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Abstract

Immunogenicity and protection mediated by next-generation EBV gH/gL vaccines in
non-human primate and humanized mouse models of infection

Kristina Edwards

Chair of the Supervisory Committee:

Andrew T. McGuire
Department of Global Health

Epstein Barr Virus (EBV) is an orally transmitted, y-herpesvirus infecting 90% of adults
worldwide. Infection is associated with various cancers and development of multiple sclerosis. A
vaccine that prevents infection and reduce the global burden of EBV-associated disease is an
urgent, yet unmet need. EBV infects epithelial cells and B cells, therefore an effective vaccine
would likely have to block infection of both these cell types. The viral gH/gL glycoprotein
complex is essential for entry, making it an attractive vaccine target. Additionally, antibodies
against gH/gL have been shown to be protective against infection in vitro and in vivo. In this
work we evaluate two different next-generation vaccine platforms to immunize animals with EBV

gH/gL.

In one project we evaluated the immunogenicity of a multimeric gH/gL nanoparticle
vaccine administered with two different adjuvants, Sigma Adjuvant System (SAS) and
Saponin/MPLA nanoparticles (SMNP), in rhesus macaques. Formulation with SMNP elicited
higher titers of binding and neutralizing antibodies, and higher frequency of vaccine-specific

IFNY*IL2* CD4* T cells. After oral challenge with the EBV orthologue rhesus lymphocryptovirus



(rhLCV), all macaques in the control and SAS groups became infected, while one of four
animals in the SMNP group remained aviremic and were seronegative against non-vaccine
antigens, indicating protection. Further study revealed considerable antigenic disparity between
the rhLCV gH/gL and EBV gH/gL. We found that our protected animal displayed a broader
pattern of epitope recognition, as visualized by electron microscopy polyclonal epitope mapping,
which may be linked to protection. The observed prevention of rhLCV infection in one macaque,
despite the substantial antigenic disparity between the vaccine and challenge strain, supports

the further pursuit of gH/gL nanoparticle vaccines against EBV.

In a second project, we have developed and optimized an alphavirus-derived self-
amplifying mRNA vaccine platform (repRNA) to immunize mice with EBV gH/gL. The lead
candidate tested was able to elicit a vaccine-specific CD8" T cell response as well as high-titers
of neutralizing antibodies that persisted for at least 8 months post immunization. Transfer of
vaccine-elicited 1gG protected humanized mice from EBV-driven tumor formation and death
following high-dose viral challenge. These data demonstrate that repRNA-gH/gL formulated with
a localizing cationic nanocarrier (LION) is a promising candidate vaccine for preventing EBV
infection and/or related malignancies in humans and encourage clinical development of

vaccines targeting EBV gH/gL.

A third work-in-progress section describes a potential route of Fc-mediated EBV
infection. In sum, this work describes the generation of immunogenic next-generation vaccines
targeting EBV gH/gL and highlights some of the challenges and considerations of using the two

most common animal models for EBV to evaluate vaccine-elicited protection.
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Chapter 1. Introduction To Epstein-Barr Virus

1.1 Global Burden of the virus

Epstein-Barr virus (EBV) is a ubiquitous gamma herpesvirus that infects over 90% of
adults globally. EBV infection is typically asymptomatic, however during primary infection, the
virus can cause infectious mononucleosis (IM)2. IM is characterized by fever and
lymphadenopathy, driven by a massive expansion of CD8* T cells®>. IM typically develops
when primary infection occurs after adolescence, but it is not well understood why some people
develop symptoms yet others remain asymptomatic?=>. Symptoms typically resolve in 4-6
weeks®.

Beyond IM, EBV is also associated with a variety of cancers including, but not limited to,
gastric cancer, nasopharyngeal carcinoma, Hodgkin’s and non-Hodgkin’s lymphoma?. In fact,
EBV was the first virus to be linked to development of cancer in humans and the discovery of
EBV came from the culture of lymphoblasts from a Burkitt lymphoma patient®. Estimations of the
global burden of EBV-associated malignancies range from 239,700-357,900 new cases of
cancer and 137,900-208,700 deaths annually®°. EBV associated B cell malignancies are
thought to be related in part to the virus’s ability to persist in and transform these cells.
Mechanistic causes behind EBV-associated epithelial cell cancers are less understood??.
Interactions between viral lytic genes and environmental and genetic factors are suspected®!*.
While there are many factors involved in EBV'’s role in the development of malignancy, there is
clear evidence for EBV driving a notable proportion of these cancers, leading to global morbidity

and mortality®810.11,

In addition to cancer, EBV has been implicated in certain autoimmune disorders

including rheumatoid arthritis?> and multiple sclerosis (MS)'*-15. A clear mechanism by which



EBV can cause or enhance the risk of developing these autoimmune conditions remains to be
determined!?8. A link between EBV and development of MS had long been suspected!’~*°, and
a recent longitudinal study including over ten million people serving in the US military
strengthened the connection, finding that the risk of MS increased over 30-fold after EBV

infection3-16.

1.2 Factors Influencing Global Burden of EBV

There are regional differences in prevalence and presentation of EBV infection?°.
Serological studies show a high prevalence of the virus in adults worldwide?-2%, yet the age of
primary infection differs in different geographic regions?2. Infectious mononucleosis is more
prevalent when primary infection occurs at or past the age of adolescence?”?, Delayed primary
infection is frequently observed in higher income countries?’~%. Factors influencing the age of
EBV acquisition are complex, but include socioeconomic status, ethnicity, and day-care
attendance®!. In contrast, children in the African subcontinent tend to have earlier primary
infections, which is thought to contribute to higher rates of endemic Burkitt lymphoma?32-34,

Another contributing factor to different regional presentations of EBV-associated
malignancies is co-infections. Co-infection with the pathogen causing malaria, Plasmodium
falciparum, is linked to the development of endemic Burkitt lymphoma®°2¢. Immune
dysregulation arising from co-infection with HIV-1 is linked to higher risks of developing some
EBV associated B cell lymphomas®’. Persons with untreated HIV-1 can have higher levels of
EBV-specific CD8" T cells, higher levels of virus shed in saliva, and higher antibody levels
compared to HIV-negative people and HIV-positive people under treatment °. HIV infection of
mothers is also linked to earlier age of acquisition of newborns®. Other geographic differences
in presentation occur as well. Nasopharyngeal carcinoma is an EBV associated malignancy that

2



is highly prevalent in Eastern and Southeastern Asia3®#°. Possible explanations include

environmental factors, genetic differences*#?, and strain variation*.

1.3 Major Proteins Involved in EBV Infection

During primary infection, EBV infects B cells and epithelial cells. Infection of these two
cell types involves different viral proteins and entry pathways**%°. In EBV infection of epithelial
cells, the viral protein BMRF2 has been implicated as an attachment protein“¢-*¢, BMRF2
contains an RGD maotif, known to facilitate binding to host integrins, and further work has shown
interactions between BMRF2 and a3, a5, and B1 integrins®®. After attachment, the viral proteins
gH, gL, and gB comprise the core fusion machinery*. The proteins gH/gL form a heterodimeric
1:1 complex, and act as a trigger for the fusion protein gB to undergo a massive conformational
change and mediate fusion“®. It has been suggested that gH/gL could potentially mediate
attachment to integrins on host cells, as it also contains a KGD domain“®*°. Additionally,
potential interactions between gH/gL and non-muscle myosin heavy chain 11A! or ephrin A2
have been identified. The binding of gH/gL to the host cell through one or more of these proteins
is thought to trigger gB to mediate fusion and allow infection to proceed. It has also been
theorized that gB could bind to neuropilin 1, playing a role in triggering fusion to epithelial cells®3.

For B cell infection, the viral protein gp350 can bind to CD21 or CD35 (also known as
complement receptors 2 and 1, respectively) on the B cell surface for the initial attachment step
of infection®*°®, Following this, the EBV protein gp42, in a 1:1:1 complex with gH/gL, binds to
MHC class Il on the B cell which then acts to trigger the downstream fusion protein gB°%-8, This
binding of gH/gL/gp42 to MHC 11, through an as-of-yet undefined mechanism, triggers the
fusion protein gB to undergo a major conformational change and mediate cell fusion®. An

interesting feature of the virus is the abundance of the viral protein gp42 on the virion surface



can influence tropism®®. When EBV is produced in B cells, gp42 can bind to HLA class Il inside
the cell, leading to its sequestration and degradation, resulting in progeny virions with less
gp42°°. This is not the case with virus produced in epithelial cells as they lack MHC class 11°°.
An abundance of gp42 in the virion limits infection of epithelial cells, while being necessary for
infection of B cells®1%2, In short, EBV produced in B cells has a tropism for epithelial cells, and

vice versa.

1.4 How EBV Infects:

EBV is an orally transmitted virus, spread via saliva®. During primary infection, EBV can
replicate in the oral epithelium®® and locally infiltrating B cells®. Some evidence suggests B cells
are the first cell type infected after the initial exposure, including the fact that EBV in saliva
contains progeny virions with a high abundance of gp42, indicating a tropism for B cells®*.
Despite some ambiguity of the exact order of events after exposure, the general consensus is
that EBV undergoes lytic replication and viral amplification in the oral epithelia, and both lytic
and latent infection of local B cells®. It is also unclear if certain B cell subtypes are preferentially
targeted 5455, Infection of B cells can lead to lifelong viral persistence in the host through latent
infection of memory B cells %¢¢7. EBV encodes a complex series of genes that regulate latency,
aiding in persistence, proliferation, and evading immune recognition®®. These latently infected B
cells can periodically reactivate and re-enter lytic replication in response to various factors,
including differentiation to plasma cells®® and expression of the lytic switch gene BZLF17%,
Spontaneous lytic replication can seed new epithelial cell infection and shedding of the virus into
the oral mucosa and into saliva, allowing for further transmission of the virus®. In a healthy
person, spontaneous reactivation to lytic replication can be kept in check by the immune

system.



1.5 The Immune Response to EBV Infection

1.5.1 Innate Immune Responses

Both innate and adaptive immune responses are important to control EBV infection.
Studying initial immune responses after infection is difficult, as primary infection is often
asymptomatic. As such, much of what has been studied in humans is in those presenting with
IM”2, NK cells have been shown to be particularly important to the control of EBV, demonstrated
in IM®8.73.74 "in those with primary immunodeficiencies that are related to more severe EBV
symptoms’>"7, and in a humanized mouse model of EBV’8. The humanized mouse model will
be discussed in more detail later in this thesis. One study found a subset of NK cells
(CD569M NKG2A* KIR") that preferentially degranulate in response to host cells with lytic EBV
infection’®. Additionally, another study found a subset of tonsillar-enriched NK cells (CD56""9"

CD16") increase secretion of IFNy in response to stimulation of dendritic cells by EBV*®°.

1.5.2 Cellular Immune Response

Both the cellular and humoral arms of the adaptive immune system have been shown to
be important to control of EBV. In the cellular arm, CD8" T cells have been observed to
massively expand during IM, to the degree where EBV-specific cells make up over 50% of the
CD8* T cell repertoire®. After resolution of IM, the CD8* T cell compartment contracts to its
usual size®, Infection in asymptomatic individuals also elicits CD8* T cell responses, without the
massive expansion observed in IM8, During persistent infection, similar frequencies of EBV-
specific CD8* T cells are seen between those who had IM or an asymptomatic primary
infection—up to 2% of CD8" T cell responses directed towards individual lytic antigens, and less

(0.5%) towards latent antigens®8. CD8* T cells can directly lyse infected B cells, controlling



infection during IM and during spontaneous reactivation to lytic phase of EBV in latently infected
B cells®. An additional factor to consider is that studies often sample peripheral blood and look
at EBV specific responses in PBMCs, however this neglects the role for local tissue memory T
cells®. In the tonsils of healthy carriers there is often an enrichment for EBV-specific CD8" T
cells, and CD8* T cells are found to localize near the tonsillar epithelium where infected B cells

can be found?®182,

An EBV associated malignancy that highlights the role of CD8* T cells in the infected
host is posttransplant lymphoproliferative disease (PTLD). PTLD is lymphoma driven by the
uncontrolled proliferation of EBV infected B cells®. In the context of transplant (either solid
organ or hematopoietic stem cell transplantation), patients undergo immunosuppression to
prevent rejection of the transplant®. This depletes EBV-specific CD8" T cells and prevents them
from lysing infected cells, leading to the unchecked proliferation characteristic of PTLD®8,
Additionally, certain malignancies occur much more frequently in patients with untreated HIV
infection than in uninfected persons, likely due in part to impaired T cell responses in AIDS

patients®s,

In healthy carriers, after primary infection, the CD4" T cell response is commonly about
10x lower than the CD8* response against the same antigen (as measured by a frequency of
cells reacting to the antigen)®. The direct role of EBV-specific CD4* T cells on infected cells is
not well established®, however upon ex vivo stimulation EBV-specific CD4* T cells from healthy
carriers have polyfunctional cytokine production with a marked increase in TNFa®. In vitro,
isolated CD4* T cells are able to kill EBV-transformed cells, but the importance of these cells in
controlling infection in vivo needs further research®. In addition, CD4" T cells facilitate the

development of potent antibody responses against EBV by providing B cell help®3.



1.5.3 Antibody Response to EBV

After infection, people develop neutralizing antibodies (nAbs) against EBV®4. These
nAbs can take a while to develop, with on study finding that neutralizing titers peak around six
months post-infection®. Neutralizing antibodies have been isolated against many of the different
glycoproteins involved in infection of both B cells and epithelial cells. In sera from healthy
carriers the majority of the antibody response able to neutralize B cell infection targets gp350,
while the majority of the epithelial cell neutralizing antibody response binds gH/gL®. Several
neutralizing antibodies against gH/gL have been isolated from healthy carries, the first of which
was AMMO1887, Since then, several other nAbs targeting gH/gL have been identified from
humans, including 769B10%°, 1D8%, among others®®. These are in addition to previous nAbs
isolated from mice (E1D1%, CL40° and CL59°). Antibodies against gH/gL typically neutralize
epithelial cell infection better than B cell infection, as observed in serum antibodies from healthy

donors® as well as in vaccine trials with gH/gL 89293,

Similarly, antibodies against gB have been isolated with variable neutralization
depending on the epitope targeted. The majority of mAbs against EBV gB isolated have been
non-neutralizing®%. However, the human mAb AMMO5% and murine mAbs 8A9 and 8C12% all
target different epitopes on gB, and have variable neutralization capacity against epithelial cells

and/or B cells.

The major target of the neutralizing antibody response to EBV is gp350, the attachment
protein for B cell infection®. Neutralizing mAbs against gp350 and gp42 have been isolated
from mice® % and rabbits®® after immunization with these glycoproteins. The murine nAb 72A1
is a particularly well characterized mAb against gp350 that is highly potent against B cell

infection®-1%2 and has even been tested in humans for its ability to control PTLD°3,



Antibodies have protective mechanisms beyond neutralization, including triggering
antibody dependent cellular cytotoxicity (ADCC), antibody dependent cellular phagocytosis
involving macrophages via opsonization (ADCP), antibody dependent neutrophil phagocytosis
(ADNP), and others®41% Non-neutralizing functional antibodies have been identified against
EBV, including antibodies able to mediate ADCC against EBV infected cells!%1% as well as
ADCP105110 and ADNP%, These antibodies seem to appear after the resolution of acute
infection!0>1%:110 gjthough one study observed some functionality during acute IM1%. Increased
study of the role of functional antibodies is warranted, particularly in the context of studying

protective antibody responses from maternal antibody transfer!?,

1.6 Vaccine Development:

Studying immune responses to EBV can help inform vaccine design. By determining
what antigens are targeted by cellular responses, and how antibodies can neutralize infection,
we can identify promising targets for vaccination and key cell populations that can play a role in
mediating protection. Ways to optimize candidate vaccines include: inclusion of different viral
antigens, the type of vaccine given, the route of administration, and inclusion of different

adjuvants. Each choice influences the type of immune response elicited after vaccination.

1.6.1 Antigen Selection:

EBV is a complex virus that encodes many different potential vaccine targets. One way
to decide what proteins to target is to look at the antibody response after infection. Antibodies
are the major correlate of protection for many successful vaccines?113, We can look at the
neutralizing antibody response elicited by natural infection to identify what proteins would be

advantageous to include in candidate vaccines. The glycoprotein gp350 has historically been



the major target of EBV vaccine design4-118 due to it being the most abundant glycoprotein on
the surface of the virion!!®, making up the majority of the humoral response®, and early
depletion studies showing antibodies against gp350 make up a large proportion of the

neutralizing antibody response®.

There have been a handful of human trials of gp350 vaccines!?®-12%, In a phase Il study
of a soluble monomer gp350 vaccine, there was demonstrated protection against development
of IM, but no protection against EBV infection!?L. It is possible better results would be observed
with a more immunogenic vaccine, and gp350 vaccines are still being developed and evaluated
either alone or in combination with other antigens in animals?4-*2’, and humans (NCT04645147,
NCT05164094). Some potential drawbacks of focusing on gp350 as a vaccine immunogen
include the fact that it is only involved in B cell infection?®, and that virus lacking gp350 is still
infectious, albeit at a lower level*?°, but inclusion of other antigens could overcome these.
Additionally, a highly potent mAb against gp350 was found to lead to enhanced infection of
epithelial cells in vitro, and this same effect could be mediated by saliva antibodies from infected

individuals®s°.

Many current vaccine candidates in development include proteins involved in fusion
(gH/gL, gp42, and gB)8929313L132 (NCT05164094). This has the advantage of potentially
protecting against both epithelial cell and B cell infection. Work outlined later in this thesis will
discuss the evaluation of different gH/gL vaccines. In addition to gH/gL, some vaccine
candidates also include gp42, which is necessary for triggering fusion in B cells®3, Antibodies
against gp42 in plasma correlate with the ability of that plasma to neutralize B cell infection,
however the correlation is weaker than what is observed with antibodies against gp350'%. The
fusion protein gB is also targeted in some candidate vaccines3-133, However, as a metastable

fusion protein, EBV gB exists in pre-fusion and post-fusion conformations®. The difference in



the availability in neutralizing epitopes between these two conformations has not been well
characterized, as the prefusion gB structure remains unsolved34. Further structural analysis of

EBV ¢gB and its neutralizing epitopes is warranted.

