B). Plasma antibodies that inhibited binding of
these mAbs were further boosted following a third immunization in most groups. The only exception was
that a third immunization with the 7-mer did not boost CL59-blocking plasma antibodies (Fig. 3C and
S4C).

Plasma antibodies capable of inhibiting AMMO1 binding were less common. Immune plasmas
from the 4-mer and 60-mer groups weakly inhibited AMMO1 binding after two immunizations, and were

boosted following a third immunization (Fig. 3D and S4C). All antigens elicited low titers of AMMO1-
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blocking antibodies following three immunizations. Among these, titers elicited by the 60-mer were
highest at ~1:150.

These experiments demonstrate that each gH/gL nanoparticle readily elicits antibodies that
compete with E1D1, and that AMMO1-competing antibodies are rarer. This difference in competition
could be attributed to the relative affinities of these mAbs for gH/gL (Fig. 1E), or it could be due to the
relative exposure of these epitopes on the nanoparticle.

Although the titers of AMMO1-competing antibodies in the plasma of mice immunized with gH/gL
nanoparticles are low, because the epitope boudn by this mAb represents a critical site of vulnerability on
gH/gL, we sought to assess the relative contribution of AMMO1-like antibodies to the plasma neutralizing
activity of immunized mice. To achieve this, we developed an epitope-specific gH/gL probe and carried
out plasma depletions. We previously identified two mutations, K73W and Y76A that reduced binding of
AMMO1 to cell-surface expressed gH/gL 2. We expressed and purified a monomeric gH/gL ectodomain
harboring these two mutations (herein called gH/gL-KO) which completely ablated AMMO1 binding while
maintaining binding to other gH/gL mAbs as measured by biolayer interferometry (BLI) (Fig. 4 A-D).

Antibodies from pooled plasma collected from each group two weeks after the third immunization
were depleted using immobilized gH/gL-KO. ELISA binding of depleted plasma to gH/gL-KO confirmed
depletion of gH/gL-KO-specific antibodies (Fig. 4, compare panels E and F). Depletion with gH/gL-KO
also reduced binding to wild-type gH/gL (Fig. 4G and H). The binding signal was slightly stronger for
gH/gL relative to gH/gL-KO post-depletion (Fig. 4H and F), suggesting that very few plasma antibodies
are sensitive to the KO mutations in the serum. Although we cannot completely rule out the presence of
antibodies that share the AMMO1 binding footprint but are insensitive to the KO mutations in this assay,
these results are consistent with the mAb competition studies which demonstrated that there are very few
AMMO1-like antibodies in the plasma of immunized animals (Fig. 3D and Fig. S4).

Depletion of gH/gL-KO-specific antibodies led to a complete loss of neutralizing titers in both the
B cell and epithelial neutralization assays (Fig. 41-L). Collectively these data demonstrate that only a
small portion of vaccine-elicited antibodies in each group target the AMMO1 epitope, and that they do not
make a measurable contribution to the plasma neutralizing activity.

Passive transfer of nanoparticle-elicited gH/gL mAbs protects against lethal challenge in humanized mice.
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Immunocompromised mice engrafted with human hematopoietic stem cells develop human B
cells that can become infected by EBV and are used as an in vivo model of EBV infection.®'62 This model
has been used to evaluate the ability of monoclonal, or polyclonal antibodies elicited by either vaccination
or infection to protect against controlled viral challenge.%63-65 Having established that gH/gL
nanoparticles display superior immunogenicity, we sought to assess whether the antibodies they elicit

confer protection against EBV challenge in this model.

To generate mice for these studies, non-obese diabetic [NOD] Rag1-/-, 112rg-/- mice were
engrafted with mobilized huCD34+ hematopoietic stem cells, hereafter referred to as humanized mice. At
20 weeks post-transplant, 1 day prior to challenge, ~10-25% of peripheral blood mononuclear cells were
human cells, of which ~65-80% were huCD19+ B cells (Fig. S5). Since the humanized mouse model
used here does not efficiently generate antibody responses to immunization,®® we opted to passively
transfer purified antibodies elicited in wild-type C57BL/6 mice, which allowed us to directly evaluate the
protective efficacy of the vaccine-elicited antibodies independent of other vaccine-induced immune

responses.

To generate sufficient antibody for these experiments, C57BL/6J mice (n=20) were immunized
two times with 5 pg of the gH/gL 60-mer at weeks 0 and 4. This nanoparticle was selected because after
two doses it consistently elicited high titers of antibodies that neutralize EBV infection of B cells which are
the primary targets of infection in humanized mice. As a comparator, we also immunized a group of mice
with gH/gL monomer (n=20). Two weeks after the second immunization, plasma were harvested, pooled,
and total IgG was purified using protein A/G resin. As a control IgG was purifed from unimmunized
C57BL/6J mice (n=20). The concentration of each pool of purified IgG was measured by
spectrophotometry and gH/gL binding activity was measured by ELISA, demonstrating that the anti-gH/gL

titers were higher in the 60-mer immunized group (Fig. S6).

IgG from each group were delivered to humanized mice (n=4-5 mice/group) via intraperitoneal
injection 2 days prior to challenge at a dose of 500 ug IgG/mouse (Fig. 5A). Total IgG measured in pooled
plasma collected 2 days prior to and 1 day after transfer confirmed that that the mice received

comparable levels of total IgG (Fig. 5B). However, the levels of anti-gH/gL antibodies were higher in the
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mice that received IgG from 60-mer immunized animals compared to those that received plasma from
animals immunized with the monomer (Fig. 5C), consistent with the superior immunogenicity of the gH/gL
nanoparticle (Fig. 2B). Plasma from animals that received IgG from unimmunized animals (control IgG)
did not display any binding activity to gH/gL (Fig. 5C). Two days after IgG transfer (day 0), each mouse
was challenged via retro-orbital injection with 33,000 Raji Infectious Units (RIU) of EBV. We also included
an infected control group which did not receive antibody pre-treatment and an uninfected control group
that received neither antibody pre-treatment nor EBV challenge.

Following challenge, the mice were weighed three times a week and monitored for general health
over the course of 10 weeks. Blood samples were collected weekly beginning at 3 weeks post-challenge,
and spleens were harvested from each mouse at the day 70 endpoint, or earlier if they met euthanasia
criteria. Upon completion of the study, 100% of the animals in the uninfected control and 60-mer
treatment groups survived (Fig. 5D). In contrast, 100% of the animals in the infected control and control
IgG treatment groups succumbed to infection by 56- and 66-days post-challenge, respectively. 75% of
mice in the monomer treatment group did not survive beyond day 60, and only one animal survived the
entire 70 days (Fig. 5D). The survival rate of mice in the uninfected control group and 60-mer treatment
group were significantly higher than all other groups (Fig. 5D).

EBV DNA was not detected in the blood or spleen of the uninfected control group throughout the
duration of the experiment (Fig. 5E and J). In contrast, 100% of mice in the control IgG treatment group
(Fig. 5F) and 100% of mice in the infected control group were viremic as early as 21 days post-challenge
(Fig. 5E). In the monomer IgG group, EBV DNA was detected in the blood of 100% of mice (Fig. 5G). In
the 60-mer IgG group, EBV DNA was undetectable in blood of 40% of mice at any time point tested. One
mouse was viremic at weeks 7 and 10, another at weeks 9 and 10, and a third at week 10 (Fig. 5H).

A phenotypic analysis of the peripheral blood lymphocytes revealed a rapid decline in CD19* B
cells (Fig. S3A) and increase in CD8* T cells (Fig. S3B) in mice that received control IgG or IgG elicited
by the monomer, and the infected controls relative to the uninfected controls approximately one-month
post-challenge a phenotype consistent with a high dose EBV challenge 33, and consistent with T cell-

mediated killing of infected B cells.'3* A more gradual decline in B cell frequencies and increase in CD8+
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T cell frequencies was noted in three of the mice that received IgG elicited by the gH/gL 60-mer (Fig. S3
A and B).

At necropsy, spleens from animals in the infected control and control IgG groups were
significantly heavier than those in the uninfected control groups (Fig. 5H) and had visible splenic tumors
(Fig. S5). Spleens from two of the viremic mice in the 60-mer IgG group were about 3 times heavier than
the other three mice in the 60-mer IgG group and 3 of 5 spleens had visible tumors (Fig. S7). Three of the
spleens were heavier in the monomer group relative to the uninfected control while the fourth was
comparable to the uninfected controls and 3 of 5 of the 60mer IgG-treated animals (Fig. 51). All mice in
the monomer IgG group had visible splenic tumors (Fig. S7). Viral DNA was not detected in the the
spleens of all animals in the uninfected control group and from the spleens from one animal in each of the
60-mer IgG and monomer IgG groups (Fig. 5J), but it was detected in the spleens of all remaining mice
(Fig. 5J).

Collectively, these data demonstrate that multivalent display of gH/gL elicits higher titers of
neutralizing antibodies that protect against lethal EBV challenge in a humanized mouse model. However,
they do not confer sterilizing immunity.

Iv. Discussion

A safe and effective vaccine could alleviate the global disease burden resulting from EBV
infection. Here we developed several multimeric vaccine candidates derived from the gH/gL ectodomain
and evaluated their ability to elicit antibodies capable of neutralizing EBV infection of both B cells and
epithelial cells in mice and demonstrated that a computationally designed nanoparticle displaying 60
copies of gH/gL elicited antibodies capable of protecting against high-dose, lethal challenge in a
humanized mouse infection model.

Antigen multimerization has been used to improve the immunogenicity of subunit vaccines
against several pathogens including malaria, HIV-1, RSV, SARS-CoV-2, influenza''%-122 and EBYV.64.6981
Multimerization can enhance the immunogenicity of subunit vaccines through several mechanisms
including more efficient B cell receptor cross linking, triggering of innate B cell responses, lymph node
trafficking, and enhanced MHC class Il antigen presentation.'23-125 |n general we observed that mAb

binding as measured by ELISA was generally improved by multimerization (Fig 1E-1), however this was
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not always the case as the binding of most mAbs showed comparable binding to monomeric and 60-
meric gH/gL. This discrepancy may be related to the efficiency of antigen biotinylation and/or capture on
the ELISA plate. Nevertheless, nanoparticle display resulted in a significant improvement in
immunogenicity in vivo (Fig. 2).

Previous studies have shown that antigen valency correlates with B cell activation, germinal
center recruitment, and B cell differentiation as well as serum binding and neutralizing titers.118.135,136
Although nanoparticles displaying gH/gL exhibited superior immunogenicity as compared to monomeric
gH/gL, we did not observe a strict correlation between antigen valency and binding or neutralizing titers.
The differences in the ability of these antigens to elicit neutralizing antibodies could be linked to
nanoparticle stability in vivo or T cell help directed at MHClI-restricted epitopes that differ between the
nanoparticle scaffolds.%7

Because of its ability to potently neutralize infection of both cell types, the overlapping epitope
targeted by AMMO1 and 769B10 represents a critical site of vulnerability on EBV.8".112 Despite readily
eliciting antibodies targeting several other epitopes on gH/gL, our analysis indicates that the AMMO1
epitope is subdominant in the context of immunization. Despite this, immune plasma from gH/gL 60-mer
immunized mice was protective in vivo. Thus, relative to monomeric gH/gL, the gH/gL 60-mer may have
elicited high titers of less potent anti-gH/gL antibodies like CL40 and CL59. Alternatively, the
immunogens may have elicited antibodies targeting other potently neutralizing epitopes on gH/gL such as
the one defined by the recently identified 1D8 mAb or other yet to be identified epitopes.®® Gaining a
better understanding of the epitopes on gH/gL that are targeted by neutralizing and non-neutralizing
antibodies elicited by natural infection or immunization through the isolation and characterization of
monoclonal antibodies would enable rational gH/gL vaccine design that could further enhance
neutralizing titers when combined with multimeric antigen display. For example, immunogen design
strategies could be employed to immunofocus the antibody response to potently neutralizing gH/gL
epitopes.

The majority of humanized mice that received IgG elicited by monomeric gH/gL did not survive
EBV challenge. Similarly, passive transfer of sera from rabbits immunized with monomeric gH/gL

conferred partial protection from lethal EBV challenge in humanized mice.?* Since EBV infection in
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humanized mice is restricted to human B cells,8'62 the observed lack of protection by IgG raised against
monomeric gH/gL in our study is most likely due to the inability of this antigen to elicit antibodies that
neutralize infection of B cells following two immunizations. In contrast, IgG purified from animals
immunized with the gH/gL 60-mer prevented death within a 10 week window following high dose EBV
challenge, demonstrating that multivalent display substantially improves the quality of vaccine-elicited
anti-gH/gL antibodies. We note that 3/5 animals in this group were viremic and had obvious tumors at the
study endpoint, and a 4" had trace amounts of viral DNA in the spleen thus sterilizing immunity was not
achieved in this model and it is possible that some of the animals may have succumbed to infection if
observed for a longer period.

In sum, we demonstrate that multivalent display of EBV gH/gL markedly enhanced
immunogenicity in mice and that a computationally designed 60-mer nanoparticle elicited antibodies that
protected against lethal challenge in a humanized mouse infection model. These results underscore the
importance that vaccine-elicited antibodies against gH/gL can play in preventing EBV infection and
highlight the utility of cutting-edge vaccine approaches in the development of vaccines against this
important cancer-associated pathogen.

Limitations of the Study:

Although we only evaluated the ability of antibodies elicited by the 60-mer in the humanized
mouse challenge studies, the other nanoparticles developed here and elsewhereb+8! have potential for
clinical development and additional in vivo comparisons and manufacturing feasibility studies are
warranted.

Both B cells and epithelial cells are present in the oropharynx, thus antibodies that can neutralize
infection of both types of cells are an important consideration for EBV vaccine development.'3 The gH/gL
constructs developed here and by others 6481 consistently elicit higher epithelial cell neutralizing titers as
compared to B cell neutralizing titers. Since murine epithelial cells are not susceptible to infection and oral
transmission is not possible in humanized mice,213° this challenge model may underestimate the relative
importance of antibodies capable of neutralizing infection of this cell type. Moreover, it is not understood
how an intravenous dose of virus in humanize mice compares to the inoculum in a natural oral exposure.

Thus, the evaluation of a multivalent gH/gL vaccine to prevent rhesus lymphocryptovirus infection of
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macaques, where oral transmission is the natural route of infection,#? should more accurately predict its
ability to protect humans against EBV.