Many candidate EBV vaccines focus on the inclusion of antigens that will elicit
neutralizing antibody responses, but some approaches also aim to elicit protective T cell
responses®®. A potential benefit of T cell vaccines is the potential to prevent or treat EBV
associated malignancies®**1%, Neutralizing antibody responses have also been associated with
favorable outcomes in EBV associated malignancies, so this potential benefit is not solely
limited to vaccines targeting T cell responses®**3. Many of the same glycoproteins that are
targets of the neutralizing antibody response can also be targeted by T cells®®40. Additional
antigens involved in latent infection and proteins that are expressed in EBV-associated tumors,
including but not limited to EBNAL, EBNA-2, EBNA-LP, and LMP1, have been included in

vaccines aiming to provoke protective T cell responses®141-143,

1.6.2 Types of vaccine platforms:

There are multiple platforms for vaccination, each with their own advantages and
disadvantages. Many vaccines currently in development for EBV are protein based. Protein
vaccines characteristically induce strong humoral responses but little/no CD8* T cell
responses!**. Soluble monomeric gp350 has been used as a vaccine candidate in humans, but
none were protective against EBV infection?%-122_ A strategy to increase the immunogenicity of
protein vaccines is to use multimeric nanoparticles rather than monomeric subunits8®92:124.145.146
This is often done by using a protein scaffold, either a naturally occurring scaffold such as
ferritin*” or one computationally designed!*-*° as a backbone to display multiple copies of the
vaccine antigen(s). Benefits of multimerization include better BCR stimulation and germinal
center responses, and higher affinity antibody production4¢15!, Similar to protein nanoparticle
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vaccines are virus-like particles, or VLPs. These vaccines are based on viral structural proteins
that can self-assemble and elicit many of the same advantages as nanopatrticle subunit

vaccines!*4152, VLP vaccines for EBV are under development as well*3-1%5,

MRNA vaccines against EBV are also currently being developed and evaluated
(NCT05164094, NCT05831111). In short, mMRNA encoding the antigen(s) of interest is
formulated in a nanocarrier allowing the mRNA to enter the host cell, leading to the transcription
of the mRNA and production of the encoded antigen by the host cell**. As a platform, mRNA
vaccines have been shown to elicit strong humoral responses and are able to elicit cellular
responses, including CD8* T cells'**. The vaccine antigen encoded by mRNA is produced by
the host cell, where it can be degraded by the proteasome and loaded onto MHC class | for
display to CD8+ T cells, leading to efficient induction of vaccine-specific CD8+ T cell
responses®®®. Another type of mMRNA vaccine, termed self-amplifying mRNA (saRNA), has the
potential to be a promising vaccine platform. In theory saRNA allows for lower vaccine doses to
be administered, as the mMRNA entering the cell can be amplified, leading to increased antigen
production by the host cell as compared to conventional mMRNA vaccines®®’. saRNA vectors are
typically based on single stranded RNA virus genomes, retaining the ability to self amplify but
without the ability to form infectious particles'®’. Within the field of mRNA vaccines, there are
many factors that can be optimized further including sequence modifications that may affect
secondary structures of the mRNA?8, chemical or structural modifications of the mRNA,

modifying the mRNA vector, and optimizing the formulation and delivery of the mRNA7159,

Other vaccine platforms also exist and are being utilized for EBV vaccine candidates,
including viral vector vaccines!*-143, Some platforms, like live attenuated virus vaccines, do not
lend themselves well to EBV vaccine design because of EBV’s oncogenic potential and the risk

of reversion138.160,
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1.6.3 Vaccine Adjuvants:

Inclusion of an adjuvant can help to boost the immunogenicity of vaccination6. Only a
handful of adjuvants are currently approved for use in the clinic, including alum, MF59, ASO1g,
AS04, CpG 1018, and Matrix M*62, While the mechanism of action of adjuvants is not always
well characterized or understood, modes of operation include triggering innate immune
responses through activating antigen presenting cells, targeting antigen to lymph nodes,
activate innate immune receptors, or by causing the localization and slow release of antigen at

an injection site, called depot effect?,

Despite being discovered nearly 100 years ago, the mechanism of action of alum
adjuvants remains unclear!®®%4  These tend to elicit a more Th2 skewed immune response (at
least in mice), with IgG antibody responses but poor cellular immunity?®4. As detailed below,

many newer adjuvants include alum in their formulation.

Some adjuvants target innate immune sensors. For example, AS04 consists of MPL, a
TLR4-stimulating compound derived from bacteria, and an aluminum salt!¢%1¢>, The adjuvant

CpG 1018 is a short single stranded synthetic DNA molecule that stimulates TLR96™.

Many kinds of adjuvants are emulsions, for example MF59 is an oil-in-water emulsion
that contains squalene®®®. It's mode of action was initially thought to be through depot effect and
slow release of antigen, however it also induces beneficial innate immune responses like
recruitment of phagocytic cells to increase antigen trafficking to lymph nodes, stimulation of
DCs, and chemokine production that benefits T cell migration to LN161166  ASQ1 is a liposome-
based adjuvant which contains MPL and the saponin QS-21 isolated from tree bark62163.167,
Liposome-based adjuvants help to protect immunogen from degradation in vivo and aid uptake

by APCs'6!, Saponins are very immunostimulatory and can elicit strong humoral and cellular
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responses?®!. In some adjuvants, saponins are formulated with immunostimulatory complexes

(ISCOMs)*L, for example Matrix M8,

Additional adjuvants are currently under development. Sigma adjuvant systems (SAS,
also known as RIBI) is a squalene oil-in-water emulsion containing MPL that is commonly used
in immunogenicity studies in animals!®®172, Saponin MPLA nanoparticles (SMNP)'” is another
highly immunogenic adjuvant under development that our group and others use to assess
vaccine immunogenicity!”*>-7’. This adjuvant contains saponins that self-assemble with MPL to
form ISCOM like structures, leading to potent antibody responses, even outperforming another

saponin MPL adjuvant, ASO1g!"®,

In short, many vaccine adjuvants use multiple approaches (TLR stimulation, emulsion,
aluminum, saponins, ISCOMS) to improve immunogenicity, making adjuvant selection an
important consideration for vaccine evaluation. Work in this thesis evaluates the same protein
nanoparticle vaccine formulated with two different adjuvants, SAS and SMNP, in a hon human
primate (NHP) model. We aimed to investigate the role of adjuvant selection on the
immunogenicity of our vaccine and its impact on efficacy against oral viral challenge, detailed

further in chapter 2.

1.6.4  Other considerations for vaccine development:

Another consideration for vaccine design is the route of infection. EBV is primarily spread
via saliva, so designing a vaccine that can protect against oral infection is important!’8. Eliciting
potent mucosal responses is of interest in vaccine design for many different respiratory and
sexually transmitted pathogens!’®, so as the field of vaccinology moves towards a better
understanding of how to elicit these responses, the design of EBV vaccines will also benefit .
We do know that the route of vaccine administration can have strong influences on the resulting

resident memory T cell populations in mucosal tissues as well as eliciting protective IgA
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responses!®®18l Most vaccines are delivered by intramuscular injection, but oral vaccination,
skin microneedle patch, and intranasal vaccination are all other possible avenues to

explorel’9182,

An additional factor to consider is the dose of an immunization. Previous work in vaccine
design for other pathogens has highlighted the importance of the dose given in eliciting optimal
immune responses, with both a low prime/high boost'831# and high boost/low prime*8®
approaches showing better immunogenicity than matched prime/boost in their respective
studies. Work outlined in this thesis will evaluate the impact of variable prime and boost doses
on immunogenicity of an mRNA EBV gH/gL vaccine. The timing between doses also plays a
role in the immunogenicity, as observed in study of HIV vaccines!®#” as well as in our own
work, detailed in chapter 3, where delay of boost immunization was required to see an increase

in antibody titers following vaccination.

1.7 Animal models for evaluating EBV vaccines

1.7.1 Rhesus Macaques

After creating a candidate EBV vaccine, good animal models are needed to evaluate
vaccine immunogenicity and efficacy. This is complicated by the fact that humans are the only
natural host for EBV88, Old World monkeys have orthologous gamma-herpesviruses that are
species specific!®®1%, For example, one animal model used to study EBV infection in vivo are
rhesus macaques, and the EBV homologue rhesus lymphocryptovirus (rhLCV)°%-192 rhLCV
infection of rhesus macaques is a promising model for EBV infection of humans, as several key

features are replicated: the route of infection, typical age of primary infection, typical
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asymptomatic infection, and high homology between the rhLCV and EBV viral genomes88192-

197

Despite these similarities, there are still some differences between the two viruses. Work
in this thesis highlights important antigenic disparity between rhLCV and EBV gH/gL, despite
their ~90% amino acid similarity'°. In addition, the EBV gp350 is very divergent from rhLCV

gp350%3,

Challenge studies with rhLCV can be difficult as rhesus macaques typically get infected
with rhLCV at a young age, so rhLCV negative animals have to be acquired. This can happen
either from the use of infant macaques prior to infection, or by using animals from rhLCV
negative colonies®, If infant macaques are used, animals must be isolated from rhLCV positive
animals at a young age and consistently tested to ensure they truly are rhLCV negative!®. If a
vaccine or antibody or some sort of intervention is to be tested in a challenge model, the infant
animals have to be monitored for the waning of maternal antibodies against rhLCV that could
interfere prior to study start'%2. The cost of housing these animals for the ~6 months it takes for
maternal antibodies to wane prior to the start of a study is not insignificant. Establishment and
maintenance of specific rhLCV negative colonies also present their own challenges. As
mentioned, to isolate rhLCV negative macaques they are isolated at a young age to prevent
acquisition of the virus. This isolation can impact their socialization and complicate later
breeding efforts'®® with other rhLCV negative macaques, making the establishment of a rhLCV

negative colony difficult.

1.7.2 Humanized Mice

Humanized mice allow for the in vivo study of EBV in a small animal model. In this model
highly immunocompromised mice, often nonobese diabetic-scid IL2Rgamma™! (NSG) mice, are

engrafted with human CD34* peripheral blood stem cells (PBSC)88199-202 The PBSC
15



transferred into the mice can then reconstitute the human hematopoietic system, allowing for
the recapitulation of in vivo infection of B cells but not epithelial cells?®*. To infect these mice, the
natural oral route of transmission is not possible so instead they are infected with EBV by IP, 1V,
or RO injection of the virus®®. Some groups have even managed to model asymptomatic latent

EBV infection by giving a low challenge dose of EBV1®.

With this model, some human immune cell function is impaired. There’s evidence of
some T cell and NK cell functionality in these mice, but whether the populations that develop are
comparable to populations found in humans remains incompletely characterized ’®2°t, There is
also an observable lytic CD8" T cell response that results in the lysis of infected CD19* B cells
199.203204 The B cells in these mice are also not able to produce strong antibody responses?°.
Evidence has shown that they may develop limited IgM response to infection®, though to
evaluate vaccine efficacy we would ideally want the ability to develop strong IgG and IgA
responses. To get around this, we can vaccinate immune competent mice and passively
transfer vaccine elicited antibodies into humanized mice prior to EBV challenge to be able to
model vaccine efficacy®®°293, While not perfect, humanized mice are a very useful preclinical
model of vaccine efficacy. These mice appear to develop T cell responses to vaccination %201,
leading to a potential model where humanized mice could be both directly vaccinated to elicit T
cell responses as well as given passively transferred vaccine elicited antibodies to study

humoral protection?°L.

In addition to PBSC engrafted NSG mice, other kinds of humanized mice also exist.
Some studies use NSG mice engrafted with PBMC (either EBV+ or not) to study infection in
vivo?°®, Other groups have used HLA-A2?%" or human IL-62% transgenic NSG mice for

engraftment with PBSC and seen better development of immune responses of those engrafted
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cells. Another approach to humanization includes transfer of bone marrow, liver and thymus to

create “BLT” mice?®. This leads to more complete human immune development in these mice.

1.7.3  Other Animal Models

Other animal models for EBV do exist, but they are less commonly used*88, Cottontop
tamarins and common marmosets can both be infected with EBV!8:29%8-210 'however instead of a
typical asymptomatic presentation these animals develop lethal B cell malignancies'88208,
Cottontop tamarins also stopped being used as a model animal as they are critically
endangered?!!. Rabbits have also been intravenously infected with EBV, leading to persistent
infection and B cell lymphoma following immune suppression?'?. Mice can be infected with the
mouse orthologue murine gamma herpesvirus 68, which persists in memory B cells in infected
mice but lacks the transforming ability of EBV, having more homology to Kaposi's scarcoma-

associated herpesvirus than EBV88,

1.8 Thesis Goals

As detailed above, EBV is a ubiquitous virus that has a clear global burden of disease
and no available vaccine. In this thesis, | will detail the evaluation of several candidate vaccines
targeting gH/gL. We are focused on gH/gL as a vaccine target as (1) it is critical for infection of
both B cells and epithelial cells*®, and (2) antibodies against gH/gL have been isolated from
humans that can neutralize B cell and epithelial cell infection in vitro and in vivo using
humanized mice®’-®° and rhesus macaque models®’. Antibodies are the major correlate of
protection for vaccines!'? and have been used to guide vaccine development by identifying

promising vaccine targets!*? .
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In chapter two, | will detail the testing of a protein nanoparticle displaying 60 copies of
EBV gH/gL in a rhesus macaque model. Using two different adjuvants, SAS and SMNP, we
evaluated the immunogenicity of the 60mer nanoparticle vaccine and the protection elicited
against oral challenge with rhLCV. In addition to immunogenicity and protection, | also
characterized antigenic differences between the rhLCV and EBV gH/gL, with implications for the
design of future vaccine trials using this model. In the second project, mice were immunized
with different gH/gL mRNA vaccine constructs, and the most immunogenic construct was

evaluated in a humanized mouse model. This work is detailed in chapter three.

In addition to this, | will outline ongoing work investigating paradoxical behavior of a
neutralizing antibody against EBV in chapter four. This antibody, 72A1, appears to mediate
disease enhancement in an Fc dependent manner in a humanized mouse model for EBV. This
work is still ongoing, but I will describe collected data, current projects, and the future directions

and implications this work has for the future of EBV vaccine design.
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2.1 Abstract

Epstein Barr Virus (EBV) is an orally transmitted, y-herpesvirus associated with various
cancers and development of multiple sclerosis. A vaccine that prevents infection and/or EBV-
associated malignancies and morbidity is an unmet need. EBV infects epithelial cells and B
cells, therefore an effective vaccine would likely have to block infection of both. The viral gH/gL
glycoprotein complex is essential for entry, making it an attractive vaccine target. Here we
evaluated the immunogenicity of a multimeric gH/gL nanoparticle vaccine administered with two
different adjuvants, Sigma Adjuvant System (SAS) and Saponin/MPLA nanoparticles (SMNP),
in rhesus macaques. Formulation with SMNP elicited higher titers of antibodies capable of
neutralizing infection of epithelial and B cells and a higher frequency of vaccine-specific CD4* T
cells. Study animals were subjected to oral challenge with the EBV orthologue, rhesus
lymphocryptovirus (rhLCV). All macaques in the control and SAS groups became infected, while
one of four animals in the SMNP group remained aviremic and failed to seroconvert to non-
vaccine antigens. A subsequent investigation of the immune plasma revealed a 10-100 fold
lower reactivity against rhLCV gH/gL compared to EBV gH/gL. Similarly, anti-EBV neutralizing
monoclonal antibodies showed reduced binding to rhLCV gH/gL, demonstrating that critical
neutralizing epitopes on EBV gH/gL are not well conserved on rhLCV gH/gL. The protected
animal displayed a broader pattern of epitope recognition as visualized by electron microscopy
polyclonal epitope mapping which may be linked to protection. Prevention of rhLCV infection in
one macaque despite substantial antigenic disparity between the vaccine and challenge strain

supports clinical development of gH/gL nanoparticle vaccines against EBV.
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2.2 Introduction

Epstein-Barr Virus (EBV) is a member of the Lymphocryptovirus genus that infects over
90% of adults worldwide!. Acute infection is typically asymptomatic but can cause infectious
mononucleosis, particularly if acquired in adolescence??. EBV is associated with ~209,000
deaths and ~358,000 new cases of cancer annually*® and can lead to lymphoproliferative
disorder in the context of immune suppression?. In addition to its oncogenic potential, EBV
infection is linked to autoimmune conditions including rheumatoid arthritis and multiple
sclerosis!'~15. EBV reactivation is thought to contribute to the severity of COVID-19 and post-
acute sequelae of COVID-19'%2. Thus, a vaccine that protects against EBV infection and/or the

development of associated morbidities would have a substantial global health benefit.

EBV most commonly transmits from saliva to the nasopharynx where it infects B cells
and epithelial cells?! therefore, a protective vaccine would likely have to prevent infection of
both. Neutralizing antibodies are the correlate of protection for most successful vaccines?223,
Hence it is likely that they will be an important immune response elicited by an EBV vaccine.
Host cell entry is a complex process mediated by several viral glycoproteins that define tropism
and facilitate membrane fusion. Among these the glycoproteins gH, gL, and gB compose the
core fusion machinery and are essential for entry irrespective of cell type 2*2°. In principle,
antibodies that inhibit the activity of the core fusion machinery could prevent EBV infection of

both cell types.

Several monoclonal antibodies (mAbs) have been isolated that bind gH/gL and potently
neutralize EBV infection of both B cells and epithelial cells in vitro, implicating gH/gL as a
promising vaccine target?-2°. Passive delivery of gH/gL mAbs, including AMMO1, 769B10 and

1D8, provide robust protection in humanized mouse models of EBV infection?”290,

30



Although humanized mice provide a tractable small animal model to evaluate the in vivo
efficacy of antibodies in preventing EBV infection, they do not support epithelial cell infection
and the virus must be administered parenterally. Rhesus lymphocryptovirus (rhLCV) is an
ortholog of EBV that naturally infects rhesus macaques®=3°. rhLCV infection of rhesus
macaques recapitulates several aspects of EBV infection in humans including a natural route of
oral transmission and a similar course of infection in the host®*2. The rhLCV/macaque model
has been used to evaluate experimental vaccines based on the rhLCV gp350 protein®. The
anti-gH/gL mAb AMMOL, isolated from an EBV-infected donor cross-neutralizes rhLCV and
passive transfer protected rhesus macaques against oral challenge with rhesus
lymphocryptovirus (rhLCV), demonstrating that antibodies against EBV gH/gL can mediate
cross-protection in this infection model®®. However, it is unknown whether vaccines derived from
the EBV gH/gL glycoprotein complex can elicit neutralizing antibodies that can cross-protect
against rhLCV. A vaccine that could do so would presumably be efficacious at preventing EBV

infection in humans.

The recombinant gH/gL ectodomain is poorly immunogenic in small animal models?6:37:38,
however fusing gH/gL to protein scaffold domains that self-assemble into multimeric
nanoparticles substantially boosts immunogenicity?®27=3°_ In line with this, we previously
demonstrated that wildtype mice vaccinated with a computationally designed nanoparticle
scaffold displaying 60 copies of gH/gL elicited high titers of neutralizing antibodies®. Here we
evaluate the immunogenicity of the gH/gL 60-mer in rhesus macaques formulated with two
different adjuvants, Sigma Adjuvant System (SAS), a squalene emulsion formulated with
monophosphoryl lipid A (MPLA); and SMNP, a saponin-based immune-stimulating complex co-

formulated with MPLA.

Formulation of the gH/gL 60-mer with SMNP led to higher antibody binding and

neutralizing titers as compared to SAS. Animals in both groups were subsequently challenged
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with rhLCV. All control animals and animals from the SAS group became infected following
challenge. In contrast, one of four animals in the SMNP group remained aviremic and did not
seroconvert, consistent with protection. A subsequent serological analysis revealed substantial
antigenic disparity between EBV-derived gH/gL in the vaccine and rhLCV gH/gL from the
challenge virus. The partial protection observed encourages further development of gH/gL -
based nanoparticle immunogens, but also highlights the limitation of using rhesus

lymphocryptovirus challenge in the evaluation of EBV vaccines.

2.3 Results

2.3.1 Immunogenicity of gH/gL 60-mer formulated with two different adjuvants in rhesus

macaques

We previously developed a computationally designed self-assembling nanopatrticle
displaying 60 copies of EBV gH/gL38. Here we assessed the immunogenicity of the nanoparticle
vaccine in rhesus macaques. Ten rhesus macaques were acquired within 48 hours of birth and
housed separately from other colony animals to avoid natural transmission of rhLCV?2. From 2
to 6 months of age, we monitored the waning of maternally acquired antibodies against the
rhLCV small viral capsid antigen (sVCA,)*! and the EBV gB ectodomain, which is 86% identical
to rhLCV gB (Fig. S1A and B). PBMC and saliva samples collected longitudinally during this
period were negative for the presence of rhLCV DNA using a sensitive ddPCR assay?8:30:3¢

(Figs. S1C and S1D), confirming the animals were rhLCV-negative.

Once maternal antibodies had waned, animals were immunized with gH/gL 60-mer
formulated with two different adjuvants. Eight rhesus macaques received intramuscular
vaccinations of 50 ug gH/gL 60-mer, four adjuvanted with SAS and four with SMNP (hereafter

referred to as the SAS and SMNP groups, respectively), at weeks 0, 4, and 12. The selection of
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SAS adjuvant and the dosing schedule of 0, 4, and 12 weeks were based on previous EBV
vaccine immunogenicity studies in macaques?®®4?. SMNP was evaluated as an alternative
adjuvant here because it leads to enhanced B cell germinal centers, increased Tg4 help, and
better neutralizing antibody responses in mice*®. Two animals received an injection with SMNP
alone (control group) (Fig. 1A). Plasma was collected at the time of, and two weeks after, each
immunization (Fig. 1A) and endpoint binding titers to EBV gH/gL were measured by ELISA (Fig.
1B). At the time of the second immunization, the reciprocal endpoint binding titers in the SMNP
group were approximately 1:10,000, which were 100-fold higher than those measured in
animals in the SAS group (Fig. 1B). Two weeks after the second immunization, the binding titers
in the SMNP group were boosted 100-fold to 1:1,000,000. Titers in the SAS group were boosted
by a similar magnitude but remained 100-fold lower than the SMNP group. At week 12, animals

were given a third immunization which resulted in a modest boost in binding titers by week 14.