V. FIGURES
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Figure 1. Biochemical and Biophysical Characterization of multimeric gH/gL nanoparticles. (A)
Monomeric gH/gL and multimeric gH/gL nanoparticles were analyzed by size-exclusion chromatography
(SEC) on a Superose 6 column as indicated. (B) Reducing SDS-PAGE analysis of 1 ug of monomeric
gH/gL or multimeric gH/gL nanoparticles. Bands corresponding to gL, gH, and gH fused to 4-mer, 7-mer,
24-mer or 60-mer multimerization domains (MD) are indicated with arrows. (C) Non-Reducing SDS-PAGE
analysis of 1 ug of the proteins in B. (D) Negative stain electron microscopy was performed on 4-mer, 7-
mer, 24-mer or 60-mer gH/gL nanoparticles as indicated. The eight most frequent 2D class averages for
each particle are shown in the inlay. Scale bars represent 200 nm. Binding of the anti-gH/gL mAbs E1D1,
CL40, CL59 and AMMO1 to monomeric gH/gL (E) or multimeric gH/gL nanoparticles (F-l1) were measured
by ELISA as indicated. Each data point represents mean and standard deviation of two technical
replicates. The anti-HIV-1 Env mAb VRCO01 was used as a control for non-specific binding. See also

Figure S1.
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Figure 2. Immunogenicity of gH/gL nanoparticles. (A) C57BL/6 mice (n=10 mice for gH/gL monomer,
4-mer, 7-mer, and 24-mer, and n=12 for gH/gL 60-mer) were immunized with monomeric gH/gL or
multimeric gH/gL nanoparticles at weeks 0, 4, and 12. Blood was collected 2 weeks after each
immunization. (B) Endpoint plasma binding titers to gH/gL were measured by ELISA. Each dot
represents the reciprocal endpoint titer for an individual mouse measured in duplicate. Box and whisker
plots represent the minimum, 25t percentile, median, 75" percentile, and maximum values. The ability of
plasma from individual mice to neutralize EBV infection of epithelial cells (C), or B cells (D). Each dot
represents the reciprocal half-maximal inhibitory dilution (IDso) titer of an individual mouse. Plasma that
did not achieve 50% neutralization at the lowest dilution tested (1:20) was assigned a value of 10. Box
and whisker plots represent the minimum, 25t percentile, median, 75 percentile, and maximum

values. Significant differences were determined using Mann-Whitney tests with Holm-adjusted p-values

(*p < 0.05, **p < 0.01, ***p < 0.001). See also Figures S2 and S3.
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Figure 3. Plasma competition against monoclonal anti-gH/gL antibodies. The ability of plasma
pooled from groups of mice immunized with monomeric gH/gL or multimeric gH/gL nanoparticles to inhibit
binding to a panel of anti-gH/gL antibodies to monomeric gH/gL was measured by ELISA. The heatmap
depicts the log reciprocal plasma dilution titers resulting in a 50% inhibition of (A) E1D1, (B) CL40, (C)
CL59, or (D) AMMO1 antibodies at each time point. See Supplementary Figure S2 for titration curves.

See also Figure S4.
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Figure 4. Depletion of AMMO1-KO insensitive antibodies from pooled plasma.The binding of

AMMO1 (A), CL40 (B), CL59 (C), and E1D1 (D) binding to gH/gL and gH/gL-KO (gH K73W,Y76A/gL)

were measured using biolayer interferometry. (E-H) Antibodies were depleted from pooled plasma

collected following three immunizations with gH/gL or gH/gL nanoparticles using gH/gL-KO conjugated

magnetic beads. Pre- and post-depletion plasma samples were then assayed for binding to gH/gL and

gH/gL-KO by ELISA as indicated. Each data point represents mean and standard deviation of two

technical replicates. (I-L) The ability of plasma pre- and post- depletion to neutralize EBV infection was

measured in B cells and epithelial cells. Each data point represents mean and standard deviation of two

technical replicates.
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Figure 5. gH/gL nanoparticle elicited antibodies protect humanized mice from lethal EBV
challenge. C57 BL6 mice were immunized with either monomeric or gH/gL 60-mer (n=20 per group) at
weeks 0, and 4. Blood was collected by cardiac puncture at week 6, pooled and the serum IgG was
purified. 0.5 mg of total IgG from monomer (n=4) or 60-mer (n=5) immunized mice was administered to
humanized mice (A). A control group of mice received 0.5 mg total IgG purified from naive C57 BL6 mice
(n=5). (B) Total IgG was measured in pooled plasma from each group collected 3 days prior to and 1 day
after IgG transfer. Each data point represents mean and standard deviation of two technical replicates.
(C) Anti-gH/gL 1gG antibodies from plasma collected from individual humanized mice one day after
transfer was measured by ELISA as indicated. Each data point represents mean and standard deviation
of two technical replicates. (D) Survival of humanized mice that received IgG purified from the indicated

groups was monitored over a 70-day period following EBV challenge. An infected control group (n=5) did
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not receive IgG prior to challenge, and an uninfected control group (n=5) did not receive IgG or viral
challenge. Significant differences in the survival data were determined using log-rank tests (*p < 0.05, **p
< 0.01). (E-H) Viral DNA was quantified in the peripheral blood of infected and uninfected control (E),
Control IgG (F), Monomer IgG (G), and 60-mer IgG (H) groups collected at the indicated timepoints via
gPCR. Each series of connected dots represents an individual mouse at each time point analyzed, and
the dashed line represents the limit of detection. (I) At necropsy, spleens were harvested and weighed.
Each dot represents an individual mouse, and the bar represents the median weight in milligrams.
Photographs of individual spleens are shown in Figure S7. (J) Viral DNA copy number was quantified in
splenic DNA extracts at necropsy. Each dot represents an individual mouse, the bar represents the
median copy number, and the dashed line indicates the limit of detection. Significant differences for
spleen weight and viral DNA copy number were determined using Mann-Whitney tests with Holm-

adjusted p-values (*p < 0.05). See also Figures S5, S6 and S7.

Figure S1. Related to Figure 1. 3D reconstruction of gH/gL-I3 60-mer. Negative stain electron
microscopy icosahedral 3D reconstruction of the gH/gL-13 60-mer displayed at different contour levels.
(Top) High contour level depicting the 13 nanoparticle base scaffold. (Bottom) Superimposition of two

contour levels of the same 3D reconstruction depicting both the I3 base scaffold (blue; high contour) and
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the presence of displayed flexible gH/gL antigen (grey; low contour). All renderings were generated using

ChimeraX.
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Figure S2. Related to Figure 2. Inhibition of EBV infection of epithelial cells by gH/gL immune

plasma. Continued on next page.
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Figure S2 Related to Figure 2. Inhibition of EBV infection of epithelial cells by gH/gL immune
plasma. Plasma from C57BL/6 (n=10-12 per group) mice were serially diluted and evaluated for its ability
to inhibit AKATA-GFP EBYV infection of SVKCR2 cells. Animals immunized with the same monomeric
gH/gL or gH/gL nanoparticles are bound by boxes. The y-axis shows the % of background subtracted
GFP+ SVKCR2 cells and the y-axis is the plasma dilution. Each data point represents mean and standard
deviation of two technical replicates, and the dashed line indicates the % of GFP+ SVKCR2 cells in the

absence of plasma.
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Figure S3. Related to Figure 2. Inhibition of EBV infection in B cells by gH/gL immune plasma.

Continued on next page.
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Figure S3. Related to Figure 2. Inhibition of EBV infection in B cells by gH/gL immune plasma.
Plasma from C57BL/6 mice (n=10-12 per group) were serially diluted and evaluated for its ability to inhibit
EBV B95.8/F infection of Raji cells. Animals immunized with the same monomeric gH/gL or gH/gL
nanoparticles are bound by boxes. The y-axis shows the % of background subtracted GFP+ Raji cells
and the y-axis is the plasma dilution. Each data point represents mean and standard deviation of two

technical replicates, and the dashed line indicates the % of GFP+ Raji cells in the absence of plasma.
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Figure S4. Related to Figure 3. Competitive binding between immune plasma and monoclonal
antibodies. Competitive binding ELISAs were performed using pools of plasma from groups of C57BL/6
mice (n=10-12 per group) immunized with monomeric gH/gL or multimeric gH/gL nanoparticles, and a
panel of anti-gH/gL antibodies. At each time point, pooled sera from each group were titrated on to gH/gL
immobilized on an ELISA plate, after which either AMMO1, CL40, CL59, or E1D1 antibodies were added
at a concentration previously determined to achieve half maximal binding. Competitions were performed
using plasma pools collected at Post-1st (A), Post-2" (B), and Post-3 timepoints (C). Each data point

represents mean and standard deviation of two technical replicates.
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Figure S5. Related to Figure 5. hCD19+ and hCD8+cell frequencies in humanized mice challenged
with EBV. hCD45+CD19+ B cells (A) and hCD45+CD8+ T cell (B) frequencies were measured in the
peripheral blood drawn from the mice in Figure 5 at the indicated timepoints via flow cytometry. Individual
mice in each group are indicated by different colored symbols. The same color is used to indicate the
hCD45+CD19+ and hCD45+CD8+ T cells from the same mouse each group in A and B. The days

indicated on the x-axis are relative to the time of challenge (day 0).
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Figure S6. Related to Figure 5. ELISA of pooled purified IgG used in transfer studies. The binding of
purified 1IgG used for adoptive transfer experiments in Figure 5 was measured against gH/gL was

measured by ELISA. Each data point represents mean and standard deviation of two technical replicates.
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Figure S7. Related to Figure 5. Photographs of spleens from humanized mice challenged with
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EBV were taken at the time of necropsy.



gH/gL protein Yield mg/L (mean £ S.D.) # of production runs
Monomer 8.1 1
4-mer 26+0.6 2
7-mer 1.8+0.2 2
24-mer 14+0.2 2
60-mer 0.5+04 7
Table S1. Yields of various gH/gL nanoparticles.
Multimeriz | Sequence Predicted Observed MW
ation MW of of particle by
domain protomer SEC-MALS**
(particle)
kDa*
4-mer GGGGSGGGGSC- 115.7 (462.8) | 543 + 76 kDa
(EAIKAAAELGKAGISSEEILELLRAAHELGLDP)X4 (S200)
ECIKAAAELGKAGISSEEILELLRAAHELGLGGSH
HHHHH
IMX313, GSSKKQGDADVCGEVAYIQSVVSDCHVPTAELR | 101 (700.7) 700 + 89 kDa
7-mer TLLEIRKLFLEIQKLKVELQGLSKE (S200)
635 + 69 kDa
(Superose 6)
H. pylori GGGGSGGGGSGGSGESQVRQQFSKDIEKLLNE | 114.9 4418 + 471 kDa
Ferritin, QVNKEMQSSNLYMSMSSWCYTHSLDGAGLFLF | (2757.6) (Superose 6)
24-mer DHAAEEYEHAKKLIIFLNENNVPVQLTSISAPEHK
FEGLTQIFQKAYEHEQHISESINNIVDHAIKSKDHA
TFNFLQWYVAEQHEEEVLFKDILDKIELIGNENHG
LYLADQYVKGIAKSRKSGS
Sec Opt GSGSIEELFKKHKIVAVLRANSVEEAKKKALAVFL | 155.7 (6942) | 7377 + 943kDa
13, 60-mer | GGVDLIEITFTVPDADTVIKELSFLKEMGAIIGAGT (Superose 6)
VTSVEQARKAVESGAEFIVSPHLDEEISQFAKEK
GVFYMPGVMTPTELVKAMKLGHTILKLFPGEVVG
PQFVKAMKGPFPNVKFVPTGGVNLDNVAEWFKA
GVQAVGVGEALNKGTPVEVAEKAKAFVEKIRGA
T

Table S2. Multimerization domains and observed and expected nanoparticle sizes.
*Includes the weight of the peptide component predicted by https://web.expasy.org/protparam/ plus the
weight of 8 putative N-linked glycosylation sites on gH/gL, each assigned a molecular weight of 1kDa

** the column used for size exclusion chromatography appears in parentheses.
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VL. METHODS

Experimental Models:

Comparative immunogenicity studies and the elicitation of polyclonal antibodies for passive
transfer studies were performed in an equal mix of male and female C57BL/6 mice between 7-10 weeks
of age. C57BL/6 mice were purchased from Jackson Labs and housed in a specific pathogen-free facility
at the Fred Hutchinson Cancer Research Center.

6-7 week old NOD-scid I12rg™" (NSG) NSG mice were irradiated with 275 Roentgen and then
engrafted with 1x108 CD34-enriched PBSCs obtained from granulocyte colony-stimulating
factor mobilized healthy donors by intravenous injection (herein called humanized mice). All humanized
mice used in this study were female and were engrafted with CD34-enriched PBSCs from the same
female donor. Humanized mice were purchased from the Co-operative Center for Excellence in
Hematology, Fred Hutchinson Cancer Research Center. Prior to EBV challenge, humanized mice were
housed in a specific pathogen-free facility and after EBV challenge the animals were housed in an animal
basic safety level 2 facility at the Fred Hutchinson Cancer Research Center. All mice used in our studies
were housed with free access to food and water with a 12:12 light:dark cycle. The animal facilities are
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Mice were
handled in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All animal
experiments were approved by the Fred Hutch Institutional Animal Care and Use Committee and
Institutional Review Board.

Cell Lines:

All cell lines were incubated at 37°C in the presence of 5% CO2 and were not tested for
mycoplasma contamination. Raji cells (human male) were maintained in RMPI + 10% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin (cRPMI). 293-2089 cells (human female) were
grown in cRPMI containing 100 pg/ml hygromycin.'! AKATA (human female) B cells harboring EBV in
which the thymidine kinase gene has been replaced with a neomycin and GFP cassette virus (AKATA-
GFP) were grown in cRPMI containing 350 pug/ml G418.19%° SVKCR2 cells (human male) were grown in
DMEM containing 10% cosmic calf serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml

streptomycin, 10 ng/ml cholera toxin and 400 ug/ml G418.132 293-6E (human female, RRID:CVCL_HF20)
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and 293T cells (human female, RRID:CVCL_0063) cells were maintained in Freestyle 293 media with
gentle shaking.
Plasmids:

pTT3 plasmids containing cDNA encoding gH (AA 19-679, Genbank AFY97969.1) with a C-
terminal His and Avi tag (pTT3-gH-HIS-AVI), and gL AA 24-137 Genbank: AFY97944.1 (pTT3-gL) with a
TPA leader peptide have been previously described '12. Site directed mutagenesis was used to introduce
stop codons into gH between the His and Avi tags to produce an expression plasmid without the Avi tag,
or 5’ of the His tag to produce an expression plasmid with no tags (pTT3-gH). The K73W and Y76A
mutations gH (herein called gH/gL-KO), were introduced into pTT3-gH-His using the QuickChange XL I
Kit according to manufacturer’s instructions.