Fluorescent gH/gL tetramers were used to identify vaccine-specific B cells by flow
cytometry (Fig. S2). In line with the higher titers of binding antibodies, the frequency of gH/gL-
specific B cells was approximately 5-fold higher in the SMNP compared to the SAS group (Fig.

1C).

In agreement with the absence of EBV-specific antibodies (Fig. S1), none of the animals
had neutralizing titers against epithelial, or B cell infection at the time of the first immunization
(Fig. 1D and E). In the epithelial cell infection assay, a single immunization with gH/gL + SAS
elicited low levels of neutralizing titers in two animals at the time of the second immunization
that were boosted to a reciprocal plasma dilution capable of neutralizing 50% infectivity (IDso) of
~1:1,000 2 weeks later in all animals in this group (Fig. 1D). In contrast, immunization with
gH/gL + SMNP achieved IDsg titers of ~1:1,000 by 2 weeks after a single immunization in all
animals, while a second immunization boosted them nearly 100-fold (Fig. 1D). The epithelial cell

neutralizing titers in two of the animals from the SAS group (A20129 and A20130) waned to
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undetectable levels between weeks 6 to 12, but a third immunization boosted all epithelial cell
neutralizing titers to comparable levels in the SAS group, ~ 1:1,000 IDse of roughly (Fig. 1D).
The neutralizing titers in the SMNP group waned by about a half-log between weeks 6 and 12,

but were boosted back to peak levels after a third immunization (Fig. 1D).

Consistent with previous immunogenicity studies of gH/gL nanoparticles in non-human
primates and mice, the neutralizing titers in the B cell infection assay were lower than those in
the epithelial cell infection assay (Fig. 1E)2538, Two immunizations were required to elicit low
(IDsp <1:100) titers of antibodies capable of neutralizing EBV infection of B cells in the SAS
group. These waned to undetectable levels by week 12 but were boosted back by a third
immunization in 3 of 4 animals (Fig. 1E). The animal who did not respond to the third
immunization (A20129) had several unresolved health issues throughout the study period. In
contrast, two immunizations with gH/gL + SMNP elicited significantly higher B cell neutralizing
titers that reached an IDsp of ~1:2,000 at week 6. These waned ~10-fold over the following 6

weeks but were boosted to peak levels following a third immunization (Fig. 1E).
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Figure S1: Monitoring for rhLCV infection prior to challenge.

(A) A 1:20 dilution of plasma from study animals was screened for reactivity against rhLCV VCA
by ELISA at the indicated timepoints prior to challenge at week 0. (B) A 1:50 dilution of plasma
from study animals was screened for reactivity against EBV gB prior to immunization and
challenge at week 0. (C and D) Viral titers of rhLCV in the blood (C) and saliva (D) were
measured by ddPCR for the rhLCV gene IR1 at the indicated timepoints prior to challenge.

Arrows indicate the times of immunization in (A-D).
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Figure 1: Immunogenicity of EBV gH/gL nanoparticle in rhesus macaques.

(A) Rhesus macaques were immunized with 50 ug of gH/gL 60-mer formulated in 50% (v/v)
SAS (n=4, blue squares), 50ug of gH/gL 60-mer plus 400 ug SMNP (n=4, purple), or SMNP
alone (n=2, black) at weeks 0, 4, and 12 indicated by syringes. Blood tubes represent collection
of blood and oral swabs at the indicated timepoints. (B) The reciprocal gH/gL binding endpoint
titers in plasma were measured by ELISA at the indicated timepoints. Each data point
represents an individual animal as indicated in the legend. Arrows correspond to the
immunizations. (C) The frequency of EBV gH/gL specific B cells in each group at week 14. Each
dot represents one (control) or the average of two (SMNP and SAS) independent experiments.

(D and E) The ability of plasma to inhibit EBV infection of (D) SVKCR2 epithelial cells or (E) Raji
36



B cells. Each dot represents the reciprocal half-maximal inhibitory plasma dilution (IDsp).
Statistical differences between the SMNP and SAS groups were determined at each timepoint

using a Mann-Whitney U-test in B-E. * indicates a p value below 0.05.
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Figure S2: Gating strategy to identify EBV gH/gL specific B cells.

Single, live, CD3", CD4", CD8, CD14", CD20", lymphocytes collected at week 14 were analyzed
for frequency of gH/gL-APC* gH/gL-PE* double positive events. The plots within the blue and
purple boxes are from representative animals immunized with the gH/gL 60-mer formulated with

SAS or SMNP, respectively. The plots within the grey box correspond to a control animal.
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2.3.2 Immunization with gH/gL 60-mer formulated with SMNP protected 1 of 4 animals

from oral rhLCV challenge

After demonstrating that the gH/gL 60-mer was immunogenic in rhesus macaques and
formulation with SMNP elicits higher titers, we next assessed whether either vaccine formulation
conferred cross-protection against rhLCV. Two and three weeks after the third immunization
(weeks 14 and 15, Fig. 1A), all animals were orally challenged with 50 transforming units of
rhLCV (Fig. S3A and B). Following challenge, oral swabs and peripheral blood was collected
weekly for up to 12 weeks to monitor for rhLCV infection. We used a ddPCR assay that detects
the IR1 gene®, which is present at multiple copies on the rhLCV genome and is more sensitive

than assays based on single copy genes?®.

All animals in the SAS group, as well as the control animals, shed virus in the saliva at
repeated timepoints after challenge (Fig. 2A). Viral DNA was not detected in the saliva of animal
A21139 from the SMNP group at any timepoint tested (Fig. 2A). Following challenge, rhLCV
DNA was detected in PBMC at multiple timepoints in all study animals except A21139 from the

SMNP group, and A21335 from the control group (Fig. 2B).

To confirm the infection status of the animals with an orthogonal assay, we monitored
plasma for seroconversion to the non-vaccine antigens rhLCV-VCA (Fig. 2C) and EBV gB (Fig.
2D) by ELISA. All animals were initially seronegative for smallVCA, and all but A21139 from the
SMNP group, and A21335 from the control group, seroconverted between weeks 3 and 12 after
initial challenge (Fig. 2C). Initially, all animals were seronegative for gB but seroconverted by 12
weeks after the first challenge, with the exception of A21139 (Fig. 2D). To verify that A21139
was not inherently resistant to challenge we confirmed that B cells from this animal were readily

transformed by the rhLCV challenge strain in culture (not shown).
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(A) Two different batches of rhLCV were titrated using PBMC from two different macaques for

use in challenge studies. SMNP and SAS indicates batch of virus used for oral challenge in

each vaccine group. -1 and -2 indicate replicate PBMC collected from two different macaques

used for titration of each stock. Dashed line at 62.5% indicates 1 transforming unit. (B)

Calculation of challenge dose used in each group Volume for 1 transforming unit interpolated

from the curves in (A).
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At 2 and 3 weeks following the final immunization with gH/gL 60-mer or adjuvant alone (see

Figure 1A for timeline), all study animals were challenged orally with 50 transforming units of

rhLCV, indicated by arrows. (A and B) Viral DNA was quantitated in oral swabs (A) and PMBC

(B) using a digital droplet PCR assay with primers and probes specific for the internal repeat

(IR1) of rhLCV at the indicated time points. (C and D). Plasma from study animals was

evaluated for binding to the rhLCV small viral capsid antigen (VCA) (C) and EBV-gB (D) by

ELISA at the indicated timepoints. Each point represents the average Aaso signal of a 1:20 (C) or

1:50 (D) plasma dilution measured in triplicate.
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2.3.3 Cross reactivity of vaccine-elicited EBV gH/gL plasma antibodies with rhLCV

gH/gL

Given that neutralizing antibodies have been demonstrated to protect against oral
challenge with rhLCV 304 it stands to reason that the partial protection observed in the SMNP
group is attributed to the higher levels of neutralizing antibodies elicited by this adjuvant.
However, despite all animals having comparable binding and neutralizing titers in the SMNP
group, only one animal was protected. Although rhLCV and EBV gH/gL share 90% amino acid
similarity, we hypothesized that antigenic dissimilarity between the two proteins may affect the
ability of antibodies elicited by vaccination with EBV gH/gL to cross-protect against challenge

with rhLCV gH/gL*.

To investigate this further, we compared plasma antibody binding to rhLCV and EBV
gH/gL by ELISA. In all immunized animals the average reciprocal endpoint binding titer to
rhLCV gH/gL was 10-100-fold lower than the titer for EBV gH/gL at all time points tested (Fig.
3A). There was no significant difference in rhLCV gH/gL binding between the animal protected
after oral rhLCV challenge (A21139) and the other vaccinated animals in the SMNP group (Fig.

S4).

To assess the ability of antibodies to inhibit EBV and rhLCV gH/gL activity, we measured
the ability of plasma from SMNP group animals collected at the time of challenge to inhibit
fusion using a virus-free syncytia formation assay?3°4¢4’, Plasma from SMNP group animals
inhibited fusion driven by the EBV machinery in a dose-dependent manner (Fig. 3B). The same
plasma samples could also inhibit fusion driven by the rhLCV gH/gL and gB (Fig. 3C), albeit less

potently (Fig. 3D). Plasma from control animals had no activity in either assay (Fig. 3B and C).
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(A) Reciprocal endpoint binding titers against EBV gH/gL (solid lines) and rhLCV gH/gL (dashed

lines) were measured by ELISA in plasma from animals immunized with gH/gL 60-mer

formulated with SAS (blue) or SMNP (purple). Each point represents the endpoint binding titer

of an individual animal, and the lines represent the geometric mean. Asterisk indicates

significant difference of p<0.05 between EBV and rhLCV gH/gL endpoint titers determined using

a Mann-Whitney U-test. (B and C) The ability of week 14 plasma from animals immunized with

gH/gL 60-mer + SMNP to inhibit syncytia formation mediated by EBV (B) or rhLCV (C) gH/gL

and gB. (D) The reciprocal dilution of plasma required to reduce EBV or rhLCV-mediated fusion

by 50% (IDso) was interpolated from the inhibition curves in (B) and (C).
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Figure S4: rhLCV gH/gL binding titers for gH/gL + SMNP immunized animals.

Reciprocal endpoint titers from two replicates are shown for each animal at each timepoint with

the mean values connected by a solid line.

2.3.4 Electron microscopy polyclonal epitope mapping of vaccinated animals

To gain a visual understanding of the differences between the vaccine-elicited antibodies
to EBV and rhLCV, we employed electron microscopy polyclonal epitope mapping (EMPEM)“.
Polyclonal 1IgG was purified from plasma of animals A21137, A21138 and A21139 from the
SMNP group collected at the time of challenge, digested into antigen binding fragments (Fabs)
and visualized in complex with EBV gH/gL or rhLCV gH/gL, by negative stain electron
microscopy (nsEM). Single particles were broadly grouped into six distinct 2D nsEM classes
based on the observed modes of Fab binding: 1) unbound gH/gL, 2) one Fab on the end in the
plane of gH/gL, 3) one Fab on the end perpendicular to gH/gL, 4) one Fab in the middle of
gH/gL, 5) two Fabs in middle of gH/gL and 6) one Fab on the end in the plane of gH/gL and one

Fab in middle (Fig. 4 and S5).
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In the sample from A21137, classes 3-5 were observed complex with EBV gH/gL.
Classes 3 and 4 were also observed in complex with rhLCV gH/gL, but class 5 was absent.
There was also a substantial portion of unbound rhLCV gH/gL and a small proportion of class 2,

which was not observed in complex with EBV gH/gL.

In the sample from A21138, we observed classes 1, 4, and 5 in complex with EBV
gH/gL, while class 5 was not observed in the rhLCV gH/gL sample prepared with the same
plasma. In addition, there were fewer instances of class 4 and a greater proportion of unbound
rhLCV gH/gL in the preparation. A very small proportion of class 3 particles was observed in the

A21138 rhLCV gH/gL sample that was not observed in complex with EBV gH/gL.

The EMPEM profile of A21139 was notably different from A21137 and A21138. Classes
1, 2, and 4-6 were observed in the EBV gH/gL sample and all 6 classes were present in the
rhLCV gH/gL sample. The proportions of classes 4-6 were comparable between EBV and
rhLCV gH/gL. There were fewer class 2 Fabs in complex with rhLCV gH/gL sample compared to
EBV gH/gL, and an obvious population of class 3 Fabs in complex with rhLCV gH/gL that were

not observed in complex with EBV gH/gL.

Overall, EMPEM revealed qualitative differences between the EBV and rhLCV gH/gL
complexes in all animals (Fig. 4 and S5), which support the observations that the plasma
reactivity differs between the vaccine-matched EBV gH/gL and non-vaccine matched rhLCV
gHgL (Fig. 3). The greater breadth of epitope recognition to both EBV and rhLCV gH/gL
observed in A21139 as compared to A21137 and A21138 could be associated with the

observed protection in this animal.
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Figure 4: Electron microscopy polyclonal epitope mapping (EMPEM) analysis of
polyclonal Fab fragments purified from animals A21137, A21138 and A21139 binding to
EBV gH/gL and rhLCV gH/gL as indicated.

(A) 2D classes are shown representing the unique class observed defined as follows: 1)

unbound gH/gL, 2) one pFab on end parallel to gH/gL, 3) one pFab on end perpendicular to

gH/gL, 4) one pFab in middle 5) two pFabs in middle, 6) one pFab on end parallel to gH/gL and

one pFab in middle. pFab specified as binding to the end of gH/gL could either be bound to the

gH or gL domain. Number in the bottom of each panel corresponds to the percentage of

particles in that class over the total number of particles in all classes for a given complex. N.O. =
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not observed. (B) The frequencies of each class for every complex made are depicted in pie
charts, with the total number of particles used in the center. Representative 20A models
corresponding to each class described in A) are shown in the key (gH/gL- grey, Fabs are

colored based on the epitope — pink, green, dark purple, light purple).
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Figure S5: Representative views of electron microscopy polyclonal epitope mapping
(EMPEM) analysis of polyclonal Fab fragments purified from animals A21137, A21138
and A21139 binding to EBV gH/gL and rhLCV gH/gL.

One representative micrograph from each complex is shown next to these views. Percentage of
particles in each class were calculated using each of these datasets. Each view was assigned a

number corresponding to one of the following classes: 1) unbound gH/gL, 2) one pFab on end
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parallel to gH/gL) one pFab on end perpendicular to gH/gL, 4) one pFab in middle 5) two pFabs
in middle, 6) one pFab on end parallel to gH/gL and one pFab in middle. From left to right,
starting from the top, the total number of particles in each dataset were: 4,568; 9,103; 18,794;

33,346; 24,606; 17,783.

2.3.5 Neutralizing epitopes on EBV gH/gL are poorly conserved on rhLCV gH/gL

The lower binding titers to rhLCV gH/gL and different EMPEM profiles observed between
polyclonal immune sera and EBV gH/gL versus rhLCV gH/gL indicate that the epitopes
recognized by vaccine-elicited EBV gH/gL sera differ on rhLCV gH/gL. Moreover, the reduced
ability of immune plasma to inhibit membrane fusion driven by the rhLCV fusion machinery (Fig.
3D) suggests that the neutralizing epitopes on EBV gH/gL are poorly conserved on rhLCV
gH/gL. To investigate this further, we compared the binding of a panel of mAbs to gH/gL from
both EBV and rhLCV using biolayer interferometry (BLI). AMMO128, CL40%, CL59%°, E1D1%°,
770F7%7, 1D82° and 769B102 all bound to EBV gH/gL. In contrast, CL59, 769B10, and 1D8 did
not bind rhLCV gH/gL (Fig. 5A). 770F7, ELD1 and CL40 bound to rhLCV gH/gL but the binding
of these mAbs was weaker compared to EBV gH/gL, with notably faster off-rates. AMMO1
showed comparable binding to rhLCV gH/gL (Fig. 5A). Since the AMMOL1 epitope is well
conserved on gH/gL from rhLCV and EBV, and passive transfer of this mAb has been shown to
protect against rhLCV infection®°, we sought to determine whether vaccinated animals elicited
antibodies targeting this epitope by evaluating the ability of plasma to compete for binding to
EBV gH/gL. Plasma from all SMNP group animals inhibited AMMOL binding at a 1:50 dilution
but the inhibition was reduced upon plasma dilution (Fig. 5B and C). In contrast, plasma from
SMNP animals more potently inhibited binding of other gH/gL mAbs (Fig. 5B and C). Binding of
E1D1 was readily inhibited by immunized plasma, while inhibition of CL40, 769B10 and 1D8

binding was intermediate between AMMO1 and E1D1 (Fig. 5C). None of the animals in the SAS
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group inhibited binding of any the mAbs at the dilutions tested (Fig. 5B and C), consistent with

the lower immunogenicity of this vaccine formulation (Fig. 1).

In the competition assays, antibodies that partially overlap with the AMMOL epitope can
lead to binding inhibition but not necessarily have the same binding and neutralizing properties
as AMMOL1. Given that the AMMOL1 epitope is highly conserved on rhLCV gH/gL we evaluated
the ability of the plasma from animals from the SMNP group to inhibit binding of this mAb to
rhLCV gH/gL. In contrast to EBV gH/gL (Fig 5B), we did not observe any binding inhibition of
AMMOL to rhLCV gH/gL (Fig 5D) indicating that antibodies that bind the conserved AMMOL1

epitope are not present in high titers in the SMNP immunized animals.
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Figure 5: Neutralizing epitopes on EBV gH/gL are poorly conserved on rhLCV gH/gL.
(A) Binding of a panel of anti-EBV gH/gL mAbs to a 50 nM solution of EBV gH/gL and rhLCV

gH/gL as measured by BLI. (B) Ability of plasma collected 2 weeks after the final boost (week
14, Fig. 1A) from rhesus macaques immunized with gH/gL 60-mer formulated with SMNP or
SAS to compete with the indicated mAbs for binding to EBV gH/gL as measured by BLI. (C)
Average competition at indicated plasma dilutions from animals immunized with gH/gL 60-mer
formulated with SMNP (left) or SAS (right) calculated from (B). (D) Ability of plasma from
animals in (B) to compete with AMMOL1 for binding to rhLCV gH/gL as measured by BLI.

Heatmaps represent the average binding inhibition from two independent experiments in (B-D).
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2.3.6 T cell responses in macaques immunized with gH/gL nanoparticles

Given that we were unable to unequivocally identify differences in the humoral response
between A21139 and the other animals in the SMNP group, we examined the vaccine-elicited T
cell responses. CD4* and CD8* T cells from PBMC collected 2 weeks after the second
immunization were assayed for interleukin 2 (IL-2) and/or interferon gamma (IFN-y) production
as assessed by intercellular staining following a 6-hour stimulation with pools of overlapping
peptides derived from EBV gH and gL (Genbank AFY97969.1 and AFY97944.1, respectively)

(Fig. 6A and E, and S6).

Following peptide stimulation, the frequency of IL-2* IFN-y* double positive CD4* T cells
was low or undetectable in PBMC samples collected from the control and SAS groups before
and after vaccination (Fig. 6B and C). In contrast, an increase in the frequency of cytokine
producing CD4* T cells in all animals from the SMNP group was observed following
immunization (Fig. 6D). In contrast to CD4* T cells, we were unable to detect any IL-2* I[FN-y*
CD8* T cells in any group before or after immunization, except for animal A21140 in the SMNP
group which had a very slight population at week 6 (Fig. 6E-H). We were unable to detect any
changes in the frequency of TNF-a” CD8* T cells in peptide stimulated samples before or after

immunization (Fig. S7).
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Figure 6: T cell responses elicited by gH/gL vaccination.