To create a 7-mer gH expression construct, cDNA encoding a modified version of the C4b-BP
protein (IMX313)'28 followed by a stop codon was synthesized and cloned in-frame with the gH
ectodomain in pTT3-gH-His-Avi, replacing the His and Avi tags to create pTT3-gH-IMX313. To create a
24-meric gH expression construct, cDNA encoding the gH ectodomain was amplified by PCR with primers
that introduced an EcoRl site at the 5’ end followed by a (G4S): linker and finally a BamHI site at the 3’
end. The PCR amplicon was cloned into pTT3-426cTM4AV1-3-ferritin'42 (a kind gift from Dr. Leonidas
Stamatatos) replacing the HIV-1 Env gene fused to Helicobacter pylori ferritin'?° to create pTT3-gH-
ferritin.

cDNA encoding gH-IMX313 and gH-ferritin were amplified by PCR, and then cloned into the Xhol
and BamHlI restriction sites of pCVL-UCOEOQ.7-SFFV-muScn-IRES-GFP 31 replacing the muSCN cDNA,
to create pCVL-UCOEQ.7-SFFV-gH-IMX313-IRES-GFP and pCVL-UCOEQ.7-SFFV-gH-ferritin-IRES-
GFP. A C153T mutation which replaces an unpaired cysteine in gH was added to pCVL- UCOEQ.7-SFFV-
gH-IMX313-IRES-GFP using the QuickChange XL Il Kit according to manufacturer's instructions.

pCVL-UCOEOQ.7-SFFV-gH-13-C153T-IRES-GFP was created by synthesizing a g-block encoding
a modified version of 13-01 (3¢ and J.Y.W. manuscript in preparation) with homology to the 3’ end of the
gH ectodomain at the 5’ end of the g block and homology to the downstream IRES region at the 3’ end of
the g block. The plasmid backbone was amplified from pCVL-UCOEQ.7-SFFV-gH-IMX313-IRES-GFP

using a reverse primer that annealed to the 3’ end of the gH cDNA (containing the C153T mutation) and a
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forward primer that annealed to the 5’ end of the IRES and Platinum SuperFi Il DNA polymerase . The g
block and linearized plasmid backbone were ligated together using the In-fusion HD cloning kit .

The tetramerization domain from cTRP246SS'27 was amplified by PCR using primers that added
homology to the 3’ end of the gH ectodomain at the 5’ end homology to the downstream IRES region at
the 3’ of the amplicon. The amplicon was ligated to the PCR linearized plasmid backbone described
above using the In-fusion HD cloning kit to create from pCVL-UCOEQ.7-SFFV-gH-C153T-cTRP(6)ss-
IRES-GFP.

cDNA encoding gL was amplified by PCR, and then cloned into the Xhol and BamHI restriction
sites of pCVL-UCOEOQ.7-SFFV-muScn-IRES-RFP 3" replacing the muSCN cDNA, to create pCVL-
UCOEQ.7-SFFV-gL-IRES-RFP.

The sequences of all plasmids were confirmed by Sanger sequencing.

Lentiviral Production:

5.46 ug of psPAX2, 2.73 ug of pMD2.G ( both gifts from Didier Trono), and 11.05 ug of each
pCVL-derived gH plasmid were mixed in 1.56mL PBS followed by 39 uL of 293-Free Transfection
Reagent. The transfection mix was gently agitated, incubated at room temperature for 15 minutes, and
added dropwise to 13 mL of suspension-adapted 293T cells at 2x10”6 cells/mL in a 125 mL flask. After
24 hours, an additional 15 mL of 293 Freestyle media containing 15 ug of valproic acid was added to the
cell culture. After another 48 hours, the cell culture was centrifuged at 1000 x g for 3 minutes, the
supernatant was passed through a 0.44 um filter, aliquoted, and stored at -80°C.

Lentiviral Transduction:

Polybrene was added to 10 mL of 293-6E cells at 1x10° cells/mL to a final concentration of 2
pg/mL in addition to 2-3 mL of supernatant containing lentiviral particles harboring the various gH and gL
expression constructs. 24 hours following transduction, 15 mL of 293Freestyle media was added to the
culture. A Guava easyCyte Flow Cytometer was used to monitor gH (GFP*) and gL (RFP*) transduction
efficiency 72 hours after transduction. Transduced cultures were expanded to a total volume of 1 liter and
cultured until cell viability declined to ~80%. The transduced cell cultures were centrifuged at 4000 x g for
10 minutes to pellet cells. The supernatant was further clarified by passing through a 0.22 ym filter.

PBurification of untagged monomeric gH/qL:
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Clarified cell supernatant was adjusted to pH 5.5-6 using 2 M acetic acid. The clarified cell
supernatant was incubated with CaptoMMC resin, pre-equilibrated with 30 mM sodium acetate, 50 mM
NaCl, pH 5.5 (MMC binding buffer), then washed with 10 column volumes of MMC binding buffer and
then eluted with 10 column volumes of 50 mM sodium acetate, 1 M ammonium chloride, pH 7.4. The
protein elute was collected and concentrated using an Amicon Ultra-4 Centrifugal Filter Unit , and further
purified via size exclusion chromatography (SEC) on a HiLoad 16/600 Superdex 200 pg column with 10
mM Tris, 50 mM NaCl, pH 7.4 as the mobile phase. The protein was further purified by anion exchange
chromatography using a HiTrap Q HP column pre-equilibrated with 10 mM Tris, 50 mM NaCl, pH 7.4.
The column was washed with 7% elution buffer (10 mM Tris, 1 M NaCl, pH 7.4) until the absorbance at
A280 achieved a stable baseline. gH/gL was eluted over a linear gradient from 7% to 25% elution buffer
over 20 column volumes. The eluted protein was further purified by SEC with Phosphate-Buffered Saline
(PBS) as the mobile phase on the Superose 6 Increase 10/300 GL . Fractions were analyzed by SDS-
PAGE to identify those containing gH/gL >95% purity based on Coomassie blue staining. The purified
protein was aliquoted, flash frozen in liquid nitrogen and stored long term at -80°C.

PBurification of Polyhistidine Tagged Proteins gH/gL His, gH/gL-KO, and gH/qL-cTRP(6)ss:

Clarified cell supernatant was adjusted to a final concentration of 10 mM imidazole and 500 mM
NaCl and then incubated with HisPur Ni-NTA resin pre-equilibrated with 10 mM Tris, 500 mM NacCl, 10
mM imidazole, 0.02% azide, pH 7.1 (Ni-NTA binding buffer). The column was then washed with 10
column volumes of Ni-NTA binding buffer and eluted using 10 mM Tris, 500 mM NaCl, 500 mM imidazole,
pH 8.0. The NiNTA eluate was subsequently purified by SEC using a Superdex 200 column with PBS as
the mobile phase. Purified protein was aliquoted flash frozen in liquid nitrogen and stored at -80°C.

Purification of gH/gL-4-mer (qH/gL-IMX313) and gH/gL -ferritin:

Clarified cell supernatant was adjusted to a final concentration of 100 mM NaCl and then
incubated with Galanthus Nivalis Lectin Agarose , washed with 10 column volumes of 20 mM Tris, 100
mM NaCl, 1 mM EDTA, pH 7.4 and eluted with 20mM Tris, 100 mM NaCl, 1 mM EDTA, 1M
methylmannopyranoside, pH 7.4. The eluted protein was further purified by SEC with PBS as the mobile

phase on the Superdex 200 column or the Superose 6 Increase 10/300 GL for gH/gL-C4b and gH/gL-
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ferritin, respectively. gH/gL-IMX313 was flash frozen and stored at -80°C. gH/gL-ferritin was expressed
and purified within a week of each immunization and stored at 4°C.

PBurification of gH/gL-13:

To prepare an affinity chromatography resin to purify gH/gL-I3, 4.5 mg E1D1 antibody was
incubated with 1 mL Protein A resin with rotation at room temperature for 30 minutes and then washed
thoroughly with PBS. 6.5 mg of disuccinimidyl suberate was dissolved in 0.5 mL DMSO, then diluted in 10
mL PBS and added to the Protein A resin. The resin and DSS mixture were incubated at room
temperature with rotation for at least 1 hour. The resin was washed thoroughly with PBS, and then
incubated overnight with rotation at 4°C in 10 mL of 1 M Tris, pH 7.5, and washed again extensively with
PBS. The resin was then washed with Pierce IgG Elution buffer to remove any E1D1 antibody that was
not crosslinked to the resin, and then washed again with PBS. The E1D1 affinity resin was stored in 50
mM Tris, 150 mM NaCl, 0.02% azide when not in use.

Supernatant from cells transduced with gH/gL-13-was incubated with the E1D1 resin, washed with
TBS, eluted with Pierce IgG elution buffer, and neutralized with a 1/10t volume of 1 M Tris pH 8. The
eluted protein was further purified by SEC using a Superose 6 Increase column with 50 mM Tris, 150 mM
NaCl, 150 mM L-arginine, pH 8 as the mobile phase. Purified protein was flash frozen and stored at -
80°C.

Size exclusion chromatography with multi-angle light scattering:

Fractions containing single predominant species from the initial round of size exclusion
chromatography were concentrated down with 10,000 MWCO protein concentrators (Novagen) to a
concentration of 1.0-2.0 mg/mL. 100 uL of each sample was then run through a high-performance liquid
chromatography system (Agilent 1260) using a Superdex 200 10/300 GL or a Superose 6 Increase
10/300 column gel filtration column at an elution rate of 1 mL/min in Pierce TBS in line with a multi-angle
light scattering detector (Wyatt Heleos) and refractive index detector (Wyatt tREX). The data was then
analyzed using ASTRA (Wyatt Technologies) to calculate the absolute molecular weights for each
designed protein. Accounting for error in light scattering data acquisition, species with calculated
molecular weights within 13% of the expected target molecular weight for each design were considered to

be forming the anticipated oligomeric state.
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Recombinant Antibodies:

Cloning, expression and purification of AMMO1'12, CL40 , and CL598° was performed as
previously described. For cloning of E1D1, codon-optimized cDNA corresponding to E1D1 VH
(GenBank: KX755644) was synthesized (Integrated DNA Technologies) and cloned in-frame with the
human IgG1 constant region in pTT3-based expression vectors. Codon-optimized cDNA corresponding to
E1D1 VL (GenBank: KX755645) was cloned in-frame with the human kappa constant regions in pTT3-
based expression vectors. Recombinant E1D1 was expressed in 293-E cells and purified using Protein A
affinity chromatography.

Negative-Stain Electron Microscopy:

For gH/gL 4-mer and 7-mer, 1% uranyl formate negative staining solution and Formvar/carbon
grids (Electron Microscopy Sciences) of 300 mesh size were used to perform the negative staining
experiment. The protein samples of 4-mer and 7-mer gH/gL were diluted to ~40 pg/ml and ~50 pg/ml,
respectively and applied for 60 sec on glow discharged grids. Excess sample was blotted off using
Whatman filter paper and the grids were rinsed using water droplets and further stained for additional 60
seconds. Excess stain was blotted off and the grids were air dried for 1-2 min.

For gH/gL 24-mer and 60-mer, sample were diluted to 100 ug/mL and 3 yL was negatively
stained using Gilder Grids overlaid with a thin layer of carbon and 2% uranyl formate as previously
described 43

For the gH/gL 4-mer and 7-mer, data were collected using a FEI Tecnai T12 electron microscope
operating at 120 keV equipped with a Gatan Ultrascan 4Kx4K CCD camera. The images were collected
using an electron dose of 45.05 e-/A2, a magnification of 67,000 x that corresponds to pixel size of 1.6 A,
and exposure time of 1 sec. The defocus range used was -1.00 ym to -2.00 ym. The data was collected
using Leginon interface '#4 and processed using cryoSPARC 45, Particles were further picked from the
micrographs and subjected to 2D classification and the best 2D classes were selected.

For the gH/gL 24-mer, data were collected on an FEI Technai 12 Spirit 120kV electron
microscope equipped with a Gatan Ultrascan 4000 CCD camera. A total of 150 images were collected
per sample by using a random defocus range of 1.1-2.0 um with a total exposure of 45 e—/A2. Data were

automatically acquired using Leginon, and data processing was carried out using Appion.'4¢ The



54

parameters of the contrast transfer function (CTF) were estimated using CTFFIND4,'47 and particles were
picked in a reference-free manner using DoG picker.'#8 Particles were extracted with a binning factor of 2
after correcting for the effect of the CTF by flipping the phases of each micrograph with EMAN 1.9.14% The
gH/gL 24-mer stack was pre-processed in RELION/2.11%0-152 with an additional binning factor of 2 applied,
resulting in a final pixel size of 6.4 A. Resulting particles were sorted by reference-free 2D classification
over 25 iterations.

For the 60-mer, data were collected on an Talos L120C 120kV electron microscope equipped
with a CETA camera. A total of ~350 images were collected per sample by using a random defocus range
of 1.3-2.3 um, with a total exposure of 35 e-/A2, and a pixel size of 3.16 A/pixel. Data were automatically
acquired using EPU (ThermoFisher Scientific). All data processing was performed using CryoSPARC. 45
The parameters of the contrast transfer function (CTF) were estimated using CTFFIND4,'#7 and particles
were picked initially in a reference-free manner using blob picker, followed by template picking using well-
defined 2D classes of intact nanoparticles. Particles were extracted after correcting for the effect of the
CTF for each micrograph with a box size of 256 pixels. Extracted particles were sorted by reference-free
2D classification over 20 iterations. 3D ab initio was performed in cryoSPARC with the subsequent
homogenous refinement step performed using icosahedral symmetry. The resulting 3D map was
displayed at two different contours levels and images were generated using ChimeraX 193,

Immunizations in C57BL/6 Mice:

Comparative immunogenicity studies were performed in groups of 10 C57BL/6 mice (5 male and
5 female) between 7-10 weeks of age. After collecting a pre-bleed, mice were immunized at weeks 0, 4,
and 12 with 5 ug (total protein) of monomer, 4-mer, 7-mer, 24-mer, or 60-mer formulated with 20% (v/v)
synthetic lipid A in squalene emulsion SLA-SE'5* in PBS or TBS (60-mer only) at a total volume of 100
pL. Mice were immunized via intramuscular injection split into two 50 yL doses split between both rear
legs. Blood was collected retro-orbitally 2 weeks after the first and second immunizations and via cardiac
puncture at week 14. Blood was collected in tubes containing a 1/10t volume of citrate. Plasma was
separated from whole blood via centrifugation and then heat inactivated at 56°C for 30 min. For passive
transfer experiments into humanized mice immunizations were performed in groups of 20 C57BL/6 mice

(10 male and 10 female) between 7-10 weeks of age. After collecting a pre-bleed, mice were immunized
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at weeks 0 and 4 with 5 ug of gH/gL monomer or 60-mer formulated in PBS (monomer) or TBS (60-mer)
with 50% (v/v) Sigma Adjuvant System (SAS) for a total volume of 100 pL. Mice were immunized via
intramuscular injection split 50 yL each between both rear legs. Blood was collected retro-orbitally via
cardiac puncture at week 6 into a separate vial for each mouse containing 100 pL citrate. Plasma was
separated from whole blood via centrifugation.