IFNy*IL-2*
CD4*T cells

Week 0 Week 6

IFNy*IL-2*
CD8* T cells

—
Week 0 Week 6

D

% of CD4+ T cells

% of CD8+ T cells

0.008

0.006

0.004

0.002

0.000-

0.008

0.006

0.004

0.002

0.000-

IFNy*IL-2*
CD4* T cells

Week 0 Week 6

IFNy*IL-2*
CD8* T cells

Week 0 Week 6

(A) Representative flow cytometry plots showing IFN-y and IL-2 expression in CD4* T cells from

PBMC collected prior to (week 0) and following 2 immunizations with gH/gL 60-mer (week 6),

stimulated with either DMSO or overlapping gH/gL peptide pools. (B-D) Frequency of IFN-y* IL-

27 CDA4*T cells after stimulation with gH/gL overlapping peptides from control animals (B),

animals immunized with gH/gL 60-mer formulated with SAS (C), or animals immunized with

gH/gL 60-mer formulated with SMNP (D). The frequencies of IFN-y* IL-2* T cells are DMSO

background subtracted. Wilcoxon matched-pairs signed rank test was performed for D. (E)

Representative flow cytometry plots showing IFN-y and IL-2 expression in CD8" T cells,

following the same collection and stimulation conditions in (A). (F-H) Frequency of IFN-y*, IL-2%,

CD8" T cells after stimulation with gH/gL overlapping peptides from control animals (F), animals
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immunized with gH/gL 60-mer formulated with SAS, (G) or animals immunized with gH/gL 60-

mer formulated with SMNP (H).
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Figure S6: Gating strategy for T cells after peptide stimulation and ICS.
Single live lymphocytes that were CD16-CD20 "CD3" and either CD4" or CD8* were analyzed

for frequencies of IFNy and/or IL-2 positive cells.
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Figure S7: TNFa and IFNy production in CD8" T cells in response to stimulation with
peptide pools.
(A) Flow cytometry plots showing cytokine production in response to stimulation with DMSO

(top), all 3 peptide pools (middle) and just pools 2 and 3 (bottom) for a representative sample
from an adjuvant only control animal (left two columns) and a vaccinated animal (right two

columns). (B-D) Frequency of TNFa* CD8* T cells among all CD8" T cells in response to

stimulation with pools 2 and 3 for (B) control macaques, (C) macaques immunized with gH/gL +

SAS, and (D) macaques immunized with gH/gL + SMNP.
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2.4 Discussion

Here we evaluated the immunogenicity of a gH/gL nanoparticle in rhesus macaques with
two different adjuvants. When formulated with SMNP the gH/gL 60-mer elicited high titers of
binding and EBV-neutralizing antibodies and higher frequency of antigen-specific B cell and
CD4* T cell responses as compared to formulation with SAS. Vaccine-elicited plasma
antibodies cross-reacted with gH/gL from the EBV orthologue rhLCV, but exhibited weaker
binding, a reduced ability to inhibit cell fusion driven by rhLCV gH/gL, and different EMPEM
profiles of the same sera binding to rhLCV gH/gL, as compared to EBV gH/gL. A panel of well-
characterized anti-EBV gH/gL mAbs also showed substantially reduced binding to rhLCV gH/gL,
highlighting a high degree of antigenic disparity between the two gH/gL proteins. These results
demonstrate that the antigenic disparity between EBV and rhLCV poses a barrier to the

evaluation of EBV vaccines in macaques.

Immunization of macaques with EBV vaccines is useful for assessing immunogenicity in
a primate model that has an immune system more similar to humans than other small animals,
which can support regulatory approval of vaccine candidates for clinical trials. However,
challenge with the mismatched rhLCV may underestimate the ability of EBV subunit vaccines to
protect against challenge with the matched human-tropic virus. As an alternative, proof of
concept for gH/gL vaccines could be achieved by immunizing rhLCV negative macaques with
the autologous rhLCV gH/gL immunogens and challenging with the strain matched rhLCV. A

similar approach was used in a previous vaccine challenge study with rhLCV gp350%,

In the current study, 1 of 4 animals was protected against experimental infection in the
SMNP-adjuvanted group, which elicited higher binding and neutralizing titers than the SAS-
adjuvanted group, supporting the notion that neutralizing antibodies will be an important

component of an immune response elicited by an effective EBV vaccine. Within the SMNP
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group there was no notable differences in the EBV or rhLCV gH/gL binding titers, EBV

neutralizing titers, or ability to inhibit the activity of the rhLCV fusion machinery, in the protected

animal compared to those that were infected. We did, however, observe broader epitope
recognition among polyclonal Fab binding to rhLCV gH/gL as visualized by EMPEM in this

animal. We did not observe any differences in the ability of plasma from this animal to

outcompete mADbs that bind to known neutralizing epitopes on gH/gL, indicating that this plasma

may be targeting novel epitopes conserved between EBV gH/gL and rhLCV gH/gL which may

have contributed to protection.

Because of its ability to potently neutralize EBV infection of B cells and epithelial cells,
the overlapping epitope targeted by AMMOL and 769B10 represents a critical site of
vulnerability on EBV?%-28, Moreover, the observation that passive transfer of AMMO1 could
protect rhesus macaques from rhLCV challenge highlights the importance of this epitope on
rhLCV gH/gL as well*. Although the gH/gL 60-mer formulated with SMNP readily elicited
antibodies that compete with several neutralizing epitopes on gH/gL, our binding-competition
analysis indicates that the AMMOL1 epitope is subdominant, and AMMO1-like antibodies that
cross-react with rhLCV were not elicited by immunization with EBV gH/gL nanopatrticles in
macaques. A similar sub-dominance of the AMMOL1 epitope was observed in mice immunized
with several other gH/gL nanoparticles including the 60-mer used here®. Higher titers of
antibodies that compete for the partially overlapping 769B10 epitope were elicited in SMNP
group macagues, however it is unlikely that these antibodies contributed to the observed
protection in the SMNP group animal since 769B10 does not cross-react with rhLCV gH/gL.
Similarly, some vaccine elicited antibodies were able to compete with 1D8 for binding to EBV
gH/gL, yet we do not expect them to contribute to protection due to the low cross-reactivity of

1D8 with rhLCV gH/gL.
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Given that T cells play a critical role in controlling EBV infection®! and have been shown
to afford protection against viral challenge in humanized mice®?, we measured the frequency of
cytokine-producing CD4* and CD8* T cells in the study animals. Following immunization, we
observed an increase of CD4" T cells co-expressing IFNg and IL-2 in all animals in the SMNP
group, while no animals mounted vaccine-specific CD8" T cell responses. The elevated
frequency of cytokine producing CD4" T cells following immunization in the SMNP group is
consistent with the higher binding and neutralizing titers in this group, since CD4* T cells play
essential roles in coordinating immune responses by providing help to B cells, facilitating
antibody production®3. The lack of detectable vaccine-specific CD8* T cells suggests that
humoral, rather than cellular immunity was responsible for the protection from challenge in the

protected animal.

Consistent with another study, we demonstrate that multivalent gH/gL nanoparticle
vaccines are immunogenic in non-human primates when formulated with SAS?¢. However, in a
head-to-head comparison we observed that formulation with SMNP elicits stronger B- and CD4*
T-cell responses in rhesus macaques, in line with the superior performance of SMNP over SAS
in mice?®, The enhanced immune responses and partial protection against challenge observed
in the SMNP group underscores the importance of adjuvant selection in the development of
EBV vaccines. Of note, SMNP is being evaluated in a first-in-human clinical trial
(NCT06033209) and may therefore become available for subsequent immunogenicity studies of

EBV vaccines in humans.

An alternative explanation for the lack of viremia, oral shedding or seroconversion in
A21139 is that animal did not receive a sufficient viral inoculum. This is unlikely because i) a
single dose of 50 transforming units was sufficient to infect all control animals in a previous

study®, although this is also limited by a small number (n=2) of animals, ii) 9 of 10 other animals

58



that also received two doses of 50 transforming units of rhLCV were infected in this study and
iii) the animal was not inherently refractory to challenge because their PBMC were readily

infectable ex vivo.

There are notable limitations to our study. The first is the small number of study animals.
Although one of the immunized macaques remained uninfected after repeat challenge with
rhLCV, and our results suggest that an expanded epitope recognition, as visualized by EMPEM,
may have contributed to protection, a larger cohort of study animals will be required to
unequivocally ascribe any particular vaccine-response responsible for this outcome. Because
rhLCV-negative macaques from extended pathogen-specific colonies are not readily available,
we obtained rhLCV-negative neonates and housed them until maternal antibodies, which could
interfere with vaccine responses or serological assays, had waned. Obtaining animals in this
manner is laborious, cumbersome and expensive. Therefore, we echo the calls of colleagues
who work with the rhLCV infection model to expand support for the development of extended
pathogen-specific colonies of rhLCV negative animals to enable further vaccine and
pathogenesis studies**. A second limitation is that although gH/gL 60-mer formulated with
SMNP elicited higher binding and neutralizing titers than SAS at all points we analyzed, we did
not measure serum antibody or T cell levels beyond week 14. Understanding the durability of
immune responses will be an important consideration for EBV vaccine development.

This study only evaluated an immunogen displaying gH/gL, future work including other
proteins involved in fusion like gp42 and/or gB would be informative for optimizing vaccine

design.
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2.5 Materials and Methods

Study Design
All rhesus macaque work was carried out in accordance with all federal regulations and was

approved by University of Washington and Fred Hutchinson Cancer Center IACUCs. Animal
work was carried out at the Washington National Primate Research Center. Rhesus macaques
were obtained from the Oregon National Primate Research Center within 24-72 hours of birth
and hand-reared in a nursery to avoid natural transmission of rhLCV. After 2-3 weeks the
animals were transported to the Washington National Primate Research Center and housed in
pairs until 6 months of age. Sample size was determined by the availability of rhLCV-negative
infant macaques and more animals were assigned to treatment (n=4 per group) than controls
(n=2). Animals were randomly assigned to each group, while trying to ensure an equal mix of
male and female animals as availability permitted. The group sizes used are comparable to
similar studies published previously3°2¢. To ensure the animals remained rhLCV negative until
the start of the study, starting at 2 months of age, blood and saliva from the animals were
monitored monthly for the presence of rhLCV DNA by ddPCR using primers and probes specific
for IR1. During this time the decay of maternal anti-VCA and anti-gB antibodies in the infant
plasma were monitored by ELISA®. Study animals were acquired from two different birth

cohorts and challenged with different viral stocks.

At approximately six months of age, two female and two male rhesus macaques were
immunized with 50 uyg EBV gH/gL 60-mer formulated with 50% (v/v) Sigma Adjuvant System
(SAS) in 500 pl of PBS; one female and three male rhesus macaques were immunized with 50
ug EBV gH/gL 60-mer formulated with 400 ug of SMNP (prepared as previously described)*° in
500 ul total volume of PBS; and one female and one male rhesus macaque were immunized
with 400 pg SMNP in 500 pl total volume of PBS as a control group. Vaccinations were

administered at weeks 0, 4, and 12. In all cases animals were immunized with a split dose
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administered bilaterally in the quadriceps. Blood was drawn and oral swabs collected at weeks

0, 2, 4,6, 10, 12, and 14 post immunization.

All animals were orally challenged with 50 transforming units of rhLCV once at week 14 and
again at week 15 post immunization. Following challenge, blood and oral swabs were collected
weekly until at least 2 serially collected samples tested positive for rhLCV in blood and saliva of

all animals in a group, up to 12 weeks.

The primary endpoint was immunogenicity of the gH/gL nanoparticle vaccine as read out by
binding titers and neutralizing titers. The secondary endpoint was protection from rhLCV
challenge following vaccination. Initially we planned to collect blood and saliva for 10 weeks
following challenge but extended to 12 weeks in the SMNP group to ensure that the protection

observed in one animal was not a false-negative.

All binding and neutralization experiments were repeated at least once and ddPCR was used to
detect rhLCV in DNA extracted from 2 separate aliquots of blood collected from each timepoint.
gH/gL-specific B cell frequencies were measured from 2 separate aliquots of PBMC collected

from each animal in the treatment groups and from one aliquot from each animal in the control
group.

Rhesus macaque PBMC isolation

Blood was drawn by venipuncture and collected in EDTA-coated vacutainers. Whole blood was
centrifuged at 1000 x g for 30 min and plasma was collected and made into 1 ml aliquots stored
at -20 °C until use. Plasma was heat inactivated by incubating at 56 °C for 30 minutes and then
clarified by centrifugation prior to use. PBMC were further purified using a Ficoll cushion, and
either subjected to DNA extraction using the QlAamp blood DNA kit (Qiagen) according to the
manufacturer’s instructions or frozen in liquid nitrogen in aliquots containing FBS with 10%

DMSO.
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Rhesus macagque oral swabs

A sterile polyester swab was rubbed on the buccal mucosa and along the upper and lower gum-
lines outside of the teeth. Swabs were placed in 1 ml buffer containing 10 mM Tris, 25 mM
EDTA, 50 mM potassium chloride, 1% Igepal CA 630 pH 8.0 (Sigma). 200 pul of buffer was
extracted using the QIAamp blood DNA kit and eluted in 100 pl of buffer AE (Qiagen) following

collection, and the remaining oral swab buffer was stored at -20 °C.
Plasmids

cDNA encoding the C-terminal portion of rhLCV smallVCA (NCBI Genbank # YP_067949.1,
amino acids #81-170) was cloned in frame with an N-terminal GST tag with a thrombin cleavage

site in pGEX4.1 to create pGEX-rhLCV-VCA.

Amino acids 1-678 of rhLCV gH were amplified by PCR from pCAGGS-gH, and cloned in frame
with a C-terminal His tag in pCVL-UCOEQO.7-SFFV-IRES-GFP to create pCVL-UCOEO.7-SFFV-
rhLCV-gH-HIS IRES GFP*. Amino acids 1-114 of rhLCV-gL were amplified by PCR from
pCAGGS-rhLCV-gL and subcloned into pCVL-UCOEQ.7-SFFV-gL-IRES-RFP to create pCVL-

UCOEOQ.7-SFFV-rhLCV-gL-IRES-RFP.

rhLCV smallVCA protein expression and purification

BL21(DE3) E. coli (NEB, C2527H) cells were transformed with pGEX-rhLCV-VCA. A single
colony was cultured in 2xYT media containing 100 pg/ml ampicillin to a final volume of 500 ml.
When the OD reached 0.5 smallVCA, IPTG was added to a final concentration of 0.25 mM and

incubated with shaking at 30 °C overnight.

The next day, cells were pelleted by centrifugation and resuspended in 20 ml bacterial cell lysis

buffer (GoldBio, GB-177-100) with 30 mg of lysozyme (Sigma, 9001-63-2) and 2 protease
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inhibitor tablets (Pierce Protease Inhibitor Mini Tablets, A32953). and incubated 1 hour at 37 °C

with end over end rotation at 15 rpm.

Cell debris was pelleted by centrifugation at 20,000 x g for 20 minutes. Supernatant was
incubated for 30 minutes with Glutathione Agarose Resin (GoldBio, G-250-5) pre-equilibrated
with PBS followed by extensive washing with PBS, then protein was eluted with 50 mM Tris, 10
mM reduced glutathione, pH 8.0. The protein in the eluate was buffer exchanged into PBS, flash

frozen in liquid nitrogen, and stored at -80 °C.

GST without the smallVCA fusion was produced by transforming BL21(DE3) with pGEX.

Expression and purification was performed as described above.

EBV gH/gL 60mer expression and purification

Lentiviral Transduction

Lentivirus was produced as described previously® utilizing plasmids psPAX2, pMD2.G (both
gifts from Didier Trono), and pCVL-UCOEQ.7-SFFV-EBV-gH-C153T-60mer-IRES-GFP, pCVL-
UCOEQO.7-SFFV-EBV-gL-IRES-RFP, pCVL-UCOEQO.7-SFFV-rhLCV-gH-IRES-GFP, or pCVL-

UCOEOQ.7-SFFV-rhLCV-gL-IRES-RFP.

Polybrene was added to 10 ml of 293-6E cells at 1x10° cells/mL to a final concentration of 2
pg/ml, along with 2-3 ml lentiviral particles harboring the gH 60-mer and gL or rhLCV-gH-HIS
and rhLCV gL expression constructs. Cultures were expanded until cell viability declined to
~80%. Cultures were centrifuged at 4000 x g for 10 minutes, and the supernatant passed

through a 0.22 pum filter.

Purification of gH/gL 60-mer

gHgL 60-mer was purified using an affinity chromatography resin as described previously*®.
Supernatant containing gH/gL 60-mer was passed over an E1D1 affinity column, washed with
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TBS, eluted with Pierce IgG elution buffer. The eluted protein was further purified by SEC using
a Superose 6 Increase column with 50 mM Tris, 150 mM NacCl, 150 mM L-arginine, pH 8.0 as

the mobile phase. Purified protein was flash frozen and stored at -80 °C.

Purification of rhLCV gH/gL-HIS

Supernatant containing rhLCV-gH/gL-HIS was passed over Ni-NTA resin pre-equilibrated with
Ni-NTA binding buffer (0.3 M NaCl, 20 mM Tris,10 mM imidazole, pH 8.0), followed by extensive
washing with Ni-NTA binding buffer, and then eluted with 250 mM imidazole, 0.3 M NaCl, 20
mM Tris, pH 8.0 (Ni-NTA elution buffer). Ni-NTA-purified rhLCV-gH/gL-HIS was further purified
by size exclusion chromatography (SEC) using a 10/300 Superdex 200 column (GE Healthcare)

equilibrated into PBS. Purified protein was flash frozen and stored at -80 °C until use.

Purification of untagged monomeric EBV gH/gL

Untagged EBV gH/gL was purified as previously described®. Briefly, clarified cell supernatant
was adjusted to pH 5.5-6 using acetic acid and purified using CaptoMMC resin, followed by
anion exchange chromatography using a HiTrap Q HP column and SEC with PBS as the mobile
phase on the Superose 6 Increase 10/300 GL. The purified protein was aliquoted, flash frozen

in liquid nitrogen and stored long term at -80 °C.

Biotinylation of recombinant proteins

Recombinant gH/gL proteins were biotinylated using the EZ-Link NHS-PEG4-Biotin Kit
according to the manufacturer’s instructions. Excess biotin was removed using a Zeba Spin

Desalting Column.

rhLCV virus production

Rhesus LCV was isolated from LCL8664 cells by TPA/Butyrate induction as described

previously®. LCL8664 cells were cultured 0.5-1x10° cells/ml. For induction, 2x107 cells were
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stimulated with 50 ng/ml 12-O-Tetradecanoylphorbol 13-acetate (Sigma Cat. #P1585-1MG) and
3mM sodium butyrate (Sigma Cat. #303410-100G) in 10 ml. After an overnight 37 °C
incubation, cells were pelleted by centrifugation, resuspended at 5x10° cells/ml, and cultured for
7 days at 37 °C. Supernatant was collected, passed through a 0.45 uM filter, then centrifuged at
10,000 x g for 2 hour at 4 °C. Supernatant was aspirated and the pellet was resuspended in the
residual volume of the ultracentrifuge tube, ~2 ml of RPMI containing 10% FBS. Virus was

dispensed into 250 pl aliquots and stored at -80 °C.

rhLCV titration

Titration of rhLCV was performed as previously described®. In short, serial dilutions of rhLCV
were added to 96-well plates containing 1x10° rhesus PBMC in cRPMI containing 0.5 pug
cyclosporin A. Each concentration of virus was tested against 20 PBMC-containing wells. Wells
were visually inspected and scored as positive or negative for transformation. A transforming
unit is defined the dilution that yields 62.5% positive wells®*54, Titration was performed using

PBMC from 2 separate animals and the average transforming units/ml was used.