1gG Purification from Murine Plasma:

Plasma was pooled and heat inactivated at 56°C for 1 hour then diluted in protein G binding
buffer and passed over a column containing 1mL of protein A/G resin. The column was then washed 3
times with 5 column volumes of binding buffer. Finally, IgG was eluted from the resin in 5 x 2 mL fractions
using 1gG elution buffer. Fractions were buffer exchanged into PBS, concentrated, filter sterilized, and
yields were measured by nanodrop.

EBV-Reporter Virus Production:

To produce B-cell tropic GFP reporter viruses (B95-8/F), 9x10% 293—-2089 cells were seeded on a
15 cm tissue culture plate in cRPMI containing 100 ug/mL hygromycin. 24 hours later the cells were
washed twice with PBS, the media was replaced with cRMPI without hygromycin, and the cells were
transfected with 15 ug of each of p509 and p2670 expressing BZLF1 and BALF4, respectively, using
Geneduice transfection reagent.'#.155 72 hours later the cell supernatant was collected, centrifuged at 300
x g for 5 min and then passed through a 0.8 um filter. To produce epithelial cell tropic virus, B cells
harboring AKATA-GFP EBV were suspended at 4x10° cells/ml in RPMI containing 1% FBS. Goat anti-
human IgG was added to a final concentration 100 pg/ml and incubated at 37°C for 4 hours. Cells were
then diluted to 2x108 cells/ml in RPMI containing 1% FBS and incubated for 72 hours. Cells were pelleted
by centrifugation at 300 x g for 10 min and then the supernatant was passed through a 0.8 um filter.
Bacitracin was added to a final concentration of 100 ug/mL. Virions were concentrated 25x by
centrifugation at 25,000 x g for 2 hours and re-suspended in RPMI containing 100 pg/ml bacitracin. Virus
was stored at -80°C and thawed immediately before use.

B cell Neutralization Assay:

B cell neutralization assays were carried out in Raiji cells essentially as described 82. Mouse

plasma was serially diluted in duplicate wells of 96 well round-bottom plates containing 25 yL of cRPMI.
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12.5 ul of B95-8/F virus (diluted to achieve an infection frequency of 1-5% at the final dilution) was added
to each well and plates were incubated at 37°C for 1 hour. 12.5 pl of cRPMI containing 4x108 Raji cells/ml
was added to each well and incubated for another hour at 37°C. The cells were then pelleted, washed
once with cRPMI, and re-suspended in cRPMI. Reciprocal plasma dilutions are reported relative to the
final infection volume (50 uL). After 3 days at 37°C, cells were fixed in 2% paraformaldehyde. The
percentage of GFP+ Raiji cells was determined on a BD LSRII cytometer or Luminex Guava HT
cytometer.

To account for any false positive cells due to auto-fluorescence in the GFP channel, the average
%GFP+ cells in negative control wells (n = 4-6) was subtracted from each well. The infectivity (%GFP+)
for each well was plotted as a function of the plasma dilution. The neutralization curve was fit using the
log(inhibitor) versus response- variable slope (four parameters) analysis in Prism 9.2.0. The half maximal
inhibitory plasma dilution IDso was interpolated from the curve in Prism 9.2.0.

For depletion assays, the average %GFP+ cells in negative control wells (n=4-6) was subtracted
from each well. The %Infectivity was calculated for each well by dividing the %GFP+ cells in each well by
the average %GFP+ cells in the most dilute plasma dilution wells and multiplying by 100. % Infectivity
was plotted as a function of the plasma dilution. The neutralization curve was fit using the log(inhibitor)
versus response- variable slope (four parameters) analysis in Prism 9.2.0.

Epithelial Cell Neutralization Assay:

1.5 x 10* SVKCR2 cells per well were seeded into a 96 well tissue culture plate. The following
day plasma was serially diluted in duplicate wells containing 20 uL of media in a 96 well flat bottom plate
followed by the addition of 20 yL of 25x concentrated epithelial cell-tropic virus and incubated for 15 min.
Media was aspirated from the SVKCR2 cells and replaced by the antibody-virus mixture and incubated at
37°C. 48 hours later the cells were detached from the plate using 0.25% trypsin, transferred to a 96 well
round bottom plate, washed twice with PBS, and fixed with 10% formalin, and the percentage of GFP+
cells were determined on an BD LSRII cytometer or Luminex Guava HT. Percent neutralization was
determined as in the B cell neutralization assay.

Measurement of Plasma Antibody Endpoint Binding Titers by Anti-His Capture ELISA:
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30uL/well of rabbit anti-His tag antibody was adsorbed at a concentration of 0.5 pg/mL on to 384
well microplates at 4°C for 16 hours in a solution of 0.1 M NaHCO3 pH 9.4-9.6 (coating buffer). The next
day, plates were washed 4 times with 1 x PBS, 0.02% Tween 20 (ELISA wash buffer) prior to blocking for
1 hour with 80 pL/well of 1x PBS containing 10% non-fat milk and 0.02% Tween 20 (blocking buffer).
After blocking, plates were washed 4x with wash buffer and 30 pl/well of a 2 pg/mL solution of monomeric
His-tagged gH/gL diluted in blocking buffer was added to the plate and incubated for 1 hour, and then
washed 4x with ELISA wash buffer. Plasma was diluted in blocking buffer and three-fold serial dilutions
were performed in duplicate followed by a 1-hour incubation at 37°C. 8-16 additional control wells were
included that contained immobilized gH/gL but no immune plasma (control wells). Following 4 additional
washes with ELISA wash buffer, a 1:2,000 dilution of goat anti-mouse IgG-HRP (SouthernBiotech) in
blocking buffer was added to each well and incubated at 37°C for 1 hour followed by 4 washes with
ELISA wash buffer. 30 pl/well of SureBlue Reserve TMB Microwell Peroxidase substrate was added.
After 5 min, 30uL/well of 1N sulfuric acid was added and the A4so of each well was read on a Molecular
Devices SpectraMax M2 plate reader. The binding threshold was defined as the average plus 10 times
the standard deviation of the determined by calculating the average of A4so values of the control wells.
Endpoint titers were interpolated from the point of the curve that intercepted the binding threshold using
the Prism 9.2.0 package.

Measure of Competitive Binding Titers by ELISA:

Coating, blocking, and gH/gL immobilization steps were performed as described under
“Measurement of plasma antibody endpoint binding titers by anti-His capture ELISA.” Following capture of
monomeric gH/gL, equal amounts of plasma from each mouse in a group were pooled and diluted in
blocking buffer and 2-fold serial dilutions were performed, followed by a 1-hour incubation at 37°C.
Following 4 additional washes with ELISA wash buffer, monoclonal antibodies AMMO1, CL40, CL59, and
E1D1 were added at a concentration that achieves half-maximal binding (ECso; pre-determined in the
same assay in the absence of competing sera) to each well containing serially diluted pooled sera from
each group, followed by a 1-hour incubation at 37°C. After 4 washes with ELISA washing buffer, a
1:20,000 dilution of goat anti-human IgG-HRP (Jackson ImmunoResearch) in blocking buffer was added

to each well and incubated at 37°C for 1 hour followed by 4 washes with ELISA wash buffer. Addition of
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SureBlue Reserve TMB Microwell Peroxidase substrate, addition of 1N sulfuric acid, and reading of
plates was performed as described above. The average Azso values of buffer only control wells were
subtracted from each mAb containing well and plotted in Prism 9.2.0. A280 values were plotted as a
function of the log1o of the plasma dilution. A binding curve was fit using the Sigmoidal, 4PL, X is
log(concentration) least squares fit function. Maximum binding was defined as the best-fit value for the
top of each curve computed in Prism. Az values at each dilution on the curve were divided by the
maximum binding and multiplied by 100 to calculate the % of max binding ([A2s0 at each dilution/max
binding] x 100). The titer at which half-maximal binding was observed was interpolated from the binding
curve using the Prism 9.2.0 package (GraphPad Software).

Biotinylation of recombinant proteins:

Recombinant gH/gL proteins were biotinylated using the EZ-Link NHS-PEG4-Biotin Kit according
to the manufacturer’s instructions. The biotinylation reaction incubated overnight at 4°C, after which
excess biotin was removed using a Zeba Spin Desalting Column.

Neutravidin Capture ELISA

30 pL/well of a 0.3 pg/mL solution of NeutrAvidin in ELISA coating buffer was incubated on 384
well microplates at 4°C for 16 hours. The next day, plates were washed 4 times with ELISA wash buffer
prior to blocking for 1 hour with 80 pL/well of 1X PBS containing 3% bovine serum albumin and 0.02%
Tween 20 (neutravidin blocking buffer). After blocking, plates were washed 4 times with ELISA wash
buffer and 30 uL/well of a 2 ug/mL solution of biotinylated gH/gL monomer, 4-mer, 7-mer, 24-mer, or 60-
mer was added and allowed to incubate 1 hour. After 4 washes with ELISA wash buffer, a panel of
monoclonal antibodies were diluted to 10 ug/mL in neutravidin blocking buffer and three-fold serial
dilutions were performed in duplicate followed by a 1-hour incubation at 37°C. 8-16 additional control
wells were included that contained immobilized the gH/gL but no monoclonal antibodies (control wells).
Following 4 additional washes with ELISA wash buffer, a 1:5000 dilution of goat anti-human IgG-HRP
(SouthernBiotech) in neutravidin blocking buffer was added to each well and incubated at 37°C for 1 hour
followed by 4 washes with ELISA wash buffer. Addition of SureBlue Reserve TMB Microwell Peroxidase
substrate, addition of 1N sulfuric acid, and reading of plates was performed as described above.

Measurement of total plasma IqG:
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Plasma was serially diluted in ELISA coating buffer in duplicate and incubated on 384-well
microplates at 4°C for 16 hours. At least 10 additional control wells were included that contained only
coating buffer and no plasma. The next day, plates were washed 4x with ELISA wash buffer prior to
blocking for 1 hour with 80 pL/well of ELISA blocking buffer. After blocking, plates were washed 4x with
ELISA wash buffer and a 1:4000 dilution of goat anti-mouse IgG Human ads-HRP in ELISA blocking
buffer was added to each well and incubated at 37°C for 1 hour followed by 4 washes with ELISA wash
buffer. Addition of SureBlue Reserve TMB Microwell Peroxidase substrate, addition of 1N sulfuric acid,
and reading of plates was performed as described above.

Bead Depletion Assays:

To conjugate biotinylated gH/gL and gH/gL-KO to beads, streptavidin magnetic beads were
washed 2x with PBS using a magnetic separator and then co-incubated with biotinylated gp350, gH/gL,
or gH/gL-KO on a rotator overnight at 4°C. The supernatant was collected using a magnetic separator
and analyzed via spectrophotometry to ensure protein concentration in supernatant had been reduced
and saturation of beads was achieved. Beads were washed 2x to remove excess unbound gp350, gH/gL,
or gH/gL-KO and stored at 4°C in PBS.

For depletion of plasma antibodies, beads were resuspended with diluted, pooled plasma and
incubated 16 hours at 4°C on a rotator. Beads were then separated from plasma using a magnetic
separator and the remaining plasma was collected and transferred to a new tube and subsequently tested
for binding to gH/gL and for neutralizing activity.

EBV Challenge in Humanized Mice:

10 weeks post-cell transfer of CD34-enriched PBSCs, successful human cell engraftment in NSG
mice was confirmed via immunophenotyping of circulating lymphocytes using antibodies at indicated
dilution: hCD45-FITC (1:100), hCD8-BV21 (1:100), L/D-BV506 (1:200,), hCD19-BV711 (1:100), hCD20-
BV786 (1:200), mCD45-APC (1:200), hCD4-AF700 (1:250), hCD33-PE (1:100), mCD16/32 (1:200).

12-13 weeks post-human HSPC transfer, 500 ug of total IgG purified from immunized C57BL/6
mice were injected per humanized mouse intraperitoneally (IP). Two days prior to, and one day following

transfer, blood was collected to measure the relative levels of total and anti-gH/gL 19G in the plasma.
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48 hours after transfer, the mice received a dose of EBV B95.8/F, equivalent to 33,000 infectious
units as determined by infection of Raji cells, via retro-orbital injection. Beginning 3 weeks post-challenge
(Day 21), peripheral blood samples were collected weekly to determine the presence of EBV DNA in
whole blood and to immunophenotype circulating lymphocytes.Mice were weighed three times a week on
non-consecutive days. If mice fell below 80% of their starting weight, or met other criteria for symptoms of
pain (i.e. hunching, lack of mobility, etc.), they were euthanized.

Levels of EBV in the blood were monitored on a weekly basis using primers specific for BALF5 as
described in “Quantitative PCR analysis of human cells in huCD34 engrafted mice.” Blood samples were
collected from mice on day prior to challenges and weekly beginning 3 weeks post-challenge (day 21)
through to the end of the experiment at 10 weeks post-challenge (day 70), or until the animals reached
euthanasia criteria. Spleens were harvested from each mouse at the day 70 endpoint, or earlier if they
met euthanasia criteria.

Ten weeks post-challenge, surviving mice were euthanized and spleens were collected and
weighed. DNA was extracted from 5x108 total splenocytes, utilizing the DNeasy Blood & Tissue Kit and
according to the manufacturer’s instructions, for subsequent viral load analysis.

Quantitative PCR Analysis of Human Cells in HuCD34 Engrafted Mice:

A primer-probe mix specific for the EBV BALF5 156 gene was used to quantify EBV in DNA
extracted from blood or spleen in hCD34 engrafted NSG recipient mice at the time points described. Each
25 pL gPCR reaction contained 12.5 L of 2% QuantiTect Probe PCR Master Mix, 600nM of each primer,
300nM of FAM-labeled probe, 1.25 uL of a TagMan 20x VIC-labeled RNase-P primer-probe mix.
Reactions were heated to 95°C for 15 minutes to activate DNA polymerase followed by 50 cycles of 95°C
for 15 s 60°C for 60 s, on an Applied Biosystems QuantStudio 7 Flex Real Time PCR System. Synthetic
DNA fragments containing the BALF5 target gene as well as flanking genomic regions were synthesized
as double stranded DNA gBlocks, and were used to generate a standard curve with known gene copy
numbers ranging from 102 -107 copies/ml. The copy number in extracted DNA was determined by
interpolating from the standard curve. Serial dilutions of reference standard were used to experimentally

determine a limit of detection of 6.25 copies, which corresponds to the amount of template that can be
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detected in >95% of reactions. For graphical purposes, samples with no amplification or those yielding
values below the limit of detection were assigned a value of 0.625 copies.