Preparation of EBV Reporter Viruses

GFP reporter viruses were produced as previously described®. Briefly B95-8/F was produced
by transfecting 293—-2089 cells with p509 and p2670 using GeneJuice transfection reagent®->,
Epithelial cell tropic virus was produced from Akata-GFP EBV treated with goat anti-human IgG
(Southern Biotech Cat. #2040-01). 72 hours after induction, cell supernatant was clarified by
centrifugation and passed through a 0.8 um filter. Virions were concentrated 25-50-fold by
centrifugation at 25,000 x g for 2 hours and re-suspended in PBS. Virus was stored at -80 °C

and thawed immediately before use.
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Digital droplet PCR

Digital droplet PCR (ddPCR) was performed as previously described®°. In short, rhLCV DNA
was quantified in DNA extracted from rhesus macaque PBMC and saliva using primers and
FAM-labeled probe specific for internal repeat 1 (IR1). The amount of virus in blood was
normalized to the number of PBMCs in a separate reaction using a primer/probe mix specific for
the ribonuclease P/MRP subunit p30 (RPP30). For rhLCV load in saliva, concentration is
expressed as copies/ml of swab buffer. Droplets were generated using a QX200 Droplet

Generator (Bio-Rad). PCR was carried out on a C1000 Touch Thermal Cycler (Bio-Rad).

Following PCR, the droplets were read on aQX200 Droplet Reader (Bio-Rad). Droplets with
fluorescence higher than the threshold (4000 for FAM, 3000 for HEX) were counted as positive.
Data were analyzed and rhLCV copies per million PBMC were determined as previously
described®® using QuantaSoft Analysis Software (Bio-Rad) or QX Manager 1.1 Analysis

software (Bio-Rad).

EBV neutralization assay in B cells

EBV neutralization assays were carried out as previously described®’. In short, plasma was
serially diluted in cRPMI in triplicate in 96-well round-bottom plates. B95-8/F virus diluted to
achieve an infection frequency of approximately 5% was added and plates were incubated for 1
hour at 37 °C. Following the incubation, 5x10* Raji cells were added to each well and incubated
for an hour at 37 °C. Cells were then washed once and re-suspended in fresh cRMPI at 37 °C.
72 hours later, cells were fixed in 10% formalin and the percentage of GFP+ Raji cells was

determined using Luminex Guava HT.

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™) was plotted as a function of the logio of the mAb concentration or plasma
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dilution. The neutralization curve was fit using the log (inhibitor) vs response- variable slope

(four parameters) analysis in Prism 7.03 (GraphPad Software).

EBV Neutralization Assay in Epithelial Cells:

SVKCR?2 cells were seeded at 1.5 x 10* cells per well in a 96 well flat-bottom tissue culture
plate. The next day, in a separate plate, plasma was serially diluted in a 96-well plate in
duplicate wells, then Akata virus was added to each well and incubated for 15 min. The media
was then aspirated from the SVKCR2 cells and replaced by the antibody-virus mixture. The
plates were incubated at 37 °C for 48 hours, then 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. The %GFP* cells were determined on a Luminex Guava HT and

neutralization was determined as in the B cell neutralization assay.

gH/gL Neutravidin Capture ELISA

30 pl/well of a 0.3 ug/ml solution of NeutrAvidin (Thermofisher Cat. #31000) in ELISA coating
buffer (0.1 M NaHCO3 pH 9.4-9.6) was added to 384-well microplates (Thermofisher Cat.#
12565347) and incubated at 4 °C for 16 hours. The next day, plates were washed 4 times with
ELISA wash buffer (PBS with 0.02% Tween 20). Half the plate then received 30 pl/well of a 2
pg/ml solution of either biotinylated rhLCV or EBV gH/gL in PBS containing 3% bovine serum
albumin (BSA) and 0.02% Tween 20, while the other half of the plate received only PBS
containing 3% BSA and 0.02% Tween 20. Plates were incubated at 37 °C for 1 hour then
washed 4 times with ELISA wash buffer and blocked with PBS containing 3% BSA, 10% non-fat
milk, and 0.02% Tween 20 (neutravidin blocking buffer) for 1 hour. After 4 washes with ELISA
wash buffer, plasma was diluted 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 gH/gL but no plasma. Plates were washed with
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ELISA wash buffer, and a 1:4000 dilution of goat anti-human IgG-HRP (SouthernBiotech Cat.
#2010-05) 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. 30 pl/well of SureBlue Reserve TMB

Microwell Peroxidase substrate (SeraCare Cat. #5120-0081) was then added and incubated for

5 min, and then stopped with 30 ul/well of 1 N sulfuric acid. Asso of each well was read on a
Molecular Devices SpectraMax M2 plate reader. Asso was plotted as a function of reciprocal
plasma dilution and fit to sigmoidal dose response (variable slope) function using the Prism
9.3.0 package. The binding cutoff was defined as the average plus 10 times the standard
deviation of the determined by calculating the average of Asso values of the control wells.
Endpoint titers were interpolated from the point of the curve that intercepted the binding cutoff

using the Prism 9.3.0 package.

rhLCV-smallVCA and EBV gB ELISAs

96-well flat-bottom plates (Thermofisher, Cat. #3455) were coated with 500 ng/well of GST-
rhLCV smallVCA or 405 ng/well GST (for rhLCV smallVCA ELISAs) or 100 ng/well of EBV-gB

EctoS (for EBV gB ELISAS) in ELISA coating buffer at 4 °C for 16 hours. The next day, plates

were washed with ELISA wash buffer, blocked for 1 hour with 90 pl/well of PBS containing 10%

nonfat milk and 0.03% Tween 20 (blocking buffer). After blocking, plasma was diluted 1:20 (for

rhLCV smallVCA) or 1:50 (for EBV gB) in blocking buffer and added to wells in triplicate. Plates

were incubated for 1 hour at 37 °C, washed and then treated with a 1:4000 dilution of goat anti-

human IgG-HRP (SouthernBiotech) in blocking buffer at 37 °C for 1 hour. After washing, plates

were developed and read with SureBlue Reserve TMB Microwell Peroxidase substrate, as

described above. For rhLCV smallVCA ELISAs, the average absorbance of the triplicate GST

wells was subtracted from the average absorbance of the triplicate GST-rhLCV smallVCA wells

for each animal at each timepoint. If negative, this value was reported as zero. The average
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absorbance of the triplicate gB EctoS coated wells with no plasma was subtracted from the

absorbance of each gB EctoS well for each animal at each timepoint.

Virus-free fusion assay

CHO-K1 cells were seeded onto six-well tissue culture plates at a density of 3x10° cells/well. 24
hours later, cells were transfected with 0.5 pg each of pPCAGGS-rhLCV-gH, pCAGGS-rhLCV-gL,
pCAGGS-rhLCV-gB and 0.8 ug of pT7TEMCLuc , using GenedJuice Transfection Reagent
according to the manufacturer’s instructions®®°°. As a control for background luciferase activity,
one well was transfected with the same mix as above, excluding the pCAGGS-rhLCV-gB

plasmid.

24 hours later, macaque plasma was serially diluted in cF-12 in a white 96 well plate with clear
bottom (Thermo Fisher Cat. #12-566-71). Both 293-T7 cells and the transfected CHO-K1 cells
were trypsinized, washed once with cF-12, and re-suspended at a density of 3x10° cells/ml in
cF-12 media. 50 pl/well of each cell suspension was added to the 96 well plate containing
diluted plasma and incubated at 37 °C for 24 hours. Media was aspirated and the cells were
lysed in 100 pl of Steady-Glo luciferase reagent. Luciferase activity was read on a Promega
Glomax Navigator Microplate Luminometer. Values from control wells were subtracted, and data
was normalized to fusion in absence of plasma. Normalized fusion was plotted against the
reciprocal plasma dilution and fit to sigmoidal dose response (variable slope) function and the

IDso was interpolated using the Prism 9.3.0 package.

Staining of antigen specific B cells

Biotinylated EBV-gH/gL was conjugated to Totalseq allophycocyanin (APC)-streptavidin
(BioLegend) or phycoerythrin (PE)- streptavidin (eBioscience). PBMC from macaques collected
14 weeks after the start of the immunization regimen were thawed and washed in cRPMI before

resuspension in FACS buffer (1X PBS pH 7.4, 2% heat inactivated FBS, 1 mM EDTA). Cells
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were resuspended in 50 pl of FACS buffer containing 300 ng of gH/gL-PE and gH/gL-APC,
1:500 eFluor 506 viability dye (eBioscience #65-0866-14) and the following antibodies at a
1:200 dilution: Rhesus Fc receptor inhibitor (eBioscience #14-9161-73), AF488 anti-human CD3
clone SP34-2 (BD Biosciences #557705), AF488 anti-human CD4 clone OKT4 (Biolegend

# 317419), AF488 anti-human CD8 clone RPA-T8 (BD Biosciences #557704), AF488 anti-
human CD14 clone M5E2 (BD Biosciences #561706), BV421 anti-human CD20 clone 2H7
(Biolegend #302329). Cells washed in FACS buffer and acquired on a BD FACSAria Il cell
sorter using FACSDiva software (BD Bioscience). After acquisition, the frequency of single live
CD3 CD4 CD8 CD14 CD20* gH/gL-APC* gH/gL-PE" cells was analyzed using FlowJo

Software.

T Cell Stimulation and ICS

PBMC from each animal/timepoint were thawed, washed in cRPMI, and rested overnight at 37
°C, 5% CO, then. split into 5 wells of a 96 well plate each with 1.2 million cells in 200 yl cRPMI.
Three wells were stimulated with pools of peptides 15 amino acids in length, overlapping by 11
amino acids spanning gL (25 peptides), and two pools of 85 and 84 peptides spanning gH (1ug
of total peptide per well) and anti-CD28/ anti-CD49d (BD Biosciences #347690) and Brefeldin A
(Sigma-Aldrich #B-7651) at final concentrations of 1 yg/mL and 10 pg/ml, respectively. All
peptides were synthesized by Mimitopes and were resuspended in DMSO. Two additional wells
were incubated with 0.5% DMSO and 50 ng/ml PMA with 500 ng/ml ionomycin as a negative

and positive controls.

Following a six-hour incubation at 37 °C 5%CO-, 20 ul EDTA was added and cells were stored
at 4 °C for up to 12 hours. Cells were then washed with PBS and stained with Live/Dead Fixable
Blue Dead Cell Stain Kit (Invitrogen #L.23105) according to the manufacturer’s instructions,

washed with FACS buffer and incubated with 1:25 dilution anti-CD16 (BioLegend #302036) and
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1:50 anti-CD20 (BD #563126) antibodies per sample. Cells were then washed twice, and
residual red blood cells were lysed and all cells fixed in 100 pl BD lysis buffer (BD #349202),
washed, and incubated with 200 pl BD FACS Permeabilizing Solution 2 (BD #340973).
Intracellular staining was done with 1:1000 dilution of anti-CD8 (BD #612889) and CD4 (BD
#566148), 1:2500 anti- CD3 (BD #564117), 1:200 anti- TNFa (ThermoFisher #11-7349-82) and
IFN-y (BD #560371), and 1:50 anti- IL-2 (BioLegend #500310) antibodies. Cells were then
washed and analyzed on a custom-built BD FACSymphony cytometer. Data were analyzed via
FlowJo v10.9.0 Software (BD Life Sciences). Unless otherwise noted, the three samples
stimulated with the different overlapping peptide pools were concatenated and analyzed
together. To calculate the frequency of gH/gL specific responses, the frequency of IFN-y and IL-
2 double positive cells in the DMSO control wells was subtracted from the frequency in the

concatenated peptide pool wells for each sample tested.

Biolayer Interferometry (BLI)

All BLI assays were performed on the Octet Red instrument at 30 °C with shaking at 1,000

RPM.

mADb binding to EBV and rhLCV gH/gL

Anti-human IgG Fc capture (AHC) biosensors (ForteBio) were loaded with anti-EBV gH/gL
mADbs or kinetics buffer (KB: 1X PBS pH 7.4, 0.01% BSA, 0.02% Tween 20, and 0.005% NaN5)
alone at a concentration of 5 ug/ml in KB for 250 s. Biosensors were immersed in KB containing
250 nM of either rhLCV or EBV gH/gL for 250 s to measure association. Following this, sensors
were immersed in KB and dissociation was measured for 500 s. Binding measurements were
corrected by subtracting the binding signal of the 72A1 control mAb that does not react with

gH/gL.
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Competition BLI

Biotinylated anti-EBV gH/gL mAbs were diluted to 5 pg/ml in KB and were captured on
streptavidin biosensors (ForteBio) for 250 s, baseline interference was then read for 60 s in KB,
followed by immersion in a 50 nM solution of gH/gL alone, or gH/gL that was pre-incubated with
diluted macaque plasma for 1 hour. Binding measurements were corrected by subtracting the
binding signal of sensors immersed in KB. The maximum response (Rmax) Was determined to be
the average binding signal measured from the last 5 seconds of the association phase. For
each mAb-loaded sensor the Rmax measured in the presence of serum, was plotted as a
percentage of the Rmax 0f the mAb binding to gH/gL alone. This pwas then subtracted from 100

to calculate the percent inhibition of binding. Negative values were adjusted to zero.

Polyclonal 1gG purification from sera

1 ml of serum was heat-inactivated and purified over Protein A or Protein A/G resin to obtain
polyclonal IgG (plgG). plgG eluted from the resin was incubated in small amounts with papain
over several timepoints to identify the optimal condition for its digestion to a Fab. Once the
proper conditions were determined (5 pg/ml papain 30 min digest for A21137, 20 pug/ml papain 1
hour digest for A21138 and 20 pg/ml papain 30 min digest for A21139), these reactions were
scaled up to digest 1 ml of the serum at 37 °C. Digested plgG product purified via Protein A or
A/G followed by SEC with a Superdex 200 10/300 column. Fractions corresponding to the

polyclonal Fab (pFab) peak were pooled and used for complexing with gH/gL.

pFAb-gH/gL complex formation

Recombinant, monomeric, his-tagged EBV gH/gL or rhLCV gH/gL was incubated with a four-
fold molar excess ratio of each plgG for two hours at room temperature, and then purified via
SEC using an S200 10/300 column. Fractions containing gH/gL/pFab complexes were isolated

and subjected to negative stain electron microscopy.
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Negative stain electron microscopy sample preparation, data processing and analysis

Each individual peak for every sample was stained separately on formvar/carbon Ted Pella 400
mesh copper grids at a concentration of ~0.01-0.02 mg/mL and stained with 2% (w/v) uranyl
formate. Grids were imaged at 120 kV on a Talos L120C Transmission Electron Microscope.
Data were collected using the Leginon software at 1.58 A pixel size and 2 mm spherical
aberration with a 40 e/A? total exposure dose. For each complex, micrographs collected from
the first peak of each trace, confirmed to elute before unliganded gH/gL, were loaded into
separate Cryosparc®® workspaces and processed. Particles were picked using a combination of
Blob Picker and Template Picker. Particles that appeared to be unbound pFab or noise were
filtered out during the 2D classification process. Each particle was then grouped into a specific
class and approximate percentages were calculated by dividing the number of particles in each
class by the total number of particles seen for the complex. In the case of A21139, two EBV
gH/gL complexes were made that yielded comparable class distributions, and the percentages

of Fab in each class were averaged across both experiments.

Statistical Analysis

A Mann-Whitney U test was used to compare the distribution of outcomes between the pairs of
groups considered. Endpoint binding titer, Neutralization titer as inhibitory dilution to achieve
50% reduction in titer (IDso) and frequency of gH/gL-specific B cells or T cells were compared

across each adjuvant group.
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3.1 Abstract

Epstein-Barr virus (EBV) is associated with several malignancies, neurodegenerative disorders
and is the causative agent of infectious mononucleosis. A vaccine that prevents EBV-driven
morbidity and mortality remains an unmet need. EBV is orally transmitted, infecting both B cells
and epithelial cells. The viral gH/gL glycoprotein complex is essential for infectivity irrespective
of cell type. Neutralizing antibodies targeting gH/gL can prevent infection in vitro and in vivo,
implicating gH/gL as a relevant immunogen for vaccine development. We developed and
optimized the delivery of several alphavirus-derived replicon RNA (repRNA) vaccine candidates
encoding gH/gL delivered by a cationic nanocarrier termed LION™. The lead candidate elicited
high-titers of neutralizing antibodies that persisted for at least 8 months, and a vaccine-specific
CD8* T cell response. Transfer of vaccine-elicited IgG protected humanized mice from EBV-
driven tumor formation and death following high-dose viral challenge. These data demonstrate
that LION/repRNA-gH/gL is an ideal candidate vaccine for preventing EBV infection and/or

related malignancies in humans.

3.2 Introduction:

EBV is a ubiquitous gamma herpesvirus®. While primary infection typically is
asymptomatic, it can result in infectious mononucleosis?2. EBV was the first virus to be shown
to be oncogenic in humans and is associated with approximately 358,000 new cases of cancer
resulting in 209,000 deaths each year*®°. Beyond its contribution to the global cancer burden,
EBV has been linked to autoimmune conditions such as rheumatoid arthritis and multiple

sclerosis® 0. A successful vaccine against EBV that can prevent infection and/or reduce
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disease remains an unmet need that would reduce global morbidity and mortality linked to these

conditions.

Several vaccine candidates are in various stages of preclinical and clinical development,
most of which target surface glycoproteins involved in attachment and entryl. EBV primarily
infects B cells and epithelial cells and has distinct attachment and entry pathways for each?'2,
The viral fusion machinery gH, gL, and gB are critical for infection irrespective of cell type 13,
gH and gL form a 1:1 heterodimeric complex that acts as a regulator of membrane fusion. Upon
binding one or more host cell surface receptors gH/gL relays a triggering signal to the fusogen
gB*14, Multiple neutralizing monoclonal antibodies (mAbs) have been isolated against the
gH/gL glycoprotein complex that can block viral entry into both epithelial cells and B cells in
vitro>18, The details of the interactions between gH/gL and cell surface receptors, and the
molecular mechanisms by which it activates gB are poorly understood. Consequently, the
mechanisms by which neutralizing mAbs against gH/gL prevent membrane fusion are not
known. Nevertheless, passive transfer of gH/gL mAbs can protect against viral challenge in
animal models of EBV infection!®!°. Collectively these findings indicate that the gH/gL
glycoprotein complex is a strong candidate for vaccine development that harbors several
neutralizing epitopes®*8. To this end, our group and others have developed protein
nanoparticles displaying EBV gH/gL that elicit high titers binding and neutralizing antibodies that

protect against lethal EBV challenge in mice with humanized immune systems!®29-22,

As an alternative to protein-based vaccines, we sought to leverage advances made in
nucleic acid-based delivery to deliver gH/gL immunogens. An attenuated variant of the
Venezuelan equine encephalitis virus, TC-83 strain, has been used to generate self-amplifying
replicon RNA (repRNA) vaccines where the viral RNA replication complex is intact, but the

structural genes are replaced with a gene of interest. Delivery of repRNA into cells promotes
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synthesis of antigen-encoding RNA that self-adjuvants by triggering innate immune responses
and promoting antigen cross-priming which enhances humoral and cellular immune responses
compared to conventional mRNA. Delivery of repRNAs encoding diverse viral antigens with a
cationic nanocarrier (termed LION) has been shown to elicit high titers of antibodies as wellas T
cell responses in several preclinical animal models?*-2’. Moreover, this platform has led to the
development of an effective SARS-CoV-2 vaccine licensed for emergency clinical use?®2°, LION
formulated repRNA offers significant advantages over other RNA vaccine platforms, including
limiting the dissemination of RNA to the injection site which induces antigen-specific adaptive

immunity while avoiding systemic inflammation?2.