Biolayer Interferometry:

BLI assays were performed on the Octet Red 96 instrument at 30°C with shaking at 1,000 RPM.
Anti-Human Fc Capture (AHC) Biosensors were submerged in wells of black 96-well microplates
(containing 250 pL of kinetics buffer (PBS, 0.02% T Tween 20, 0.03% azide, 0.1% BSA) for at least 15
minutes prior to any data collection. Biosensors were submerged for 30 seconds in KB to establish
baseline response (baseline step 1). Biosensors were submerged in KB containing 10 ug/mL of
monoclonal antibodies for 240 seconds (load step). Biosensors were then equilibrated for 60 seconds in
kinetics buffer alone (baseline step 2), after which the antibody-bound biosensors were submerged in
wells containing a 250 nM solution of gH/gL or gH/gL-KO in KB for 300 seconds (association step)
followed by immersion in KB for 300 seconds (dissociation step).

The background signal from each analyte-containing well was measured using empty reference sensors
and subtracted from the signal obtained with each corresponding ligand-coupled sensor at every
timepoint.

Quantification and Stastical Analysis:

Kruskal-Wallis tests were performed to assess whether the distributions of responses varied
across treatment groups, with p-values < 0.05 considered significant. If the Kruskal-Wallis test reached
significance, a Mann-Whitney test was used to compare the distribution of outcomes between the pairs of
groups considered. Immunogenicity was compared across each pair of treatment groups; for spleen
weights and viral DNA copies, each group was compared to the infected control. The Holm method was
used to adjust for multiplicity across the Mann-Whitney tests conducted for each outcome, with Holm’s
adjusted p-values reported. For survival data, significant differences were determined using Log-rank

Mantel-Cox test.
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Chapter 3: Neutralizing antibodies protect against oral transmission of lymphocryptovirus

. Summary

Epstein-Barr virus (EBV) is a cancer-associated pathogen for which there is no vaccine. Successful anti-
viral vaccines elicit antibodies that neutralize infectivity, however it is unknown whether neutralizing
antibodies prevent EBV acquisition. Here we assessed whether passively-delivered AMMO1, a
monoclonal antibody that neutralizes EBV in a cell-type-independent manner, could protect against
experimental EBV challenge in two animal infection models. When present prior to a high-dose
intravenous EBYV challenge, AMMO1 prevented viremia and reduced viral loads to nearly undetectable
levels in humanized mice. AMMO1 conferred sterilizing immunity to three of four macaques challenged
orally with rhesus lymphocryptovirus, the EBV ortholog that infects rhesus macaques. The infected
macaque had lower plasma neutralizing activity than the protected animals. These results indicate that a
vaccine capable of eliciting adequate titers of neutralizing antibodies targeting the AMMO1 epitope may
protect against EBV acquisition and are therefore highly relevant to the design of an effective EBV
vaccine.

Il. Introduction

Epstein-Barr virus (EBV), a member of the Lymphocryptovirus genus, is associated with 200,000 new
cases of cancer and 140,000 deaths annually 26, EBV is also a causative agent of infectious
mononucleosis (IM) and can lead to lymphoproliferative disease in immunocompromised individuals, such
as those undergoing organ transplant or persons living with AIDS 3. In addition to its contribution to
oncogenesis, EBV infection is also associated with multiple sclerosis &° and rheumatoid arthritis 12. Thus,
a safe and effective vaccine that protects against EBV infection and/or pathogenesis would be of clinical
benefit, particularly to those in resource poor settings where the EBV-associated cancer burden is high
25,109,157'

Most effective vaccines elicit antibodies that neutralize infection 26. However, it is not clear
whether pre-existing neutralizing antibodies can protect against EBV infection in vivo. Infants generally
remain EBV negative for 6-8 months until the presence of maternal antibody wanes, suggesting that

neutralizing antibodies are protective 158162, However, several studies have demonstrated the presence of
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multiple viral variants in infected individuals 83-168 which could indicate that an antibody response elicited
by primary infection is not sufficient to protect against superinfection with additional EBV strains.

Primary infection occurs in the nasopharynx, where B cells and epithelial cells are both
susceptible to infection. Host cell entry is a complex process mediated by several viral glycoproteins that
define tropism and mediate membrane fusion %9, Sera from infected individuals can neutralize EBV
infection of both B cells and epithelial cells in vitro 3482-84_ Multiple viral antigens have been shown to be
targeted by serum neutralizing antibodies 3479170 but it is not clear which are ideal candidates for an EBV
vaccine.

Passive transfer of monoclonal antibodies (mAbs) followed by controlled challenge in susceptible
animal models has demonstrated the protective efficacy of neutralizing antibodies and defined relevant
protective epitopes against several other viral pathogens 7'-'8. Conducting similar proof of concept
studies with EBV antibodies have been hampered due to the near-obligate tropism of the virus for
humans, and a dearth of mAbs with well-defined neutralizing potentials.

Human B cells in immunocompromised mice engrafted with human lymphocytes can be infected by
EBV and provide a small animal model to study EBV infection in vivo 67:181-185 A high dose of EBV
delivered intravenously to humanized mice leads to the development of splenomegaly, splenic tumors
and an expansion of activated CD8 T cells 182.186,

The viral glycoprotein gp350 facilitates EBV attachment to complement receptors 1 and 2 (CR1 and
CR2) 4142, The anti-gp350 72A1 mAb neutralizes EBV infection of B cells in vitro by disrupting the gp350-
CR interaction 4142102 byt is ineffective a blocking infection of CR- epithelial cells 1%, Repeated transfer of
72A1 into SCID mice engrafted with PBMC from EBV seronegative donors prevented tumor formation
following intravenous (i.v.) challenge with EBV, implying that pre-existing neutralizing antibodies may
protect against EBV infection in vivo 87,

Rhesus lymphocryptovirus (rhLCV) is an ortholog of EBV that naturally infects rhesus macaques
140,188,189 RhLCV infection of macaques is considered the best animal model for EBV infection due to the
high level of homology between EBV and rhLCV, the oral transmission of the virus, and the similar
courses of infection in their respective hosts '40. RhLCV infection of rhesus macaques therefore

represents a highly relevant animal model to evaluate the protective efficacy of neutralizing antibodies in
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a controlled setting. However, no neutralizing mAbs specific for rhLCV have been isolated. Two mAbs,
CL40 and E1D1 that bind the EBV gH/gL glycoprotein complex, an essential component of the viral fusion
machinery, also bind to rhLCV gH/gL, although it is not known whether the neutralize rhLCV '%. The

72A1 mAb which showed protection in mice does not cross-react with the rhesus gp350 protein 91. A
chimeric rhLCV virus expressing gp350 from EBV is infectious in macaques and susceptible to
neutralization by 72A1 1°1, yet passive transfer studies of neutralizing mAbs against rhLCV have not been
reported to date.

We previously isolated an anti-gH/gL mAb, AMMO1, that neutralizes EBV infection of both B cells
epithelial cells '92. Herein we show that AMMO1 cross-reacts with and neutralizes rhLCV. We took
advantage of the cross-reactivity of AMMO1 between EBV and rhLCV to evaluate its protective efficacy
against lymphocryptovirus challenge in complementary animal models, humanized mice and rhesus
macaques.

. RESULTS

AMMO1 confers protection against high-dose EBV challenge in humanized mice

72A1 and AMMO1 neutralize EBV infection of B cells with comparable potency '92. Since 72A1 has
previously been shown to protect against EBV-driven tumor formation in humanized mice '8, we sought
to address whether AMMO1 could also prevent lymphoproliferation in a similar humanized mouse model.
To this end, NOD-scid l12rgn" (NSG) mice were engrafted with healthy human donor-derived mobilized
peripheral blood hematopoietic stem cells (PBSC), herein referred to as humanized mice. At 12 weeks
post-transplant ~10-15% of the peripheral blood mononuclear cells were of human origin (fig. S1, A and
B). Among these ~80% were hCD19* B cells, with very few hCD4* or hCD8* T cells (Fig. S1, A and B).

As shown in Fig. 1A, humanized mice received an intravenous injection (i.v.) containing 500ug of
purified, recombinant AMMO1 or as a control, the anti-HIV-1 mAb VRCO01 193; followed at 48 hours by an
i.v. injection of EBV B95.8/F 8 equivalent to ~33000 Raji infectious units. Infected control mice received
the same dose of virus without antibody pre-treatment and uninfected control mice did not receive
antibody or viral challenge. Mice were bled weekly and euthanized 8-9 weeks following challenge. At 6-7
weeks following challenge, while all mice retained equivalent proportions of total human cells and hCD4*

cells (Fig. 1, B and C), mice from the infected control and VRCO01 groups showed a marked decrease in
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the frequency of peripheral hCD19* B cells (Fig. 1D), concurrent with an increase in hCD8* T cells (Fig.
1E) as compared to the uninfected control mice and mice that received AMMO1. Viremia was detectable
in the peripheral blood of the infected control and VRCO01 groups and in 2 of 13 mice that received
AMMOT1 at 4 to 6 weeks post-challenge (Fig.1, F and G). The remaining animals from the AMMO1 group
and the uninfected controls remained aviremic (Fig.1 F&G).

Splenic lymphocytes were analyzed at the study endpoint. While the proportion of total human cells
and hCD4+ T cells were similar in all animals (Fig. 1, H and |), the infected control and VRCO01 groups
exhibited a decrease in hCD19* cells (Fig. 1J) and this population contained an increased frequency of
hCD24-hCD38" cells (Fig. 1K). Concurrent with the decline of hCD19* cells, there was a significant
increase in the frequency of total (Fig. 1L) and activated (Fig. 1M) hCD8* T cells in the control infected
and VRCO1 groups, consistent with T-cell mediated killing of infected peripheral human B cells.

Spleens from 11 of 13 animals that received AMMO1 were comparable in weight to the
uninfected controls, while the spleens from the 2 animals that were viremic were enlarged (indicated by
blue triangles on Fig. 1N), as were the spleens from the infected control and VRCO01 groups.

Mice from the infected control and VRCO1 groups had 100-1000 fold higher levels of EBV DNA in
the spleen compared to the uninfected controls (Fig. 10). Low amounts of viral DNA were detectable in
splenic DNA extracts from 8 of the 11 aviremic mice in the AMMO1 group. Comparable amounts were
detected in splenic extracts from half of the uninfected control mice (Fig. 10). In contrast, splenic DNA
from the two viremic mice in the AMMO1 group harbored higher levels of EBV DNA (indicated by blue
triangles on Fig. 10). Collectively, these data indicate that AMMO1 prevented viremia and splenomegaly
in 11/13 mice. Due to the trace amount of DNA detected in the spleens of both AMMO1 challenged mice
and the uninfected controls we cannot conclude that AMMO1 conferred sterilizing immunity in these
animals. However, AMMO1 prevented the splenomegaly, viremia, increase in hCD8*, and decline in
hCD19* cells observed in the positive control and VRCO01 groups, which are consistent with high-dose
EBV infection in this model 182,

Compared to other neutralizing mAbs, AMMO1 provides superior protection against EBV challenge in

humanized mice
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We next evaluated whether passive transfer of the CL40 and CL59 mAbs that target distinct
epitopes on gH/gL 13194 could similarly limit or prevent in vivo EBV infection in this humanized mice
model. To bridge our studies with previous work 187, we also included the anti-gp350 72A1 mAb. CL40,
CL59 and 72A1 are murine mAbs while AMMO1 is human, so to mitigate potential differences in kinetics
and/or effector function, all mAbs were administered as purified recombinant variants with human 1gG1
constant regions 19, As in Fig. 1A, mice received 500ug of each mAb/animal followed 48 hours later by
an i.v. injection of ~33000 Raiji infectious units of EBV B95.8/F. At 1 week post-viral challenge, the mean
concentrations of AMMO1, 72A1, CL40 and CL59 in the plasma were 49ug/ml, 34ug/ml, 261ug/ml, and
22ug/ml, respectively (Fig. 2A).

At 4 weeks post-viral challenge, one of the animals in the 72A1 group died. At 9 weeks post-viral
challenge, the study endpoint, mice from the infected control group had larger spleens than the
uninfected control, AMMO1, CL40 and CL59 groups (Fig. 2B). One of the remaining animals from the
72A1 group displayed extreme splenomegaly (Fig. 2B) and a large splenic tumor (not shown). Relative to
the uninfected controls, the frequency of hCD19* cells was lower (Fig. 2C), while the frequencies of
hCD19*hCD24-hCD38" B cells (Fig. 2D), as well as total and activated hCD8* T (Fig. 2, E and F) cells
were higher in the 72A1, CL59 and infected control groups, a phenotype consistent with infection in prior
challenge experiments (Fig. 1). In contrast, the animals that received AMMO1 or CL40 had frequencies of
hCD19* and hCD8* cells indistinguishable from uninfected controls (Fig. 2, C to F). EBV viral DNA was
present in splenic extracts from all mice in the 72A1 and infected control groups, three of four mice in the
CL59 group, one mouse from the CL40 group and one mouse from the AMMO1 group (Fig. 2G). These
data indicate that among anti-gH/gL mAbs, AMMO1 confers superior protection against i.v. EBV
challenge in humanized mice, as predicted by the relative potency of each antibody in a B cell
neutralization assay '°2. The efficacy of CL40 is likely over-estimated in this experiment considering that it
was present at approximately 5x higher levels in the blood than AMMO1 at the time of challenge.

Considering that AMMO1 and 72A1 neutralize B cell infection with comparable potency in vitro'%?,
the complete lack of protection by 72A1 was unexpected. AMMO1 was present at slightly higher levels
than 72A1 in the plasma 9 days post-transfer (Fig. 2A) and plasma from the AMMO1 group had higher in

vitro neutralizing capacity than plasma from the 72A1 group (Fig. 2H). Thus, the difference in protection
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between 72A1 and AMMO1 may reflect differences in the effective in vivo plasma neutralizing titer.
However, the previous demonstration that 72A1 prevented EBV-driven tumor formation in vivo utilized
repeated mAb dosing 187 suggesting that other factors may explain the differences in in vivo functional
activity of 72A1 vs. AMMO1. Taken together, our in vivo challenge studies demonstrate that passive
transfer of AMMO1 limits EBV to levels detected in control animals in 16/18 humanized mice indicating
robust capacity for protection in this setting.
AMMOT1 cross-reacts with and neutralizes rhLCV

In addition to B cells, epithelial cells present in the human nasopharynx are also susceptible to
EBYV infection 1%, thus the viral dose and kinetics of infection are likely to differ between i.v. challenge in
humanized mice and oral transmission in humans. To address whether AMMO1 can also limit EBV
infection in a more physiologic challenge setting, we sought to assess whether passively transferred
AMMO1 could prevent oral transmission in a non-human primate model. To achieve this goal, we utilized
rhesus lymphocryptovirus (rhLCV) in a rhesus macaque model.

EBV and rhLCV gH and gL share 85.4% and 81.8% amino acid identity, respectively. A population of
293T cells transfected with rhLCVgH/gL stained with fluorescently-labeled AMMO1 indicated that the
mAD is cross-reactive with the rhesus ortholog (Fig. 3, A and B). To assess whether the neutralizing
activity of AMMO1 was conserved, the ability of AMMO1 to neutralize rhLCV infection of rhesus B cells
was evaluated using viral expression of EBNA2 in rhesus B cells as a readout. In the absence of antibody
or in the presence of the non-neutralizing mAb AMMO2, 6-7% of rhesus B cells stained positive for
EBNAZ2 following challenge with rhLCV (Fig. 3D and F). In contrast, EBNA2 expression was absent when
virus was pre-incubated with AMMO1 (Fig. 3E).