Here, we evaluated the ability of several LION/repRNA encoded gH/gL derivatives to
elicit binding and neutralizing antibodies as well as T cell responses. After optimization of the
construct and dosing regimen, polyclonal antibodies were evaluated for their ability to prevent
EBV infection in a humanized mouse model. Passive transfer of antibodies elicited by
vaccination with LION/repRNA encoding full-length gH/gL prior to challenge with a high dose of
EBV provided protection from lethality. LION/repRNA-elicited antibodies also reduced viral load,
prevented splenomegaly, and splenic tumor formation. In contrast, mice given IgG elicited by a
more conventional gH/gL protein subunit vaccine became viremic, developed splenic tumors,
and in some cases required euthanasia. In addition to eliciting superior humoral responses, the
repRNA encoded gH/gL elicited a higher frequency of vaccine specific CD8* T cell responses.
Collectively, these results demonstrate that LION/repRNA encoded gH/gL is an attractive
alternative to recombinant subunit vaccines capable of eliciting high titers of protective

antibodies that could be augmented by cellular immune responses.
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3.3 Results:

3.3.1 Initial characterization:

To enable co-delivery of both gH and gL on a single repRNA, we designed two
constructs. The first encodes gL and then full length gH (including the transmembrane and
cytoplasmic domains) in tandem separated by a ribosomal skipping P2A peptide (Genbank
MT559572.1) and the second encodes gH and then gL separated by P2A (Fig. 1A). Both
constructs included the native signal peptide and a furin cleavage site upstream of P2A to
facilitate removal of residual P2A residues on the N-terminal protein following translation. This
tandem expression strategy ensures that both polypeptides are produced in each cell and
promotes proper expression and co-folding of gH/gL. mMRNA from each repRNA construct were
transcribed and capped in vitro via T7 polymerase and vaccinia capping enzymes, respectively.
repRNAs were formulated with LION and delivered to groups of 4 C57BL/6 mice at weeks 0 and
4. C57BL/6 mice were used for comparison with previous studies in the lab?°. Blood was
collected at the time of the first immunization and 2 weeks after each immunization for
serological analyses (Fig. 1B). Both constructs were immunogenic and elicited reciprocal
endpoint binding titers on the order of 1X10* as soon as 2 weeks after the first immunization that
reached 1X10° by week 6 (Fig. 1C). Both constructs also elicited low, but detectable titers of
antibodies that could neutralize EBV infection of B cells by week 2 that were not boosted by a

second immunization at week 4 (Fig. 1D).
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Figure 1: Development and immunogenicity studies of repRNAs encoding EBV gH/gL.
(A) Schematic depicting the two repRNA inserts encoding gH and gL separated by a P2A
peptide. (B) Immunization schedule in C57BL/6 mice. (C) Reciprocal endpoint gH/gL binding
titers were measured in plasma by ELISA. Each dot represents an individual mouse (n=4) at
weeks 0 and 2, or pooled plasma from the same 4 mice at week 6. The lines connect the mean
(or value of pooled sera) across the tested timepoints. (D) The ability of plasma pooled from the
4 mice in (C) to neutralize EBV infection of B cells reported as the reciprocal dilution to reduce
infectivity by 50% (IDsg). The lines connect the mean (or value of pooled sera) across the tested

timepoints in C and D. Arrows indicate time of immunization.
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3.3.2 Dose optimization for LION/repRNA gH/gL vaccination

Given that a second immunization did not boost the neutralizing titers in our pilot
experiments, we sought to optimize time and dosing schedule. For this analysis we selected the
gL-P2A-gH construct since it elicited slightly higher binding titers than the inverse construct (Fig.

1C).

Groups of 4 C57BL/6 mice received 0.1 ug, 1 ug, and 10 ug of LION/repRNA gH/gL at
week 0. The animals were bled biweekly and the gH/gL-binding endpoint titers were monitored
in near-real time. Following the priming immunization, we observed a dose-dependent increase
in the binding titers until week 6 followed by a slight waning by week 8 (Fig. 2A and Table S1),
at which point they received a second immunization with the same dose. The endpoint binding
titers were boosted in the animals that received a second 10 ug dose. A slight boost was also
observed in the animals that received a 1 pg dose, but not in the animals that received a 0.1 ug

second dose (Fig. 2A).

We examined the ability of the immune plasma to neutralize EBV infection of epithelial
and B cells in vitro. The trends observed in the endpoint binding titer kinetics were mirrored in
the neutralizing titers against epithelial cell infection. Following the prime, there was a dose-
dependent increase in epithelial-cell neutralizing titers until week 6 that waned slightly by week
8 and were boosted by a second dose in the 10 pg and 1 pg, but not the 0.1 pg, groups (Fig.

2B).

Only the 10 ug dose elicited antibodies capable of neutralizing B cell infection after a
single immunization (Fig. 2C). Two weeks after a second immunization with a 10 pg dose, these
titers were boosted over 10-fold to a reciprocal half-maximal inhibitory dilution (IDso) near 1x103.

Weak transient neutralizing titers were observed 6 weeks after a second dose with 1 ug of
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LION/repRNA gH/gL, while the 0.1 ug dose failed to elicit B-cell neutralizing antibodies at any

timepoint (Fig. 2C).

In our initial experiments, all animals were euthanized at week 18. To measure durability
of the antibody responses, a second cohort of animals (n=4) received 10 ug of LION/repRNA at
weeks 0 and 8 and the antibody responses were monitored for a total of 32 weeks. We
observed that the binding and neutralizing titers were maintained during this time (Fig. 2A-C).
Varying the dose of the prime and boost can impact vaccine responses. For example,
administration of a fractional dose boost in a malaria vaccine trial elicited superior antibody
responses compared to a higher dose boost3’. Conversely a low dose prime followed by a
higher dose boost regimen of a SARS-CoV-2 vaccine showed greater immunogenicity and
efficacy than a high dose prime/boost regimen3132, To explore whether varying the prime and
boost dose affected the immunogenicity of LION/repRNA gH/gL, we evaluated two de-
escalating dose regimens, 10 ug/1 ug and 10 pg/0.1 pg, and one escalating dose 0.1 pg/10 ug
regimen. Animals that received a 10 ug prime had comparable binding and B cell neutralizing
titers as the original cohort of mice from the 10 ug/10 pg group at week 8 (Fig. 2A and D, C and
F), while the epithelial cell neutralizing titers were lower in the mice in the 10 pg/1 yg and 10
pg/0.1 pg at week 8 (Fig. 2B and E and Table S1. None of the binding or neutralizing titers were
boosted when the second dose was lower (Fig. 2D, E, F, dark and light purple curves). After the
initial dose, the 0.1 pg/10 ug group had low gH/gL binding and epithelial cell neutralizing titers
(Fig. 2D and E, light blue curve), but no measurable B cell neutralizing titers by week 8 (Fig. 2F,
light blue curve). However, after the boost immunization of 10 ug at week 8, there were slightly
higher gH/gL binding titers and epithelial cell neutralizing titers than the other mixed dose
groups (Fig. 2D and E, light blue curve), but similar B cell neutralizing titers (Fig. 2F light blue
curve and Table S1). Across all prime/boost regimens evaluated, a 10 ug prime followed by a

10 pg boost elicited superior binding and neutralizing titers (Table S1).
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Figure 2: Dose optimization of gH/gL repRNA immunizations.

(A) Kinetics of reciprocal gH/gL endpoint binding titers. (B-C) half-maximal neutralizing titers
against EBV infection of epithelial (B) or B cells (C) following equal doses of repRNA encoded
gH/gL delivered at weeks 0 and 8 as indicated. The binding (D) and EBV neutralizing titers
measured in epithelial (E) and B cell (F) infection assays following two unequal doses of
repRNA encoded gH/gL delivered at weeks 0 and 8 as indicated. Each data point represents an
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individual mouse at each timepoint (n=4 per group for equal 0.1 and 1ug prime/boost doses,
n=8 for equal 10ug prime/boost doses, and n=5 per group for mixed dose prime/boost,) and
lines connect the means. Arrows indicate the time of immunization. See Table S1 for statistical

comparisons.

87



0 2 4 6 8 10 12 14 18 26 32
ELISA lug/lug ND  ** ik ns. * gk < < D NA NA
0.1ug
10ug/ ND NA NA NA ns  ** * * NA ns.  ns.
0.1ug
10ug/ ND NA NA NA ns  ** g g NA ns.  n.s.
lug
0.1ug/ ND NA NA NA  ** ok n.s. * NA ns.  n.s.
10ug
0 2 4 6 8 10 12 14 18 26 32
Epithelial Cell  1lug/lug ND  ** ns. ns. * * ok * * ** NA NA
Neutralization
0.1ug/ ND  ** n.s. n.s. ** s o % gk NA NA
0.1ug
10ug/ ND NA NA NA e W & & NA & e
0.1ug
10ug/ ND NA NA NA * *x * * NA * *
lug
0.1ug/ ND NA NA NA  ** D g ns. NA * n.s.
10ug
0 2 4 6 8 10 12 14 18 26 32
B Cell lug/1ug ND ns. ns. ns. % S & < W NA NA
Neutralization  0.1ug/ ND ns. ns. ns. * ko ox * **  NA  NA
0.1ug
10ug/ ND NA NA NA ns.  ** ns. * NA % *
0.1ug
10ug/ ND NA NA NA ns. ** ns. * NA % &
lug
0.1ug/ ND NA NA NA * ** * * NA * n.s.
10ug

Table S1: Statistical differences from data shown in Figure 2.

Titers at individual timepoints were compared to the 10 ug/10 ug repRNA group and

summarized above. Significance was calculated by Mann-Whitney test. ND — Not Done, NA —

Not Applicable, n.s.—p > 0.05, *— p <0.05, ** - p <0.01, and *** —

p <0.001.
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3.3.3 repRNA encoding membrane anchored gH/gL monomer is more immunogenic

than the gH/gL ectodomain

After determining an optimal dose regimen for LION/repRNA gH/gL vaccination, we next
compared the immunogenicity of a secreted gH/gL ectodomain with full-length gH/gL. To
produce the ectodomain, gH was truncated at amino acid 679 in the gL-P2A-gH construct. 10
Mg of LION/repRNA encoding the ectodomain was delivered at weeks 0 and 8, and plasma
samples were collected through week 14. After the first immunization, the ectodomain elicited
gH/gL binding titers that were nearly identical to full length gH/gL (Fig. 3A), however the
epithelial cell neutralizing antibody titers were ~10-fold lower than full length gH/gL, and B cell
neutralizing titers were not elicited by week 8 (Fig. 3B and C). A second immunization with the
ectodomain boosted the epithelial cell neutralizing titers to similar levels achieved with full-
length gH/gL, but the B cell neutralizing titers were ~5-fold lower and the neutralizing titers
decayed more rapidly in both assays (Fig. 3A-C). We sought to discern whether the observed
differences in neutralizing activity were due to differential epitope recognition between the
plasma antibodies elicited by these two constructs. Week 12 plasma from both groups was
pooled and evaluated for its ability to compete with the binding of mAbs with defined epitopes
on gH/gL, including AMMO1?Y, 769B10*°, E1D1%* and CL403%4, CL59%**, 1D8%8, and 770F7®. With
the exception of E1D1, which binds an epitope entirely on gL, plasma elicited by full length
gH/gL competed the binding of all mAbs more potently than plasma elicited by the gH/gL
ectodomain (Fig. 3D-J). Collectively, these data demonstrate that full length LION/repRNA
gH/gL elicits a qualitatively different antibody response than the LION/repRNA gH/gL

ectodomain resulting in higher neutralizing titers.
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Figure 3: Full-length gH/gL delivered by LION/repRNA elicits higher neutralizing titers
than the gH/gL ectodomain.

(A) Reciprocal gH/gL endpoint binding titers elicited by full length and gH/gL ectodomain
measured by ELISA as indicated. (B-C) EBV neutralizing titers elicited by full length and gH/gL
ectodomain repRNA immunization were measured in epithelial cell (B), or B cell (C) infection
assays. Titers from two immunizations with 10ug full-length gH/gL (from Figure 2) are shown for
comparison in A-C. Each dot represents an individual mouse at each timepoint (n=8 for full
length gH/gL and n=5 for gH/gL ectodomain) and the lines connect the means. The arrows
indicate the time of immunization. Asterisks denote a statistically significant difference between
the two groups at a given time point determined using a Mann-Whitney test where * indicates p
<0.05 and ** indicates p < 0.01. (D-J) immune sera from mice vaccinated with full length and
gH/gL ectodomain repRNA were evaluated for their ability to compete for binding to EBV gH/gL
with the indicated monoclonal antibodies by competitive ELISA. Each dot represents a technical

replicate with a line connecting the mean.
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3.3.4.Membrane retained gH/gL monomer repRNA immunization is more immunogenic

than secreted gH/gL multimers

We and others have previously showed that multimerization of gH/gL through genetic
fusion to self-assembling nanoparticles substantially improves its immunogenicity when
delivered as recombinant protein®>22, Therefore, we evaluated LION/repRNA delivery of
multimeric gH/gL. Mice were immunized with 10 pug of LION/repRNA encoding the gH/gL
ectodomain presented as different multimeric constructs, a 4-mer, 7-mer, and a 60-mer that we
previously developed as protein subunit vaccines?’. The 4-mer backbone is a computationally
designed planar toroid, the 7-mer backbone is derived from the multimerization domain of C4b
binding protein from Gallus gallus, and the 60-mer backbone is a computationally designed self
assembling nanoparticle with icosahedral symmetry?°. After the first immunization and through
week similar gH/gL binding titers were elicited by all constructs (Fig. 4A and Table S2). After the
second immunization, the binding titers elicited by the membrane-anchored monomer were
comparable to the 4-mer and 7-mer, but higher than all the gH/gL 60-mer (Fig. 4A and Table
S2). The differences in the neutralizing titers between the membrane-anchored gH/gL and
multimeric constructs were starker. The membrane-anchored monomer elicited higher titers
than the multimeric constructs in the B cell and epithelial cell neutralization assays at nearly

every timepoint tested from weeks 8-34 (Figs. 4B and C and Table S2).
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Figure 4: Full-length monomeric gH/gL elicits higher neutralizing titers than gH/gL
multimers when delivered by LION/repRNA.

(A) Reciprocal endpoint gH/gL binding titers from mice immunized with full-length gH/gL, gH/gL
4-mer, gH/gL 7-mer and gH/gL 60-mer repRNAs were measured by ELISA. (B-C) EBV
neutralizing titers in the serum from the mice in A were measured in epithelial (B) and B cell (C)
infection assays. Titers from two immunizations with 10ug full-length gH/gL (from Figure 2) are
included for comparison in A-C. Each dot represents an individual mouse at each timepoint
(n=5 per group in multimer construct vaccinations, n=8 for full length gH/gL) and the lines
connect the means. The arrows indicate the time of immunization. See Table S2 for statistical

comparisons.
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0 2 4 6 8 10 12 14 18 22/23 32/34
ELISA 4-mer ND ns. ns. ns. ns. NS, nsS. NS, NS, NS &
C4db ND ns. ns. ns. * ns. nsS. ns. ns. ns. *
(7-
mer)
13 ND ns. ns. ns. ns. * s & RIS &
(60-
mer)
0 2 4 6 8 10 12 14 18 22/23 32/34
Epithelial Cell 4-mer ND ns. ns. ¥ ns. * * n.s. * * *
Neut. 10ug
Cdb ND ns. ns. ** 0 F o * * Kk Ok *
(7-
mer)
10ug
I3(60- ND * n.s. * Rk kR ok * * n.s. *
mer)
10ug
0 2 4 6 8 10 12 14 18 22/23 32/34
BCellNeut. 4-mer ND ns. ns. ns. ¥ * * * ns. * *
Cab ND ns. ns. ns. ns. * * * ok n.s. *
(7-
mer)
I3(60- ND n.s. ns. * * KkoO* * Kk Ok *
mer)

Table S2: Statistical differences from data shown in Figure 4.

Titers at individual timepoints were compared to the 10 ug/10 ug full-length monomer repRNA

group and summarized above. Week 22 post-immunization of the 10 ug/10 ug full-length

monomer was compared to weeks 23 of the multimer groups, and week 32 compared to week

34. Significance was calculated by Mann-Whitney test. ND — Not Done, n.s. —p >0.05,*—-p <

0.05, * - p <0.01, and *** — p <0.001.
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3.3.5 Passive transfer of IgG elicited by LION/repRNA gH/gL protects humanized mice
from lethal EBV challenge

Having established that two 10 ug doses of LION/repRNA-encoded full length gH/gL
delivered at weeks 0 and 8 showed favorable immunogenicity, we evaluated whether antibodies
elicited by this regimen are protective in vivo. To do this, we undertook a passive transfer and
challenge experiment in humanized mice. Use of humanized mice as a small animal model of
EBV infection is well established3-1. In short, highly immunocompromised NOD scid gamma
mice are irradiated and engrafted with human CD34* peripheral blood stem cells, which then
reconstitute the human hematopoietic compartment in the mouse. This allows for EBV infection
of human B cells in vivo. Humanized mice generate poor antibody responses*?, therefore it was
necessary to passively transfer IgG from immunized C57BL/6 mice prior to EBV challenge. This
approach has been previously used to evaluate the efficacy of anti-EBV mAbs and vaccine

elicited antibodies618-21,

Twenty-five mice were immunized with 10 ug of LION/repRNA encoding full-length
monomeric gH/gL at weeks 0 and 8. To compare this to a more conventional recombinant
vaccine with a known response, another group of 25 mice were given two doses of 5 ug of
purified monomeric gH/gL ectodomain formulated with Sigma Adjuvant System at weeks 0 and
8 (Fig. 5A). At week 12, mice were euthanized and IgG was harvested from pooled plasma. IgG
purified from mice immunized with repRNA showed stronger binding to gH/gL than 1gG purified

from protein vaccinated mice (Fig. S1).

After verifying successful engraftment of human CD45" cells and development of CD19*
B cells in humanized mice (Fig. S2), 500 pg of purified total IgG from mice immunized with
gH/gL encoded by LION/repRNA or protein was delivered to groups of 4 humanized mice. An

additional 5 humanized mice received 500 ug of IgG purified from unimmunized C57BL/6 mice.
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The next day, mice were bled to confirm IgG transfer and challenged via retro-orbital injection of
33,000 Raiji infectious units of EBV. Five mice that did not receive IgG transfer remained
unchallenged and served as an uninfected control group (Fig. 5A). No animals had plasma IgG
prior to transfer, but all had similar levels at the time of challenge confirming transfer of equal
amounts of IgG in all study animals (Fig. 5B). The LION/repRNA group had higher anti-gH/gL
ELISA titers compared to the protein group (Fig. 5C) consistent with the higher activity of the
purified IgG (Fig. S1). The gH/gL binding titers in humanized mice at the challenge were
comparable, on the order of 1X10°, to those elicited by 2 doses of 10ug of LION/repRNA in

C57BL/6 mice (compare Fig. 2A and Fig. 5C).

Starting 2 weeks post challenge and continuing weekly for 10 weeks, mice were
weighed three times a week (Fig. S3) and bled weekly. To monitor for infection, DNA was
extracted from whole blood and gPCR was used to measure viral DNA. At week 12, or sooner if
humane endpoints were met, mice were euthanized and spleens were examined for

splenomegaly, the presence of viral DNA and splenomegaly (Figs. 5I-J and S4).

Following challenge, 100% of the mice in the uninfected control group survived (Fig. 5D)
and lacked detectable viral DNA in the blood (Fig. 5E) and the spleen (Fig. 5I). In contrast, none
of the mice in the group that received control IgG survived beyond 8 weeks (Fig. 5D). All control
IgG receiving mice were viremic (Fig. 5F) and had high levels of viral DNA in the spleen (Fig.
51). These mice also developed splenomegaly (Fig. 5J) and had splenic tumors (Fig. S4). Three
of the mice in the protein group developed viremia by week 8 (Fig. 5G) and two required
euthanasia at weeks 8 and 9 (Fig. 5D), and the other three survived until week 12 (60%
survival). Four of five mice in the protein group had elevated levels of viral DNA in the spleen
(Fig. 5I), three developed splenomegaly (Fig. 5J), and two developed splenic tumors (Fig. S4).

In the repRNA group, only one mouse exhibited transient low-level viremia (Fig. 5H) and 100%
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of the mice survived for 12 weeks following challenge (Fig. 5D). At week 12, the spleen weights
were comparable to the uninfected controls (Fig. 5J) and free of viral DNA (Fig. 5I) and tumors

(Fig. S4).