AMMO1 disrupts EBV gH/gL and gB-driven membrane fusion in a virus-free cell fusion assay'®2. Here
we assessed whether AMMO1 could similarly disrupt rhLCV gH/gL and rhLCV gB-driven fusion using the
same assay '%7. CHO-K1 cells were transfected with plasmids expressing rhLCV gH, rhLCV gL, rhLCV gB
and with luciferase under the control of the T7 promoter. Transfected cells were overlaid on 293 cells
stably expressing T7 polymerase. Expression of the entire rhLCV fusion machinery resulted in high levels
of luciferase activity that was reduced to background levels in the presence of AMMO1 (Fig. 3G). CL40

and E1D1, which also bind rhLCV gH/gL °° reduced fusion, but to a lesser degree, while the CL59 mAb
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which does not bind rhLCV gH/gL '°° had no effect. Collectively, these data demonstrate AMMO1 cross-
reacts with rhLCV gH/gL and that its neutralizing activity is conserved against rhLCV.
AMMO1 confers sterilizing immunity against rhLCV challenge in macaques

To establish whether AMMO1 could protect against oral rhLCV challenge, 6 infant rhesus
macaques were obtained within 48 hours of birth and housed separately from other colony animals.
Beginning at 2 months of age, the animals were tested for plasma antibodies to the rhLCV viral capsid
antigen (VCA) 198 and for the presence rhLCV DNA in PBMC "%, Maternal antibodies to VCA were
detected in 4/6 study animals that waned by 6 months of age (Fig. S4A). All animals tested negative for
rhLCV DNA during this time (Fig. S4B). When the animals were ~6 months old, VRC01 (n=2) or AMMO1
(n=4) human IgG was administered i.v. at a dose of 20 mg/kg. Three days after antibody transfer, all
animals were challenged orally with 1.75 transforming units of rhLCV (Fig. S4C). During a 10 week period
following challenge, none of the animals seroconverted (Fig. S4D) or became viremic (Fig. S4E), thus we
performed a dose escalation.

At 11 weeks after the initial challenge, the study animals were re-infused with either VRCO1 or
AMMO1 then re-challenged orally, 48 hours later, with a higher dose of rhLCV (50 transforming units).
Blood and oral swabs were collected weekly and assayed for the presence of anti-VCA antibodies in the
plasma and for rhLCV DNA in PBMC and oral swabs. RhLCV DNA was detected in the blood and saliva
of animals A18151 and A18152 from the VRCO01 group beginning at 2-3 weeks following challenge (Fig.
4, A and B). These animals seroconverted at 10 and 5 weeks following the second challenge,
respectively (Fig. 4C). AMMO1 recipient animal A18155 also tested positive for rhLCV DNA in the blood
and saliva (Fig. 4, A and B). In contrast, however, this animal did not seroconvert (Fig. 4C). Most
strikingly, 3 additional AMMO1 recipient animals (A18153, A18154, and A18156) lacked detectable
rhLCV DNA or anti-VCA antibodies at all time points (Fig. 4, A to C).

We measured plasma levels of passively administered antibodies to determine whether
differences in their levels could account for the absence of protection in A18155. AMMO1 was detectable
at approximately 60 ug/ml in A18153, A18154, and A18156 at the time of challenge and the levels waned
to nearly undetectable levels by 3 weeks (Fig. 4D). In A18155, AMMO1 was present at less than 20 ug/ml

at the time of challenge and it waned to undetectable levels within a week. Plasma from A18153, A18154,
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and A18156 were able to neutralize EBV infection of Raji cells in vitro with comparable potencies (IDso
~100) while the potency of plasma animal A18155 was ~5-fold lower (IDso~20, Fig. 4E). In summary,
AMMO1 at plasma levels of ~60ug/ml provided sterilizing immunity against controlled oral LCV challenge.

Iv. DISCUSSION

The correlate of protection for most effective vaccines is the elicitation of neutralizing antibodies
26, Although previous subunit vaccines have shown partial efficacy against EBV infection in humans, it
remains unclear whether neutralizing antibodies affected the outcome of these trials. Here we evaluated
the effect of passively transferred neutralizing antibodies on EBV infection in two animal models of
lymphocryptovirus infection, humanized mice and rhesus macaques. Passive delivery of AMMO1
prevented EBV-driven changes in lymphocyte populations and reduced viral loads to nearly undetectable
levels in a humanized mouse model following a high-dose intravenous challenge of EBV, while other
mAbs targeting distinct epitopes on gH/gL and a mAb that binds to gp350 and blocks viral attachment to
complement receptors, failed to do so. We further demonstrated that AMMO1 conferred sterilizing
immunity against controlled oral rhLCV challenge in macaques.

EBV subunit vaccine studies have focused on the gp350 protein and have shown partial efficacy
in humans and rhesus macaques. A phase |l study of a gp350 subunit vaccine reduced the incidence of
IM but failed to protect against acquisition 9. Although the vaccine elicited neutralizing antibodies °° it is
not clear whether these affected the outcome. In another study, a protein subunit vaccine based on the
gp350 protein from rhLCV showed partial protection in a non-human primate rhLCV challenge study;
however, similarly, the correlate(s) of protection was not identified °8. Here, passive delivery of a
recombinant version of the anti-gp350 mAb 72A1 failed to protect against i.v. challenge in humanized
mice. This finding contrasts with a previous study demonstrating that repeated delivery of hybridoma-
derived 72A1 suppressed tumor formation in a related humanized mouse model of EBV infection 7.
Experimental differences, including the human lymphocyte composition arising from engrafted PBMC vs.
lymphocytes derived from PBSCs, the use of a hybridoma-derived murine mAb vs. a recombinant
humanized mAb, and the dosing regimen, might account for these distinct observations.

In contrast to 72A1, passive delivery of AMMO1 provided a clear protective effect in humanized

mice. This result indicates that vaccines based on gH/gL may complement or outperform vaccines based
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on gp350 alone. Indeed gH/gL-derived vaccines have been shown to elicit higher B cell neutralizing titers
than gp350 290, The finding that mAbs targeting other epitopes on gH/gL failed to prevent
lymphoproliferation or viremia underscores the importance of the site of vulnerability on gH/gL defined by
AMMO1, implying that AMMO1-like antibodies are a desirable vaccine target. In line with this, a gH/gL
subunit vaccine presented on self-assembling ferritin nanoparticles elicited antibodies that competed
binding of the 769B10 mAb to gH/gL which binds an epitope similar to AMMO1 170,

Although AMMO1 limited i.v. infection in humanized mice, oral transmission is the normal route of
lymphocryptovirus infection. The ability of AMMO1 to prevent rhLCV infection in the rhesus macaque
model strongly supports the notion that neutralizing antibodies can prevent oral lymphocryptovirus
transmission. In addition, our observation that one animal with lower plasma mAb levels became infected
suggests that a protective vaccine will likely need to elicit neutralizing antibodies above a threshold titer.
Here a fixed dose of antibody and a dose of virus that was sufficient to infect all control animals was
administered. Future work will be required to define the relationship between viral inoculum and the
neutralizing antibody titer that is sufficient for protection.

Collectively, our data demonstrate that AMMO1 is capable of blocking lymphocryptovirus
transmission in vivo by limiting infection of both human B cells in humanized mice and preventing oral
transmission in a non-human primate model. These findings strongly support the concept that gH/gL-
based immunogens targeting this epitope may elicit neutralizing antibodies that will be important for an
effective EBV vaccine. Moreover, these studies demonstrate that rhLCV infection of rhesus macaques is

a suitable model to evaluate the efficacy of EBV vaccines based on the gH/gL glycoprotein.
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Figure 1. AMMO1 inhibits EBV infection in humanized mice. (A) Experimental timeline. Humanized
mice received a dose of 0.5mg of AMMO1 or VRCO01 via intravenous injection (i.v.) 48hr prior to an i.v.
challenge of EBV B95.8/F equivalent to 33000 Raji infectious units. Infected control mice received virus
but no antibody, and uninfected control mice received neither. The frequency of (B) hCD45*, (C)
hCD45*hCD4*, (D) hCD45*hCD19* and (E) hCD45*hCD8* cells in peripheral blood at the indicated time
points post-challenge. Data points represent the mean of n=7 AMMO1, n=4 VRCO01, n=4 infected control
mice and n=4 uninfected control mice in B-E. A representative flow plot illustrating the gating strategy is
shown in Figure S1. (F) Viral DNA was quantitated in the peripheral blood of infected control mice (n=8),
uninfected control mice (n=8), and in (G) mice that received AMMO1 (n=13) or VRCO01 (n=7) prior to
challenge. Each dot represents an individual mouse and the dashed line indicates the limit of detection. 8-
9 weeks after viral challenge, the animals were euthanized and the frequency of (H) hCD45*, (I)
hCD45*hCD4*, (J) hCD45*hCD19*, (K) hCD45*hCD19*hCD24-hCD38", (L) hCD45*hCD8* and (M)
hCD45*hCD8*hCD69*hCD137* cells were measured in splenocytes. Data points represent individual
mice, bar graphs indicate the mean and error bars represent the standard deviation in H-M.
Representative flow plots illustrating the gating strategy used to analyze splenocytes are shown in
Figures S2 and S3. (N) Spleen weight of study animals at necropsy. Each dot represents an individual
mouse and the bar represents the mean. (O) gPCR was used to quantitate viral DNA in splenic extracts
at necropsy. Each dot represents an individual mouse, the bar represents the mean and the dashed line
indicates the limit of detection. Data shown in B-E and H-M is from one of two independent experiments.
Combined data from 2 independent experiments is shown in F-G and N-O. Statistical analyses were
performed using one-way ANOVA. The color of the asterisks, *p<0.032, **p<0.002, **p<0.0003,
****p<0.0002, denote groups that were significantly different from the control in B-E, or denote the groups

with which there is a significant difference in H-M using the Sidak multiple comparisons test.
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Figure 2. AMMO1 inhibits EBV infection more efficiently than other anti-EBV mAbs in humanized
mice. Humanized mice received an intravenous injection containing 0.5mg of the mAbs AMMO1 (n=5),
72A1 (n=4), CL40 (n=4) or CL59 (n=4). Two days later the mice were challenged with 33000 Raji
infectious units of EBV B95.8/F. (A) One week following challenge, the concentration of transferred
mAbs in plasma was determined by antigen-specific ELISA against gH/gL for AMMO1, CL40 and CL59,
and gp350 for 72A1. (B) Spleen weight of study animals 8 weeks after challenge. Uninfected control mice
(n=4) which did not receive antibody or virus, and infected control mice (n=4) that were challenged with
virus but did not receive antibody pre-treatment are included in B. At necropsy, the frequency of (C)
hCD45*hCD19*, (D) hCD45*hCD19*hCD24-hCD38", (E) hCD45*hCD8* and (F) hCD8*hCD69*hCD137+*

cells were measured in splenocytes. Bar graphs indicate the mean, error bars represent the standard
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deviation, and each data point represents an individual mouse in A-F. (G) gPCR was used to quantitate
viral DNA in splenic extracts at necropsy. Each data point represents an individual mouse, the bar
indicates the mean, and the dashed line indicates the limit of detection. One of the animals in the 72A1
group died prior to necropsy, therefore only n=3 mice are shown in B-G. (H) The EBV-neutralizing titers in
plasma from AMMO1 or 72A1 infused mice were measured one week following challenge. Statistical
analyses were performed using one-way ANOVA. The color of the asterisks, *p<0.0332 ***p<0.0002,
denote the group with which there is a significant difference determined by the Sidak multiple

comparisons test.
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Figure 3. AMMO1 cross-reacts with rhesus lymphocryptovirus gH/gL. AMMO1 conjugated to Dylite-
650 was used to stain (A) untransfected 293T cells or (B) 293T cells transfected with plasmids expressing
rhLCV gH and rhLCV gL. The scale bar represents 400 um. The fluorescence channel for Dylite-650
(shown in blue) is overlaid on the transmitted light channel (gray) in A and B. Images are representative
of two independent experiments. Rhesus PBMC (C) or rhesus PBMC challenged with RhLCV alone (D) or
rhLCV pre-incubated with AMMO1 (E) or AMMO2 (F) were cultured in media. 3 days later, B cells (live,
CD19*, CD20*) were monitored for EBNA2 expression by flow cytometry. Values indicate the % EBNA2*
B cells in C-F. (G) CHO-K1 cells were transfected with expression plasmids encoding rhLCV gH, rhLCV
gL, rhLCV gB, and luciferase under the control of a T7 promoter. 24 hours later, the cells were trypsinized
and then overlaid on HEK293 cells stably expressing T7 polymerase in wells containing AMMO1, CL59,

CL40, E1D1 or no mAb as indicated. 24 hours later the cells were lysed and assayed for luciferase
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activity. As a control for non-specific fusion, CHOK1 cells were transfected as above, except the plasmid

rhLCV gB was replaced with an empty plasmid (delta gB). Significant differences *p<0.05 and **p<0.01

were determined using an unpaired 2-tailed t-test.
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Figure 4. AMMO1 prevents rhesus lymphocryptovirus infection in macaques. 8 month-old rhLCV-
negative rhesus macaques were infused i.v. with 20mg/kg of VRCO1 (gray symbols) or AMMO1 (blue
symbols). 2 days later the macaques were challenged orally with 50 transforming units of rhLCV. Viral
DNA was quantitated in the blood (A) and oral swabs (B) using a digital droplet PCR assay with primers
and probes specific for the internal repeat (IR1) of rhLCV at the indicated time points. Viral loads from
blood were averaged from two aliquots of PBMC processed independently. Viral loads in swab buffer
were determined from 3 independent measurements of the same DNA extract from swab buffer. (C)
Plasma from the study macaques was diluted 1:10 and reactivity to pooled peptides corresponding to
amino acids 117-146 and 147-170 of the rhesus small viral capsid antigen was measured by ELISA at the
indicated time points. (D) ELISA was used to quantify the levels of AMMO1 and VRCO1 in plasma at the
indicated timepoints. The black arrow indicates the time of viral challenge in A, C and D. (E) Plasma
collected from macaques at the time of challenge was evaluated for its ability of neutralize EBV B95.8F

infection of Raji cells.
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VI. Methods

Experimental Models:

Mice: NOD-scid 1l2rgm!' (NSG) mice were housed in a specific pathogen-free facility at SCRI. The
facility is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Mice were handled in accordance with the NIH Guide for the Care and Use of Laboratory Animals, and
experiments were approved by the SCRI Institutional Animal Care and Use Committee and Institutional
Review Board. All mice used in this study were female and were 8 weeks old when experiments were
initiated.

Rhesus Macaques: All rhesus macaque work was approved by the University of Washington and
Fred Hutchinson Cancer Research Center IACUCs. 4 male and 2 female infant rhesus macaques were
obtained from the Oregon National Primate Research Center within 24-48 hours of birth and hand-reared
in a nursery. 2-3 weeks later the animals were transported to the Washington National Primate Research
Center and housed in pairs until they were 6 months of age. From 2 months of age to 6 months of age the
animals we bled monthly and tested for serum responses to viral capsid antigen and assayed for viral
DNA by gPCR. Prior to the start of the challenge study the animals were housed individually and
remained so for the duration of the study.

Cell Lines:

All cell lines were incubated at 37°C in the presence of 5% CO2 and were not tested for
mycoplasma contamination. 293-F and 293E (human female) were maintained in Freestyle 293 media
with gentle shaking. CHO-K1 (hamster female) cells were maintained in Ham’s F-12 + 10% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin (cF-12). Raji cells (human male) and LCL
8664 (rhesus macaque male) were maintained in RMPI + 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin (cCRPMI). 293T cells (human female) were maintained in DMEM +
10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pyg/ml streptomycin (cDMEM). 293-T7 cells
(human female) were maintained in cDMEM containing 100ug/ml Zeocin.

Human Subjects:

CD34-enriched PBSCs were obtained from granulocyte colony-stimulating factor mobilized

healthy donors at the Fred Hutch Co-operative Center for Excellence in Hematology. All healthy donors
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for mobilized peripheral blood products (PBSCs) provided written informed consent during a face-to-face
meeting in compliance with the Declaration of Helsinki. The evaluation for donor eligibility, testing,
mobilization, and collection were conducted under an approved protocol overseen by the Fred Hutch
Institution Review Board. De-identified CD34 cryopreserved specimens were provided to user after
transfer agreement and with the acknowledgement of user approval by the Seattle Children’s Research
Institute (SCRI). PBSCs used in this study were obtained from a 35 year old female and a 25 year old
female.

EBV Infection in Humanized Mice:

Frozen human CD34-enriched PBSCs were thawed then cultured at a cell density of 1x108
cells/mL in a humidified 37°C incubator with 5% CO2. Culture media was SCGM (CellGenix) with
100ng/mL each of human recombinant Thrombopoietin, stem cell factor, and Flt3-ligand. After 24 hours in
culture, cells were washed in normal saline and 1x108 CD34* cells delivered per busulfan-conditioned
NSG mouse by retro-orbital injection. Busulfan conditioning was performed by intraperitoneal (i.p.)
injection of 35 mg/kg clinical grade busulfan into 8 week-old NSG mice 24 hours prior to human PBSC
transfer. 10-12 weeks post-cell transfer, successful human cell engraftment was confirmed by the
presence of human CD45* cells in peripheral blood using flow cytometry.12-13 weeks post-human HSPC
transfer, 500 ug of experimental or control antibodies were injected per humanized NSG mouse
intravenously (i.v.). 48 hours later the mice received a dose of EBV B95.8/F 201 equivalent to 33,000
infectious units as determined by infection of Raji cells 292, via retro-orbital injection. Each group of mice
receiving the same mAb and/or EBV were housed separately from unchallenged mice to avoid
contamination. Beginning at one week post-infection, peripheral blood samples were collected to
determine levels of transferred mAbs in plasma, the presence of EBV DNA in whole blood, or were used
to assess immunophenotype of circulating lymphocytes using antibodies at a 1:100 dilution unless
otherwise noted: hCD45-FITC, mCD45-APC (1:500 dilution), hCD33-PE, hCD19-PE-Cy7, hCD4-
eFluor450 and hCD8-PerCP-Cy5.5.

Eight to nine weeks post-challenge, mice were euthanized and single cell suspensions of
splenocytes were collected and immunophenotyping of B cells using hCD45-FITC, mCD45-APC, CD19-

PE-Cy7, hCD38-PerCP-Cy5.5, and hCD24-BV605, or T cells using hCD45-FITC at a 1:100 dilution,
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mCD45-APC at a 1:500 dilution, hCD4-Alexafluor647 at a 1:100 dilution, hCD8-PerCP-Cy5.5 ata 1:100
dilution, hCD137-BV421 at a 1:50 dilution and hCD69-BV605 at a 1:50 dilution, was performed by flow
cytometry as described previously 293, DNA was extracted from 5 million total splenocytes, utilizing the
DNeasy Blood & Tissue Kit (Qiagen) and according to the manufacturer’s instructions, for subsequent
viral load analysis.

Antibody Expression Plasmids:

cDNA corresponding to the 72A1 VH (Accession number KT211017) (Accession number
KT211018)'9", were codon optimized and cloned in-frame with the human IgG1 and human lambda
constant regions in pTT3-based expression vectors '92. Codon optimized cDNA corresponding to CL40
VH (Accession number MF104552) and CL59 VH (Accession number MF104554) was synthesized
(Integrated DNA Technologies) and cloned in-frame with the human 1gG1 constant region in pTT3-based
expression vectors. Codon optimized cDNA corresponding to CL40 VL (Accession number MF104553)
and CL59 VL (Accession number MF104555) were cloned in-frame with the human kappa constant
regions in pTT3-based expression vectors.

Antibody Production:

The AMMO1 used in passive transfer studies in rhesus macaques was expressed from 293F
cells using the Daedalus system 3! and purified at the Fred Hutchinson Cancer Research Center
Molecular Therapeutics and Design Center. Recombinant AMMO1 (human IgG1) was purified using
MabSelect SuRe resin according to the manufacturer’s instructions. AMMO1 IgG1 was dialyzed into
PBS, sterile filtered and stored at -80°C until use. AMMO1 was verified to be endotoxin free (<0.5Eu/mg).
GMP grade, recombinant VRCO01 1gG was a kind gift from Dr. John Mascola (NIAID, Vaccine Research
Center).

pTT3-derived antibody expression plasmids encoding antibody heavy and light chains 192 were
co-transfected into 293E cells at a density of 108 cells/ml in Freestyle 293 media using the 293Free
transfection reagent according to the manufacturer’s instructions. Expression was carried out in Freestyle
293 media for 6 days, after which cells and cellular debris were removed by centrifugation at 4,000 x g
followed by filtration through a 0.22 pm filter. Clarified cell supernatant containing recombinant antibodies

was passed over Protein A Agarose, followed by extensive washing with PBS, and then eluted with 1 ml
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of Pierce IgG Elution Buffer, pH 2.0, into 0.1 ml of Tris HCI, pH 8.0. Purified antibodies were then dialyzed
overnight into PBS, passed through a 0.2uM filter under sterile conditions and stored at -80°C until use.

Rhesus macaque PBMC Isolation:

Rhesus macaque blood was drawn by venipuncture and collected in vacutainers containing
EDTA. Blood was centrifuged at 1000 x g for 30 min. Plasma was collected and stored at -20°C until use.
PBMC were further purified on a Ficoll cushion, subjected to DNA extraction using the Allprep DNA/RNA
mini kit (Qiagen) according to the manufacturer’s instructions, or aliquoted into FBS containing 10%
DMSO and stored in liquid nitrogen.

Rhesus macaque Oral Swabs:

A sterile polyester swab was rubbed on the inside of the both cheeks (buccal mucosa), along the
upper and lower gum-lines outside of the teeth. Swabs were placed in 1ml of 10mM Tris, 25mM EDTA,
50mM potassium chloride, 1% Igepal CA 630 pH 8.0. Swabs were stored at -20°C until use. After
thawing, DNA was extracted from 200pl of buffer was extracted using the QiaAmp blood DNA kit, and
eluted in 100 pL of AE buffer (Qiagen).

Quantitative PCR Analysis of Human Cells in huCD34 Engrafted Mice:

A primer-probe mix specific for the EBV BALF5 gene 2% was used to quantify EBV in DNA
extracted from blood or spleen in hCD34 engrafted NSG recipient mice at the timepoints described. Each
25ul gPCR reaction contained 12.5ul of 2 x QuantiTect Probe PCR Master Mix (Qiagen), 600nM of each
primer, 300nM of FAM-labeled probe, 1.25ul of a TagMan™ 20 x VIC-labeled RNase-P primer-probe
mix. For analysis of splenocytes reactions contained 200ng DNA extracted from splenocytes as template.
To analyze EBV in peripheral blood 70pl of blood collected via cardiac puncture or retro-orbital bleed was
mixed with 3ug of sheared salmon sperm DNA using the DNeasy Blood and Tissue Kit (Qiagen) and
eluted in 50yl of Buffer AE (Qiagen). 10ul of extracted DNA was used as template in gPCR.

Reactions were heated to 95°C for 15 minutes to activate DNA polymerase followed by 50 cycles of 95 °C
for 15 seconds 60 °C for 60 seconds, on an Applied Biosystems QuantStudio 7 Flex Real Time PCR
System. Synthetic DNA fragments containing the BALF5 target gene as well as flanking genomic regions
were synthesized as double stranded DNA gBlocks, and were used to generate a standard curve with

known gene copy numbers ranging from 107-10° copies/ul. The copy number in extracted DNA was
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determined by interpolating from the standard curve. Serial dilutions of reference standard were used to
experimentally determined a limit of detection of 6.25 copies, which corresponds to the amount of
template that can be detected in >95% of reactions. For graphical purposes, samples with no
amplification or those yielding values below the limit of detection were assigned a value of 0.625 copies.

Digital Droplet PCR:

Digital droplet PCR (ddPCR) was conducted on DNA extracted from rhesus macaque PBMC or
saliva, utilizing Bio-Rad’s QX200 ddPCR system in a 22yl total volume. To quantify rhLCV DNA, ddPCR
reactions used primers and a FAM-labeled probe specific for the internal repeat 1 (IR1) region of rhLCV
which is present at 5 copies per genome '%. Viral loads in blood were normalized to the number of PBMC
in a separate reaction using a primer/probe mix specific for the ribonuclease P/MRP subunit p30 (RPP30)
which is present at 2 copies per cell. Each reaction contained 10yl ddPCR Supermix for Probes, no-
dUTP, and 5 units of the Alul restriction-enzyme. Reactions which quantified IR1 contained 600nM of
primer, 300nM of probe, and 1ug of extracted DNA, while those which quantified RPP30 contained
450nM of primer, 225nM of probe, and 0.05ul DNA extracted from PBMC. Each reaction was adjusted to
a final volume of 22yl using dH20. Each 22ul mixture was loaded into a Droplet Generator DG8 Cartridge
(Bio-Rad) and placed in a QX200 Droplet Generator (Bio-Rad). After droplets were made, the droplets
were transferred to a 96-well PCR plate, sealed and placed in a C1000 Touch Thermal Cycler (Bio-Rad)
and subjected to one cycle of 95°C for 10 minutes for enzyme activation, 40 cycles of 94°C for 30
seconds for denaturation and 60°C for 1 minute for annealing/extension, one cycle of 98°C for 10 minutes
for enzyme deactivation and a 4°C hold. Each step utilized a temperature rate increase or decrease of
2°C per second. After PCR, the droplet plate was placed in a QX200 Droplet Reader (Bio-Rad). The
droplets whose fluorescence was measured higher than the threshold (4000 for FAM, 3000 for HEX)
were counted as positive droplets. The data were analyzed using QuantaSoft™ Analysis Software (Bio-
Rad) to determine the concentration of the rhLCV in copies per microliter of reaction.

The rhLCV copies per million copies macaque PBMC were determined using the following
equation:

(2 RPP30 copies
PBMC
(Copies RPP30
rxn

(Copies thCV)
rxn
(ul of input DNA)

) x(ul of input DNA)

x (1,000,000 PBMC)| x
)x(DNA dil. factor)
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rhLCV copies in saliva are expressed as copies/ml of swab buffer.

rhLCV Viral Capsid Antigen ELISA:

Peptides corresponding to rhLCV viral capsid antigen (VCA) amino acids 117-146, 147-170 98 as
well as scramble peptides of each were synthesized by Genscript. 50 ng/well of a 1:1 mixture of to rhLCV
VCA 147-170 and rhLCV VCA117-146 or a 1:1 mixture of the respective scramble peptides were
adsorbed onto 96 well half-area microplates at 37°C for 1 hour in a solution of 0.1 M NaHCO3 pH 9.4-9.6.
Plates were then washed 4 times with ELISA washing buffer (1x PBS, 0.02% Tween 20) prior to blocking
at 37°C for 1 hour with 100 pl per well of PBS containing 3% BSA and 0.02% Tween 20 (blocking buffer).
After blocking, plates were washed 4x with ELISA washing buffer. Serum was diluted 1:10 in 50ul of
blocking buffer and added to triplicate wells of pooled rhLCV VCA and scramble peptides followed by a 1
hour incubation at 37°C. Following 4 additional washes with ELISA washing buffer, a 1:4000 dilution of
goat anti-human IgG in blocking buffer was added to each well and incubated at 37°C for 1 hour followed
by 4 washes with wash buffer. 50 ul/well of SureBlue Reserve TMB Microwell Peroxidase substrate was
added. After 3 min, 50 ul/well of 1N sulfuric acid was added and the Asso of each well was read on a
Molecular Devices SpectraMax M2 plate reader. Background signal of secondary antibody against
peptide coated wells was averaged and subtracted from wells containing rhesus macaque sera.
Absorbance values from triplicate wells from each animal’'s sera were averaged. The average absorbance
of the wells coated with scramble peptides were subtracted from the corresponding pool of rhLCV VCA
peptides. Negative values are reported as zero.

Detection of AMMO1 and VRCO01 in Plasma:

200ng/well of EBV gH/gL 92 were adsorbed onto 96 well Inmulon 2HB ELISA plates at 37°C for
1 hour in a solution of 0.1 M NaHCO3 pH 9.4-9.6. Plates were then washed 4 times with ELISA washing
buffer (1x PBS, 0.02% Tween 20) prior to blocking at 37°C for 1 hour with 250 pl per well of PBS
containing 10% non-fat milk and 0.02% Tween 20 (blocking buffer). After blocking, plates were washed
4x with ELISA washing buffer. A known concentration of AMMO1 mADb, rhesus macaque serum collected
just prior to mAb infusion, or rhesus macaque serum collected 2 days after mAb infusion was diluted

1:100 in blocking buffer and three-fold serial dilutions were performed in duplicate in 100ul volumes
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followed by a 1 hour incubation at 37°C. Control wells were incubated with blocking buffer not containing
mAb or sera. Following 4 additional washes with ELISA washing buffer, a 1:3000 dilution of goat anti-
human IgG, cross-adsorbed with rhesus and cynomolgus macaque IgG in blocking buffer was added to
each well and incubated at 37°C for 1 hour followed by 4 washes with wash buffer. 100 pl/well of
SureBlue Reserve TMB Microwell Peroxidase substrate was added. After 3 min, 100 ul/well of 1N sulfuric
acid was added and the Asso of each well was read on a Molecular Devices SpectraMax M2. The
background Asso was averaged from control wells and subtracted from all other wells on the plate. To
generate a standard curve, the corrected average Aasso of duplicate wells were plotted against the known
concentration of AMMO1 and the data was fit to a sigmoidal dose-response curve using Prism 7.03
software package (GraphPad Software).