In sum, immunization with gH/gL repRNA elicited higher gH/gL I1gG titers that provided
superior protection from lethal EBV challenge, as compared to a conventional protein-based

vaccine formulation in a humanized mouse model.
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Figure 5: IgG elicited by LION/repRNA- gH/gL protects humanized mice from lethal

EBYV challenge.
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(A) 0.5 mg IgG harvested from pooled plasma from gH/gL protein immunized mice,
LION/repRNA-gH/gL immunized mice, control IgG from naive animals, or PBS was delivered to
humanized mice via intraperitoneal injection. 24 hr after transfer, mice were bled to ensure
antibody transfer and infected with 33,000 Raji-infectious units of EBV. Mice were then bled
weekly starting at week 2 post challenge to monitor for signs of infection, all mice were
euthanized at week 12 or earlier if humane endpoints were met. (B-C) Reciprocal endpoint titers
of total IgG (B) and gH/gL binding (C) were measured 1 day post-transfer by ELISA. (D)
Survival of mice after challenge. Significant differences between each group and the control IgG
were determined using a log-rank Mantel-Cox test. (E-H) Viral DNA in the peripheral blood of
negative control mice as well as mice that received IgG from repRNA immunized, protein
immunized, and control IgG groups was measured by gPCR as indicated. (I) 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. (J) Spleen weights at necropsy, each dot represents an individual mouse, and bar
represents the median weight. Significant differences between spleen EBV () and spleen
weights (J) between all pairs of groups were assessed using Mann-Whitney tests with =

denoting p < 0.05.
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Figure S1: gH/gL binding of purified IgG after two immunizations with full length gH/gL

encoded by repRNA or the recombinant gH/gL ectodomain as indicated.

The purified 1IgG was used for transfer experiments in Figure 5.
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Figure S2: Cell engraftment in humanized mice.

(A) Gating strategy to determine human CD45" cells within live single cell lymphocyte

population as well as CD19* B cells within huCD45* cells. (B-C) Frequency of human CD45+

lymphocytes (B) and human CD19+ B cells (C) in the mice assigned to the various treatment

groups.
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Figure S3: Weight of mice from Figure 5 after EBV challenge.

The percent of the starting weight over time for (A) uninfected control mice treated with PBS,

(B) mice given IgG elicited by LION/repRNA-gH/gL prior to EBV challenge, (C) mice given IgG

elicited by protein vaccination prior to challenge, and (D) mice given control IgG prior to

challenge (infection control). Dashed line indicates threshold for humane endpoint.
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Figure S4: Spleens from individual animals from Figure 5 collected at time of
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3.3.6 LION/repRNA gH/gL elicits higher cellular responses than immunization with
adjuvanted recombinant gH/gL

The challenge experiments demonstrated that antibodies elicited by repRNA
immunization conferred superior antibody-mediated protection compared to antibodies elicited
by protein. To compare cellular immunity elicited by both vaccines, we collected splenocytes
from ten animals used to generate IgG for transfer experiments, stimulated them with the
recombinant gH/gL ectodomain ex vivo, and analyzed CD4" and CD8* T cells for production of
IFNy (Fig S5). Mice vaccinated with repRNA had higher amounts of vaccine-elicited CD8* T
cells, as defined by the frequency of IFNy" CD8* T cells after splenocyte exposure to gH/gL

(Fig. 6A). No significant difference in IFNy* CD4" T cell vaccine responses were observed (Fig.

6B).
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Figure 6: LION/repRNA-gH/gL immunization elicits stronger vaccine-specific CD8+ T
cell responses than protein monomer immunization.

(A-B) IFNy" CD8" (A) and IFNy* CD4* (B) T cell responses were quantified in gH/gL stimulated

splenocytes using an intercellular staining assay. Each dot represents an individual mouse,
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where the frequency of IFNy* T cells in splenocytes mock simulated with media alone (negative
control) has been subtracted from the frequency of IFNy* T cells after gH/gL stimulation. The

gating strategy is shown in Figure S5. The bars represent the mean, ** p < 0.01, and significant
differences between groups in the % of CD4+ (A) and CD8+ (B) cells were determined using a

Mann-Whitney test.
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Figure S5: Gating strategy for evaluating IFNy* CD4* and CD8* T cells.

(A) Gating strategy for CD4* and CD8* T cell populations. (B) IFNy* staining within CD4* and
CD8* T cell populations for a representative repRNA immunized animal after media only
stimulation (negative control) and gH/gL stimulation of splenocytes as indicated. (C) IFNy*
staining within CD4* and CD8" T cell populations for a representative protein immunized animal

after media only negative control and gH/gL stimulation of splenocytes.
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3.4 Discussion

EBV is an important human oncovirus for which there is no vaccine. High titers of
neutralizing antibodies against the gH/gL glycoprotein complex protect against experimental
EBV infection in animal models, suggesting that eliciting these responses will be an important
goal of an effective EBV vaccine. Here we report the development and optimization of a
LION/repRNA vaccine encoding the EBV gH/gL glycoprotein complex. Optimization included
testing the effect of the order of the two glycoproteins gH and gL in tandem expression
constructs, varying the timing and dosing of repRNA delivery, evaluating the effect of soluble
versus membrane-anchored antigen, and comparing the immunogenicity of different multimeric

constructs encoded by repRNA.

Favorable immunogenicity of repRNA encoded gH/gL was achieved when the
glycoprotein complex was membrane anchored, and the highest dose of repRNA was delivered
8 weeks apart in a prime/boost regimen. This resulted in high titers of binding and neutralizing

antibodies that were maintained for up to 32 weeks following immunization.

LION/repRNA delivery of either the full-length membrane-anchored, or soluble gH/gL
ectodomain elicited similar gH/gL binding titers. However, the soluble version elicited less potent
neutralizing titers against EBV infection of both B- and epithelial cells demonstrating a
gualitative difference in antibody response to the two antigens. This was further supported by
the observation that plasma from mice immunized with full-length gH/gL more readily competed
the binding of previously described neutralizing mADbs. These differences in the antibody
responses could be due to several non-exclusive possibilities. Membrane anchoring may restrict
access to immunodominant, non-neutralizing epitopes that are more exposed to the immune
system on the secreted ectodomain. Similarly, membrane anchoring may lead to epitope

exposure in a repetitive array that is optimal for engagement of B cell receptors targeting
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neutralizing epitopes. Although the precise mechanisms that underlie the observed differences
between the neutralizing titers elicited by membrane anchored gH/gL are not clear, we note that
a similar phenomenon was observed when comparing mRNA delivery of membrane anchored
and secreted MERS Spike protein*3, and that mMRNA-based SARS-CoV-2 vaccines are based
on full length rather than secreted spike proteins**-%6, Collectively these observations
underscore the importance of evaluating membrane anchoring in nucleic acid delivery of viral

glycoprotein vaccine antigens.

We and others previously demonstrated that the immunogenicity of recombinant gH/gL
was substantially enhanced by multimeric display on self-assembling nanoparticles!®2%22, When
delivered by repRNA/LION, gH/gL 4-mers, 7-mers, and 60-mers were less immunogenic than
membrane bound monomeric gH/gL. The reduced antigenicity is likely related to low levels of
expression since the yields of these multimeric antigens were inversely correlated with valency
when expressed from plasmid DNA in vitro?°. Consistent with this observation, the binding and
neutralizing titers were the lowest in mice immunized with the highest valency repRNA encoded
gH/gL nanopatrticle. As noted above, expression of membrane anchored monomeric gH/gL
antigens on the surface of the cell most-likely resulted in the display of gH/gL as an array on the
cell-surface, which effectively achieved a multimerization effect without compromising the level

of gH/gL expression.

Evaluating the efficacy of EBV vaccines in vivo is difficult since the virus has near-
obligate tropism for humans, which are the only natural host. NSG mice engrafted with CD34*
hematopoietic progenitor cells have been used as small animal to evaluate the ability of
monoclonalt®-18194748 or yaccine elicited antibodies?%-224° to protect against EBV challenge.
Here we showed that I1gG elicited by repRNA-delivered gH/gL was able to prevent lethality from

high-dose EBV challenge, reduce viral load in the blood and spleen, and prevent splenic tumors
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and splenomegaly. This protection was superior to that achieved by passive transfer of IgG
elicited by immunization with a more conventional recombinant gH/gL protein delivered with
adjuvant. We previously showed that two immunizations with recombinant multimeric gH/gL
nanoparticles elicited similar levels of neutralizing antibodies to repRNA encoded (monomeric)
gH/gL and that passive transfer of the same amount of gH/gL nanoparticle-elicited IgG could
also achieve a comparable level of protection in humanized mice. These results demonstrate
that repRNA delivery of gH/gL is a viable strategy to elicit high titers of neutralizing antibodies
necessary for protection in humanized mice that obviates the challenges of expressing and

purifying gH/gL nanoparticles.

The immune incompetence of huCD34 engrafted NSG mice limits the utility of direct
immunization, however the protection afforded by transfer or repRNA elicited IgG clearly
highlights a key role of antibodies in anti-EBV immunity. Given that CD8* T cells play a critical
role in controlling EBV infection in humans®, it stands to reason that antibody-mediated
protection elicited by repRNA could be augmented by cellular immune responses®®2, In this
regard, we note that repRNA elicited higher frequencies of IFNy* producing CD8* T cell

responses in immune competent B6 mice.

Humanized mice are not a perfect model for EBV infection as only human-origin B cells
support infection and the natural route of oral transmission is not possible 638, Oral challenge of
rhesus macaques with the EBV ortholog, rhesus lymphocryptovirus provides an orthogonal
challenge model to evaluate immunogenicity of repRNA vaccines, however the antigenic
disparity between EBV and rhLCV may belie the predictive efficacy of EBV vaccines in the

rhesus macaque model (Chapter 2).

Passive transfer of total IgG elicited by recombinant monomeric gH/gL with lower anti-

gH/gL activity was less protective than IgG elicited by repRNA in humanized mice. A similar
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phenomenon was observed comparing recombinant monomeric vs multimeric gH/gL vaccines?°,
suggesting that protection correlates with neutralizing titer. In support of this notion, passive
transfer of a neutralizing gH/gL mAb was protective against oral challenge with rhesus LCV
provided that the antibody was present at adequate levels!®. Collectively these observations
indicate that a neutralizing threshold is required for protection against EBV infection. This
implies that a vaccine that induces sterilizing immunity will need to elicit durable high-titer
antibodies. We note that the antibody titers elicited by repRNA delivery of gH/gL remained
stable for at least 8 months following immunization suggesting that this platform may be capable
of conferring long-term immunity to EBV. Extended durability studies that examine titer longevity

and underlying antigen-specific B cells responses are warranted.

In sum, we demonstrate that repRNA/LION delivery of gH/gL elicited high titers of
neutralizing antibodies that protected against lethal challenge in a humanized mouse infection
model. In addition to eliciting durable neutralizing antibody responses repRNA/LION delivery of
gH/gL elicited higher levels of vaccine specific CD8* T cell responses as compared to a
recombinant gH/gL protein. The robust immunogenicity of repRNA encoded gH/gL, relative
ease of manufacturing, and favorable safety and reactogenicity profile of the delivery platform

warrants the development of repRNA EBV vaccines for human clinical trials?.

3.6 Methods:

Cell lines

All cell lines were incubated at 37°C in the presence of 5% CO- and were not tested for
mycoplasma contamination. 293-T and 293-6E (human female) were maintained in Freestyle

293 media with gentle shaking. Raji cells (human male) were maintained in RPMI + 10% FBS, 2
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mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin (cCRPMI). 293-2089 cells
(human female) were grown in cRPMI containing 100 pug/ml hygromycin®3. 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 ug/ml
G418 3. 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
pg/ml G418,

Mice

NOD-scid lI2rgnull (NSG) and C57BL/6 mice were housed in a specific pathogen-free facility at
FHCC. 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 FH Institutional Animal Care
and Use Committee and Institutional Review Board. All C57BL/6 and NSG mice used in this
study were female and 6 weeks old when experiments were initiated.

Plasmids

Codon optimized cDNA encoding EBV gH (GenBank AFY97969.1) and gL (GenBank:
AFY97944.1) separated by a furin cleavage site and a porcine teschovirus-1 (P2A) ribosomal
skipping peptide in both orientations (gH-furin-P2A-gL or gL-furin-P2A-gH) with a 5’ Kozak
consensus sequence were synthesized by Twist Biosciences and cloned into pVEE-rep
encoding the 5’ and 3’ untranslated regions and the nonstructural open reading frame of
Venezuelan equine encephalitis virus, strain TC-83, between PflFI and Sac Il sites?®*°, creating
pVEE-gH-gL and pVEE-gL-gH. pVEE-gL-gH-Ecto was created by introducing a stop codon at
AA 170 in gH using the QuikChange 1l Site-directed mutagenesis kit. pVEE-gL-gH-MDT1100,
pVEE-gL-gH-C4b, and pVEE-gL-gH-I3 were produced by amplifying the entire pVEE-gL-gH-
Ectodomain plasmid using gene-specific primers and Platinum SuperFi Il DNA Polymerase

109



according to the manufacturer’s instructions. Separate sets of gene specific primers with
overlapping homology to the 5’ and 3’ ends of the amplified linear pVEE-gL-gH-Ecto fragment
were used to amplify the MDT1100, C4b and I3 multimerization domains from pTT3-gH-
IMX313, pCVL-UCOEO.7-SFFV-gH-C153T-cTRP(6)ss-IRES-GFP, and pCVL-UCOEOQ.7-SFFV-
gH--C153T-I3-IRES-GFP plasmids®, respectively. The linear pVEE-gL-gH-Ecto fragment was
fused to each multimerization domain fragment using the In-Fusion® Snap Assembly Master
Mix (Takara) according to the manufacturer’s instructions.

The variable regions corresponding to 769B10'°, 1D8'8, and 770F7% heavy and light chains
were synthesized by Integrated DNA Technologies and cloned into pTT3-AMMO1-HC and
pTT3-AMMO1LC (for lambda) or pTT3-E1D1LC (for Kappa)'’°. All plasmids were confirmed by
Sanger sequencing.

repRNA production

Template pVEE DNAs were linearized by enzymatic digestion with Not | followed by phenol-
chloroform treatment and ethanol precipitation. Linearized template was transcribed using the
MEGAscript T7 Transcription Kit (Invitrogen) followed by capping with New England Biolabs
Vaccinia Capping System as previously described®®. Capped transcripts were then precipitated
in lithium chloride and resuspended in nuclease-free water to a final concentration of 1 mg/ml
and analyzed by agarose-gel electrophoresis. All RNA was aliquoted and stored at —-80°C.

Recombinant Proteins

The recombinant gH/gL ectodomain was produced by transfecting pTT3-gH-HIS-AVI and pTT3-
gL in 293 6E cells using PEI Max according to the manufacturer’s instructions and purified using
NiNTA affinity chromatography followed by size exclusion chromatography as previously
described!’?°, Recombinant monoclonal antibodies were produced by co-transfecting heavy
and light chain plasmids into 293 6E cells using PEI Max according to the manufacturer’s

instructions and purified using Protein A Agarose (Gold Bio Cat. #P-400-5).
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Preparation of EBV Reporter Viruses

To produce B-cell tropic GFP reporter viruses (B95-8/F), 5x10° 293-2089 cells were seeded on
a 100mm tissue culture dish in cRPMI containing 100 ug/ml hygromycin. 48 hr later the cells
were washed with PBS, the media was replaced with cRPMI without hygromycin, and cells were
transfected with 6 pg each of p509 and p2670 expressing BZLF1 and BALF4, respectively,
using GeneJuice transfection reagent (SigmaAldrich Cat. #70967)5%%%. 72 hr post transfection,
the cell supernatant was collected and centrifuged at 500 x g for 3 min to pellet any cell debris,
and passed through a 0.8 pm filter. Virions were concentrated 25-50-fold by centrifugation at
25,000 x g for 2 hr and re-suspended in PBS. Virus was stored at -80°C and thawed
immediately before use.

Epithelial cell tropic virus was produced from Akata-GFP EBYV cells suspended at 4x10°
cells/ml in RPMI containing 1% FBS by adding goat anti-human 1gG (Southern Biotech Cat.
#2040-01) to a final concentration of 100 ug/ml, and the culture was incubated at 37°C for 4 hr.
Cells were then diluted to 2x10° cells/ml in RPMI containing 1% FBS and cultured for 72 hr.
Cultures were centrifuged at 300 x g for 10 min to pellet cells and supernatant was passed
through a 0.8 um filter. Bacitracin was added to a final concentration of 100 pug/ml. Virions were
concentrated 25x by centrifugation at 25,000 x g for 2 hr and re-suspended in RPMI containing

100 pg/ml bacitracin. Virus was stored at -80°C and thawed immediately before use.

EBV neutralization assay in B cells

EBV neutralization assays were carried out in Raiji cells as previously described *. In short,
plasma from mice was serially diluted in 25 pl cRPMI in triplicate in 96-well round-bottom plates.
12.5 pl of diluted of B95-8/F virus diluted to achieve an infection frequency of approximately 1-
5% was added and plates were incubated for 1hr at 37°C. Following the incubation, 12.5 pl of

Raiji cells at 4x10° cells/ml was added to each well and incubated for an hour at 37°C. Cells
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were then washed once in cRPMI, re-suspended in fresh cRPMI at 37°C. 72 hr later, cells were
fixed in 10% formalin and the percentage of GFP+ Raji cells was determined using a Luminex
Guava HT or BDFACS Celesta.

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 logio of the plasma dilution.
Plasma dilution is reported relative to the final assay volume (50 ul). The neutralization curve
was fit using the log (inhibitor) vs response-variable slope (four parameters) analysis in
GraphPad Prism 10.0.2 (GraphPad Software). The half maximal inhibitory plasma dilution
IDso was interpolated from the curve in GraphPad GraphPad Prism 10.0.2. Statistical
differences between IDso values for different cohorts were tested at each timepoint by Mann-

Whitney test in GraphPad Prism 10.0.2 with no correction for multiplicity.

EBV Neutralization Assay in Epithelial Cells

SVKCR?2 cells were seeded at a density of 1.5 x 10* cells per well in a 96 well flat-bottom tissue
culture plate. The next day plasma was serially diluted in duplicate wells of a 96 well plate, then
Akata-GFP virus was added to each well and incubated for 15 min. The media was then
aspirated from the SVKCR2 cells and replaced by the antibody-virus mixture. The plates were
incubated at 37°C for 48 hr, then 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. The percentage of GFP+ cells were determined on a BDFACS Celesta and percent
neutralization, IDso, and statistical differences were determined as in the B cell neutralization

assay.
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Immunizations in C57BL/6 mice

Comparative immunogenicity studies were performed in groups of 4 or 5 C57BL/6 mice
between 7 and 10 weeks of age. Each group included both male and female mice. Blood was
collected retro-orbitally before immunization for a baseline measurement. Mice were immunized
at weeks 0 and 8. Injections of repRNA were formulated by diluting RNA to the desired
concentration in PBS and sterile filtering. Sterile RNA was then mixed as a 1:1 volumetric ratio
with sterile LION?8, 40% sucrose, 100 mM citrate, and RNAse free water. Final repRNA
concentrations were 1 pg/ml, 10 pg/ml, 100 pg/ml. Immunizations were delivered via split dose
intramuscular injection consisting of two 50 pL doses delivered to each rear leg. Blood was
collected retro-orbitally every 2 weeks after the first and second immunizations or via cardiac
puncture at indicated timepoints. Blood was collected in citrate coated tubes. Plasma was
separated from whole blood via centrifugation, then heat inactivated at 56°C for 30 min.

To generate IgG for passive transfer experiments, immunizations were performed in groups of
25 C57BL/6 mice (12 or 13 male and female, varied per group) between 7 and 10 weeks of age.
After collecting a pre-bleed, mice were immunized at weeks 0 and 8 with 5 ug of gH/gL
monomer in PBS with 50% (v/v) Sigma Adjuvant System (SAS) (Sigma Cat. #56322) for a total
volume of 100 uL per immunization. Mice were immunized with 10 ug repRNA via intramuscular
injection as above. Blood was collected retro-orbitally at week 8 and via cardiac puncture at
week 12. Plasma was separated from whole blood via centrifugation and collected plasma was

heat inactivated at 56° C for 30 min.