To determine the concentration of AMMO1 in the plasma, the average A4so of wells containing
pre-infusion plasma was subtracted from the absorbance of wells containing post-infusion plasma at each
dilution. The background-subtracted absorbance values were averaged at each dilution and absorbance
readings that fell on the linear (hill slope) part of the AMMO1 standard curve were used to interpolate the
concentration of AMMO1 in plasma. The concentration of VRCO01 in plasma was determined using the
same method, except that the standard curve was generated with VRCO1 binding to monomeric
426¢.NLGS.TM4.AV1-3 205,

EBV Neutralization Assay in B cells:

EBV neutralization assays were carried out in Raiji cells essentially as described 82. AMMO1 mADb,
plasma from humanized mice, or plasma from rhesus macaques, was serially diluted in duplicate wells of
96-well round-bottom plates containing 25ul of cRPMI in duplicate. 12.5ul of B95-8/F virus (diluted to
achieve an infection frequency of 1-5% at the final dilution) was added and incubated at 37°C for 1 hour.
12.5 ul of cRMPI containing 4x108 Raiji cells/ml was added to each well and incubated for another hour at
37°C. The cells were then pelleted, washed once with cRPMI, and re-suspended in cRMPI. Antibody
concentration or serum dilution is reported relative to the final infection volume (50ul). After 3 days at
37°C, cells were fixed in 2% paraformaldehyde. The percentage of GFP+ Raji cells as determined on a

BD LSRII cytometer.
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To account for any false positive cells due to auto-fluorescence in the GFP channel, the average
%GFP* cells in negative control wells (n=5-10) was subtracted from each well. The infectivity (% GFP*) for
each well was plotted as a function of the log1o of the mAb concentration or serum dilution. The
neutralization curve was fit using the log (inhibitor) vs response- variable slope (four parameters) analysis
in Prism 7.03 (GraphPad Software).

rhLCV gH/gL Cell Surface Staining:

10ml of 293F cells at a density of 1x108 cells/ml were transfected with equal amounts of
pCAGGS-rhLCVgH, pCAGGS-rhLCVgL"%, or mock transfected using 293 Free according to the
manufacturer’s instructions. 1 hour following transfection 500yl of cell culture was added to 500yl of
DMEM in a 6-well dish. 24 hours later the cells were fixed in 10% formalin washed 3X with PBS
containing 1% BSA and 0.1% Tween-20. The cells were then incubated with 1ug of AMMO1 conjugated
to Dylite-650 in 1ml of PBS containing 1% BSA and 0.1% Tween-20 at room temperature for 30min. The
cells were then washed 3 times with PBS and visualized on an EvosFL imaging system using a 20x
objective lens and a Cy5 light cube (ThermoFisher).

Virus-free Fusion Assay:

CHO-K1 cells were seeded onto six-well plates at a density of 3x10% cells/well. 24 hours later, the
cells were transfected with 0.5 ug each of pPCAGGS-rhLCVgH, pCAGGS-rhLCVgL, pCAGGS-rhLCVgB 206
and 0.8 ug of pT7EMCLuc, which carries a luciferase-containing reporter plasmid under the control of the
T7 promoter 27, using GenedJuice Transfection Reagent. As a control for background luciferase activity
one well was transfected with the same mix as above, except the pCAGGS-mLcvgB plasmid was replaced
by empty pTT3.
Meanwhile, 293-T7 cells were seeded into a 96 well plate at a density of 1x10* cells per well in a volume
of 100 pl/well of cF-12 without Zeocin selection.
8 hours later, the transfected CHO cells were trypsinized, washed once with cF-12, and re-suspended at
a density of 1x10° cells/ml in F-12 media. 100 pl/well of CHO-K1 suspension was added to the plate
containing 293-T72%8 cells. Immediately after the addition of CHO-K1 cells, 2 ug of AMMO1, CL59, E1D1,

CL40, or a no antibody control were added to 6 wells in parallel. 24 hours later, the media was aspirated
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and the cells were lysed in 100 pl of Steady-Glo luciferase reagent. 75 ul of cell lysate was transferred to
a white bottom assay plate and luciferase activity was read on a Fluroskan Ascent FL fluorimeter.

rhLCV Virus Production:

Rhesus LCV was isolated from LCL8664 cells using two methods.

TPA/Butyrate: LCL8664 cells were cultured in cRPMI at approximately 0.5-1x108 cells/ml. 1x10° cells
were resuspended at a density of 3x108 cells/ml in cRMPI, to which 12-O-Tetradecanoylphorbol 13-
acetate was added to a final concentration of 20ng/mL and sodium butyrate was added to a final
concentration of 3mM. Cells were then incubated at 37°C overnight. The next day, cells were pelleted by
centrifugation at 300 x g for 10 minutes and resuspended at a density of 3x108 cells/ml in cRPMI and
cultured at 37°C for 6 days and then passed through a 0.45 uM filter. The supernatant was then
centrifuged at 10,000 x g for 2 hours at 4°C. The supernatant was aspirated and the pellet was
resuspended in ~2ml of RPMI containing 10% FBS. Virus was dispensed into 250yl aliquots and stored at
-80°C.

Electroporation: 240 million LCL8664 cells were pelleted at 90 X g for 10 minutes. The cell pellet was
resuspended in 2.4ml of Nucleofector Solution V containing supplement (Lonza). 0.1ml of cell suspension
was added to 24 separate electroporation cuvettes each containing 2.5 ug of p509 an expression plasmid
encoding EBV BZLF1. Electroporation was carried out using program X-001 on an Amaxa nucleofector
(Lonza). Immediately following electroporation, cells were diluted with 500ul of cRPMI and then
transferred to a T225 flask containing 120ml of cRPMI. Cells were cultured at 37°C for 5 days and then
passed through a 0.45 uM filter. The supernatant was then centrifuged at 10, 000 X g for 2 hours at 4°C.
The supernatant was aspirated and the pellet was resuspended in ~1.5ml of RPMI containing 10% FBS.
Virus was dispensed into 250pl aliquots and stored at -80°C.

rhLCV Titration:

Serial dilutions of rhLCV were added to 96 well plates containing 1x105 rhesus PBMC in RPMI containing
10% FBS, 2mM L-glutamine, 100U/ml penicillin, and 100ug/ml streptomycin and 0.5ug cyclosporin A.
Each concentration of virus was tested against 20 PBMC-containing wells. Media was replenished weekly
with 50-100ul and the cells were cultured for 7-10 weeks. Wells were visually inspected and scored as

positive (clumping/growing cells, media turning to yellow) or negative (no cell growth, pink media). Virus
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concentration was plotted against % transformed wells and fit with a sigmoidal dose-response (variable
slope) curve using Prism 7.03 software. 1 Transforming unit is defined as the dilution that yields 62.5%
positive wells 20°. The transforming units/ml of each stock were determined using PBMC drawn from 2
separate animals and averaged.

rhLCV Neutralization Assay:

2.5 transforming units of RhLCV were incubated with either no antibody or with 5ug of AMMO1 or
AMMOZ2 in a 50ul volume of cRPMI containing 0.5ug cyclosporin A for 30 min at 37°C. Next, 50ul of
cRPMI containing 0.5ug cyclosporin A and 1.5%10° of fresh rhesus PBMC were added to each well and
incubated for an additional hour at 37°C. As a no-infection control 1.5x10% fresh rhesus PBMC were
diluted into 100l of cRPMI containing 0.5ug cyclosporin A. The contents of each well were then diluted to
500ul of cRPMI containing 0.5ug cyclosporin A in a 24 well plate. An additional 2ug of AMMO1 or
AMMOZ2 were added to wells containing cells and virus that had been pre-incubated with these Abs.
Following a 3 day incubation at 37°C, the PBMC from each well were collected and resuspended in 100ul
of PBS containing 3% bovine serum albumin and 1.5ul CD19 and 1ul CD20-AF700 and 0.75pl/sample
eBioscience Fixable Viability Dye eFluor 506. The cells were then fixed and permeabilized using the
eBioscience Foxp3 / Transcription Factor Staining Buffer Set according to the manufacturer’s instructions
and then and stained with a 1:50 dilution of EBNA 2 FITC conjugate derived from the PE2 mAb which
reacts with EBNA2 from rhLCV 20, The cells were then washed 2X and then analyzed on a BD-LSII
cytometer. rhLCV infected B cells were defined as live, CD19*, CD20*, EBNA2*.

Quantification and Statistical Analysis:

Statistical analyses were performed using GraphPad (version 7 and later). Statistical analyses for all
humanized mouse studies were conducted using one way ANOVA, differences in the means of each
group were determined using the Sidak multiple comparisons test, p values are indicated in the
corresponding figure legends. Unless otherwise indicated, analyses were conducted on one
representative experimental replicate; ie one group of mice engrafted with the same pool of HPSC on the
same day, and also challenged with virus at the same time. No additional methods were used to
determine whether the data met assumptions of the statistical approach. Differences in the cell-free fusion

assay were determined using an unpaired 2-tailed T-test p values are shown in the corresponding figure
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legend. Due to the relatively small number of animals, statistical analyses were not performed on rhesus

macaque studies.
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Chapter 4: Conclusions and Future Directions
EBV is a common virus which infects about 95% of the population and is associated with
~265,000 cases of cancer each year. An efficacious EBV vaccine could help to alleviate the significant

global disease burden resulting from EBV infection. In Chapters 2 and 3, | describe our lab’s recent

efforts towards the development of EBV therapeutics. Chapter 3 highlights experimental work showing
that AMMO1, an anti-gH/gL antibody previously isolated by our group, protects humanized mice and
rhesus macaques from challenge with EBV and RhLCV, respectively. For this study, | generated in vitro
data measuring the neutralizing activity of plasma from mice receiving passive transfer of AMMO1 and
72A1 monoclonal antibody using B cell neutralizing assays which | helped to optimize for the lab.
Spurred by the findings described in Chapter 3, our lab set out to develop a vaccine targeting
gH/gL by utilizing recent advances in vaccinology, specifically antigen multimerization. Multimerization
has been shown to improve immunogenicity for a variety of antigens, including those from HIV, RSV,
SARS-CoV-2, and influenza. In Chapter 2, | outline how our lab, alongside our collaborators, developed
several multimeric and one monomeric vaccine displaying the gH/gL ectodomain. | then immunized mice
with each of these constructs and evaluated the antibody response by assaying gH/gL binding titers and
EBV infection neutralizing titers in plasma from the immunized mice. | demonstrated that multimeric gH/gL
elicited superior immunogenicity, both in terms of gH/gL binding titers and EBV neutralizing titers, when
compared to monomeric gH/gL in vitro. The 60-mer gH/gL and the monomer gH/gL vaccine candidates
were then evaluated for their ability to protect humanized mice against lethal challenge by EBV using a
passive transfer approach. In this experiment, vaccine 1gG elicited by a 60-mer gH/gL conferred superior
protection against lethal challenge by EBV in vivo when compared to vaccine IgG elicited by a monomer
gH/gL vaccine. In general, multimerization also increased the antigenicity of each multimeric construct, as
measured by mAb binding to each construct by ELISA. Interestingly, there did not appear to be any
correlation between the valency of these constructs and their immunogenicity, contrary to a valency
dependent increase in immunogenicity which was observed in a recent study comparing multimeric RSV
vaccines.''8 A notably difference between our study and this RSV study is that the RSV study used the

same multimerization scaffold for each valency tested whereas we used a different scaffold for each
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construct. This suggests that scaffold-specific differences may play a role in the immune response,
perhaps due to differences in T cell epitope recognition.

In addition to observing strong immunogenicity in vitro with multimeric constructs as compared to
monomeric gH/gL, vaccine IgG elicited by the 60-mer gH/gL construct conferred superior protection,
protecting 5 of 5 mice, in an in vivo humanized mouse animal model than IgG from the monomer gH/gL
construct, which only protected 1 of 4 mice. In another study, passive transfer of sera from rabbits
immunized with monomeric gH/gL to humanized mice also only partially protected the mice from lethal
EBV challenge. Because EBYV infection in humanized mice is restricted to human B cells, the lack of
monomeric gH/gL vaccine 1gG to completely protect the humanized mice in our study and other studies
may be due to its inability to elicit sufficient neutralizing titers against EBV infection of B cells following
two immunizations, whereas gH/gL 60-mer vaccine IgG can do so sufficiently. It is worth nothing that
sterilizing immunity was not achieved by 60-mer vaccine IgG in all animals in this model, and it is possible
that more of the 60-mer IgG animals may have succumbed to infection if observed for a longer period.

There may be several reasons for why we observed differences in immunogenicity between each
of our vaccine constructs, including potential differences in the stability of the constructs and/or in the
display of T cell epitopes resulting from the different multimer geometries. To explore potential
mechanisms for why we observed differences in neutralization and binding, | first performed antibody
competition studies to compare the epitopes targeted by vaccine-elicited antibody from mice immunized
with each vaccine. Our hypothesis was that multimers may elicit greater levels of antibody against
epitopes which have known, neutralizing antibodies targeting them, such as the AMMO1, CL40, CL59,
and E1D1 epitopes. Surprisingly, for each construct tested, relatively minor differences were observed
between which epitopes were targeted. Notably, antibodies against the AMMO1 epitope were rare in
each group. In terms of vaccine design, this suggests that it may be worthwhile developing a vaccine
which focuses the immune response against AMMO1. Further work to identify additional gH/gL epitopes
targeted by potently neutralizing antibodies in natural infection and immunized animals would help to
better inform such immune-focusing strategies.

In summary, our lab showed in Chapter 3 how AMMO1, a monoclonal antibody targeting gH/gL,

was able to confer protection in animal models against challenge with EBV and RhLCV. This study serves
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as a proof of concept for the hypothesis that vaccine-elicited antibodies targeting gH/gL may be protective
against EBV infection. To explore this idea, our lab generated a series of multimeric gH/gL vaccine
constructs, both in-house and alongside collaborators. In Chapter 2, | demonstrate that multivalent
display of EBV gH/gL glycoprotein enhances the immunogenicity of each of these constructs compared to
monomer gH/gL, and that the gH/gL 60-mer elicits antibodies that completely protect and lethal EBV
challenge in humanized mice, whereas gH/gL monomer only confers partial protection. Taken together,
these results provide evidence that gH/gL is an important antigen and that both monoclonal as well as
vaccine-elicited antibodies which target gH/gL protect against lethal EBV challenge in a humanized
mouse model. Given this observed protection, further studies in non-human primate models are

warranted.
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