IgG purification from murine plasma

Terminal plasma from each group was pooled, diluted in protein G binding buffer (ThermoFisher
Cat# 21019), and passed over a column containing 1ml of protein A/G agarose (ThermoFisher
Cat# 20422) . The column was then washed 3 times with five column volumes of binding buffer.
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Finally, IgG was eluted from the resin in 1 ml fractions using IgG elution buffer (ThermoFisher
Cat# 21004) into 0.1ml of 1M Tris-HCI, pH 8.0. Fractions were buffer exchanged into PBS,
concentrated, passed through a 0.2 um filter, and quantified by measuring the absorbance at

280nm using a Nanodrop One (ThermoFisher Cat. #13-400-519).

Measurement of plasma antibody endpoint binding titers by anti-His capture ELISA

30 ul/well of rabbit anti-His tag antibody (SigmaAldrich Cat. #SAB5600227) was adsorbed at a
concentration of 0.5 pg/ml on to 384 well microplates at 4 ° C for 16 hr in a solution of 0.1 M
NaHCO3 pH 9.4-9.6 (coating buffer). The following day, plates were washed 4 times with 1x
PBS and 0.02% Tween 20 (ELISA wash buffer) prior to blocking for 1 hr with 90 pl/well of PBS
containing 10% non-fat milk and 0.02% Tween 20 (blocking buffer). After blocking, plates were
washed 4 times and 30 pl/well of 2 ug/ml monomeric His-tagged gH/gL diluted in blocking buffer
was added to the plate and incubated for 1 hr. Plates were washed and plasma diluted in
blocking buffer was added to the top row of the plate. Three-fold serial dilutions were performed
in duplicate followed by a 1 hr incubation at 37 ° C. Additional control wells containing
immobilized gH/gL but no immune plasma were included. After washing, a 1:4,000 dilution of
goat anti-mouse IgG-HRP (SouthernBiotech Cat. #2010-05) in blocking buffer was added to
each well and incubated at 37 ° C for 1 hr. After four washes, 30 ul/well of SureBlue Reserve
TMB Microwell Peroxidase substrate (SeraCare Cat. #5120-0081) was added. After 5 min, 30
pl/well of 1N sulfuric acid was added and the Asso 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 SD of the determined by calculating the average of Asso values of the control wells. Endpoint
titers were interpolated from the point of the curve that intercepted the binding threshold using

the GraphPad Prism 10.0.2 package. Statistical differences between different cohorts were
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tested at each timepoint by Mann-Whitney test using the GraphPad Prism 10.0.2 package with

no correction for multiplicity.

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
hr incubation at 37°C. After washing, monoclonal antibodies AMMOL1, CL40, CL59, E1D1,
769B10, 770F7, and 1D8 were added at a concentration that achieves half-maximal binding
(ECso; pre-determined in the same assay in the absence of competing plasma) to each well
containing serially diluted pooled plasma from each group, followed by a 1 hr incubation at
37°C. After four washes with ELISA washing buffer, a 1:20,000 dilution of goat anti-human IgG-
HRP (Jackson ImmunoResearch Cat. # 109-035-088) in blocking buffer was added to each well
and incubated at 37°C for 1 h followed by four 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. The average Aasso values of buffer only
control wells were subtracted from each mAb containing well and plotted in GraphPad Prism
10.0.2. Asso values were plotted as a function of the logio 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. Asso
values at each dilution on the curve were divided by the maximum binding and multiplied by 100
to calculate the % of max binding ([Asso at each dilution/ max binding] x100). The titer at which
half-maximal binding was observed was interpolated from the binding curve using the GraphPad

Prism 10.0.2 package.
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Stimulation of splenocytes

Spleens were harvested from 5 male and 5 female mice immunized with repRNA gHgL or
protein monomer gHgL at week 12 post immunization. Splenocytes were isolated by mechanical
dissociation in RBC lysis buffer (ThermoFisher Cat. #A1049201) using a 100 um filter. After
dissociation and lysis, cells were washed in FACS buffer once and resuspended in 5 ml FACS
buffer. In 96-well plates, splenocytes were plated at a concentration of 2x10° cells/well in
cRPMI. Cells were stimulated with either cRPMI alone (negative control), 50 pg/ml gH/gL in
cRPMI, or 0.5 pyg/ml anti-CD3 (ThermoFisher Cat. #14-0037-82) and 0.25 pug/ml anti-CD28
(ThermoFisher Cat. #14-0281-82) (positive control). Cells were incubated at 37°C, 5% CO for
72 hr prior to start of intracellular staining. Five hours before the end of restimulation 20 pl of
brefeldin A (eBioscience Cat. #00-4506-51) at 10 ng/ml and 20 ul 1000x monensin (eBioscience

Cat. #00-4505-51) was added to each well.

Intracellular staining (ICS)

After stimulation, plates were centrifuged at 400 x g for 5 min at 8°C and supernatants were
transferred to a new plate and frozen at -20°C. Cell pellets were resuspended in 200 ul FACS
buffer, centrifuged at 400 x g for 5 min, and resuspended in 50 pl viability staining mix: 1:500
BV510 live-dead dye (eBioscience Cat. #65-0866-14) and 1:500 Fc Block (Biolegend Cat.
#101302) in PBS. Cells were stained on ice in dark for 15 min. 150 yl FACS buffer was added to
each well, plates were centrifuged 400 x g 5 min, and supernatant removed. Cell pellets were
then resuspended in surface staining mix: a 1:200 dilution of the following anti- mouse CD45
BUV805 (BD Bioscience Cat. #568336), CD3 BUV395 (BD Bioscience Cat. #740268), CD8
BUV737 (BD Bioscience Cat. #612759), and CD4 PerCPCy5.5 (Thermofisher Cat. #45-0042-
80) antibodies in FACS buffer. Cells were stained on ice in dark 30 min. After staining, cells
were resuspended in 150 pl FACS buffer and washed once in 200 ul FACS buffer. Cells were
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then fixed and permeabilized for 20 min on ice using 100 ul 1X CytoFix solution (BD Bioscience
Cat. #554714). Plates then washed twice in 1X CytoPerm Wash Buffer (BD Bioscience Cat.
#554714). ICS was then done by resuspension in 50 pl/well ICS mix: in CytoPerm wash buffer,
a 1:200 dilution anti-mouse IFN-y AF488 (Biolegend Cat. #505815). Cells were stained on ice in
dark 30 min. Cells washed twice in CytoPerm wash buffer and resuspended in FACS buffer for
acquisition. Samples were acquired on BD Fortessa X50 cytometer. The frequency of IFNy*
cells in the Lymphocyte/Singlet/Live/CD45*/CD4* or CD8" population was determined for each
sample. The frequency of CD4* or CD8* T cells expressing IFNy from baseline cRPMI

stimulation was subtracted from the final reported values.

EBV infection in humanized mice

Twenty-five six week old NSG mice were irradiated (275R of total body irradiation) and received
1x10® CD34* huPBSC in 200 pl PBS through i.v. injection. Eight weeks later, successful human
cell engraftment was confirmed by the presence of human CD45" cells in peripheral blood by
flow cytometry. Using 50 pl blood, RBCs were lysed and cells were stained using a BV510
viability dye, and the following antibodies at a 1:100 dilution unless otherwise noted: hCD45
FITC (eBioscience Cat. #5010066), mCD45 APC (eBioscience Cat. #17-0451-82) (1:500
dilution), hCD33 PE (BD Bioscience Cat. #555450), hCD19 BV711 (Biolegend Cat.# 302246),
hCD4 AF700 (eBioscience Cat. #56-0048-82) and hCD8 BV421 (BD Bioscience Cat. #562429).
Cells were stained for 30 min on ice, washed twice in FACS buffer, fixed in 200 pl of 10%
formalin 15 min on ice, washed and resuspended in 200 ul FACS buffer for acquisition and
analyzed on a BDFACS Celesta. 10 weeks post-engraftment, 500 pug of experimental or control
antibodies were injected per humanized NSG mouse via intraperitoneal injection (i.p.). 24 hr
later, mice were bled in the left eye to confirm passive transfer of IgG, and received a dose of

EBV B95.8/F67 equivalent to 33,000 Raji infectious units as determined by infection of Raji cells
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via retro-orbital injection in the right eye. Each group of mice receiving the same IgG preparation
and/or EBV were housed separately from each other. Mice were weighed three times weekly.
Beginning at two weeks post-infection, peripheral blood samples were collected to measure the
presence of EBV DNA in whole blood. Twelve weeks post-challenge, or until mice lost 20% of
their starting weight, mice were euthanized. Spleens were photographed and weighed, then
DNA was extracted from splenocytes utilizing the DNeasy Blood & Tissue Kit (QIAGEN) and
according to the manufacturer’s instructions for subsequent viral load analysis.

Measurement of total plasma IgG in huCD34+ engrafted NSG mice

Plasma was serially diluted in ELISA coating buffer in duplicate and incubated on 384-well
microplates at 4°C for 16 hr. 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 hr with 100 pl/well of ELISA blocking buffer. After blocking, plates
were washed and a 1:4000 dilution of goat anti-mouse IgG Human ads-HRP in ELISA blocking
buffer was added to each well and incubated 1hr at 37°C. Plates were washed and addition of
SureBlue Reserve TMB Microwell Peroxidase substrate, addition of 1N sulfuric acid, and
reading of plates was performed as described above. The average A450 values of buffer only
control wells were subtracted from each plasma containing well and plotted in GraphPad Prism
10.0.2. A450 values were plotted as a function of the log10 of the plasma dilution. A binding
curve was fit using the Sigmoidal, 4PL, X is log(concentration) least squares fit function. The
binding threshold was determined as in “Measurement of plasma antibody endpoint binding

titers by anti-His capture ELISA”.

Quantitative PCR analysis EBV DNA in huCD34 engrafted mice

A primer-probe mix specific for the EBV BALF5 gene 8 was used to quantify EBV in DNA

extracted from blood or spleen in hCD34 engrafted NSG recipient mice at the time points
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described. Each 25 pl gPCR reaction contained 12.5 yl QuantiTect Probe PCR Master Mix
(QIAGEN), 600 nM of each primer and 300 nM of FAM-labeled probe (IDT), 1.25 pl of a
TagMan VIC-labeled RNase-P primer probe mix (Fisher Sci Cat. #4316844). For analysis of
splenocytes, reactions contained 1 ug DNA extracted from splenocytes as template. To analyze
EBV in peripheral blood, 50 ul of blood collected via cardiac puncture or retro-orbital bleed DNA
extracted using the DNeasy Blood and Tissue Kit (QIAGEN) and eluted in 50 pl of Buffer AE
(QIAGEN). 10 pl 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 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 (IDT), 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 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 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.
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4.1 Abstract:

Epstein-Barr Virus (EBV) is an orally transmitted, y-herpesvirus associated with development of
a multitude of cancers and autoimmune conditions like multiple sclerosis. A vaccine to prevent
infection and/or EBV-associated disease is urgently needed. An understanding of the
neutralizing antibody response elicited by natural infection can help to inform promising vaccine
targets. The viral attachment protein for B cell infection is gp350, and it has been a major target
for vaccine design. The 72A1 mADb, previously isolated from a murine hybridoma, targets the
EBV glycoprotein gp350, and potently neutralizes infection in vitro. Using a ‘humanized’ version
of the 72A1 mAb in a humanized mouse model for EBV infection, we observed paradoxical
behavior of 72A1, resulting in enhanced disease in humanized mice when delivered prior to viral
challenge. Previous work by other groups has shown that murine 72A1 isolated from hybridoma
cell lines is protective against EBV infection and disease, implying that the enhanced disease
phenotype observed in experiments with humanized 72A1 involved the Fc region of this
antibody. Here we show that mice given 0.5 mg of 72A1 prior to viral challenge displayed
worsened disease outcomes compared to an irrelevant control, and that mutating the Fc region

of this mADb to prevent FcyR binding (72A1 silent Fc) leads to improved outcomes after
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challenge compared to wild type. Accompanying in vitro work has shown that 72A1, but not the
72A1 silent Fc, is able to mediate attachment and infection to an otherwise resistant B cell line
lacking the gp350 attachment ligands. However, this infection pathway appears to be less
efficient than canonical gp350 mediated attachment and is perhaps not the sole explanation for
the phenotype observed in the humanized mice. Further work in humanized mice is underway to
better characterize immunological changes after infection in the presence of 72A1, as well as

the effect of Fc affinity for FcyR on this disease phenotype.

4.2 Introduction

Epstein Barr Virus (EBV) is a ubiquitous virus, infecting over 90% of adults globally?.
Most people acquire EBV during early childhood, and primary infection is typically
asymptomatic?, yet can occasionally lead to the development of infectious mononucleosis
(IM)3#. EBV was also the first virus to be linked to the development of cancer®. EBV associated
malignancies have been estimated to be responsible for 137,900-208,700 deaths per year®.
EBV has also been linked to the development of auto immune conditions such as multiple
sclerosis (MS)’~° and rheumatoid arthritis'®2. A vaccine against EBV would have the potential
to lessen the morbidity and mortality caused by EBV associated disorders and confer significant
benefit for global health.

Antibodies are the major correlate of protection for most successful vaccines#, and all of
the viral glycoproteins that mediate entry are targeted by neutralizing antibodies during
infection?>-Y’. It remains unclear which of these are the best to include in a potential vaccine.
Most EBV vaccines to date target the viral protein gp350*8-22. During B cell infection, gp350
mediates attachment by binding to CD21 or CD35 on the B cell surface?25, Additionally, gp350

is the most abundant protein on the surface of the virus and it is the main target of antibodies
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that neutralize EBV infection of B cells'®2"28 | However, anti-gp350 antibodies do not prevent
infection of epithelial cells?>242%-32 and in fact have been reported to enhance epithelial cell
infection in vitro33, Moreover, mutated EBV lacking gp350 remains infectious in vitro and in vivo,
although less efficiently than wild type virus3. In a phase two clinical trial testing a gp350-based
vaccine, vaccination was able to prevent the development of IM after infection, but showed no
efficacy in preventing infection?!.

Due to the failure of gp350-based vaccines to prevent infection, other EBV glycoproteins
may make more appropriate vaccine targets. Among these, the glycoproteins involved in viral
fusion with both cell types, gH/gL and gB are potential vaccine targets 272537, gB is the fusion
protein that mediates the merger of the host and viral membranes. Its activity is dependent on
gH and gL, which form a heterodimeric complex that trigger gB activity following a
conformational change resulting from the engagement of one or more cellular receptors®-41,

One way to identify promising targets for vaccine design is to isolate and characterize
antibodies that are able to neutralize infection. Determining if and how antibodies against EBV
can prevent infection in vitro and in animal models can inform vaccine design. A difficulty of
evaluating EBV in animal models is that EBV, like other gamma-herpesvirus, is very specific for
its host*?*3, However, there are animal models that facilitate study of the virus. For a small
animal model of EBV, humanized mice are often used. These are sublethally irradiated NOD-
scid IL2Rg™" (NSG) mice that have been engrafted with human peripheral blood stem
cells*“5, This reconstitutes most components of the human hematopoietic system in the mice*-
48 Humanized mice can then be infected with EBV and used to model B cell infection, but not
epithelial cell infection as the murine epithelial cells do not support viral infection*®. EBV infected
humanized mice recapitulate some aspects of human disease. Viral DNA can be detected in the
blood and in certain organs including the spleen, lymph nodes, and kidneys of infected mice,

and immunophenotyping of these mice shows a characteristic decrease in B cells and a
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corresponding rise in cytotoxic CD8+ T cells specific for EBV infected B cells*+4>4°. Additionally,
depending on viral challenge dose, mice may also develop fatal lymphoproliferative
disorders*4549,

The humanized mouse model can be used to evaluate the efficacy of potential
interventions against infection in vivo. For example, passive transfer of neutralizing mAbs into
humanized mice before EBV challenge can be performed to evaluate in vivo antibody-mediated
protection®"%°-53, Here we show that passive delivery of the anti-gp350 mAb 72A1 in the
humanized mouse model enhanced disease in vivo despite being potently neutralizing in vitro.
Further work has determined that this effect is related to the Fc portion of this mAb. We
generated a 72A1 mAb that has impaired binding to FcyR (72A1 silent Fc)>*. Passive delivery of
72A1 silent Fc to humanized mice prior to EBV challenge led to improved survival compared to
WT 72A1. Additional in vitro work has shown a potential for WT 72A1, but no other tested
mADbs, to mediate infection in an otherwise resistant B cell line in an Fc-dependent manner.
There’s an established precedent for antibodies mediating viral infection through Fc-receptor
binding to the Fc region of antibodies bound to virus. For example, in Dengue virus, cross
reactive non-neutralizing antibodies allow for enhanced pathology via uptake of virus through
FcyR, rather than canonical viral entry receptors®®. In addition to cross-reactive non neutralizing
antibodies, antibody dependent enhancement of infection can also occur with sub-neutralizing
concentrations of neutralizing antibodies®. The specific mechanism of 72A1 mediated
enhancement of disease observed in the humanized mouse model is still under investigation,
but has potential implications for the design of EBV vaccines and decisions of what viral

antigens to target.

126



4.3 Results and Discussion:

4.3.1 ‘Humanized’ 72A1 mediates worsened disease in humanized mice

We previously compared the protection mediated by two antibodies, AMMO1 and 72A1,
that can potently neutralize EBV infection of B cells in vitro. AMMO1 was isolated from PBMC of
an asymptomatic EBV carrier®®, whereas 72A1 was purified from a mouse hybridoma cell
line?357, In order to make these antibodies more comparable, 72A1 was expressed in plasmids
encoding the human IgG1 heavy chain and human lambda light chain®° as to mitigate any
kinetic or effector function differences that might have arisen due to the species of origin. Mice
received 0.5 mg antibody via IP injection, then 48 hours post antibody transfer, mice were
challenged with a sublethal dose of EBV (Fig. 1A). Following challenge, mice were monitored
for signs of infection including viremia and weight loss (Fig. 1A). These data are combined from
two independent experiments, one experiment was previously published in Singh et al. 2020°°,
and the second experiment an unpublished repeat to confirm the observed disease
enhancement. After viral challenge, all negative control mice had no detectable virus in the
spleen and survived the study period, while all positive infected control mice had viral titers in
the spleen, slight splenomegaly, and all mice survived EBV challenge (Fig. 1B-D). Mice treated
with AMMOL1 were similar to negative controls, barring one mouse with low level virus in the
spleen (Fig. 1B-D). However, mice receiving 72A1 had increased viremia, splenomegaly, and

40% mortality (Fig. 1B-D).
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Figure 1 Transfer of 72A1 leads to enhanced disease in humanized mouse challenge

model.

(A) Experimental design: Groups of humanized mice were given intraperitoneal injections of 500

ug 72A1 (n=8), AMMO1 (n=5), or PBS (infected control n=7 and uninfected control n=8) 48

hours prior to EBV challenge. Infected control, 72A1, and AMMOL groups received 33,000 RIU

EBV while the uninfected control group received PBS via r.o. injection. Mice were monitored for

signs of infection. (B) 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. (C) Spleen weights at necropsy,

each dot represents an individual mouse, and bar represents the median weight. (D) Kaplan-

Meier curve showing survival after challenge.
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4.3.2 72A1 mediates worsened disease in Fc-dependent manner

The lack of protection and enhanced mortality, splenic viral load and splenomegaly in
the 72A1 group was surprising given, the mAb’s potent B cell neutralization in vitro 23°7
Additionally, a prior study by Haque et al showed passive delivery of 72A1 in a similar
humanized mouse model was protective against EBV driven tumor formation®2. The 72A1
antibody in the Haque et al study was isolated directly from the murine hybridoma cell line®2,
The disparate outcomes between the two studies led us to the hypothesis that the Fc region of
this mAb was involved in mediating worsened outcomes after challenge.

To investigate this further, we made a mutant 72A1 mAb with Fc mutations
E233P/L234V/L235A/G236del/S267K to abrogate binding to Fc gamma receptor® (72A1 Silent
Fc). We gave mice 0.5 mg of WT (humanized) 72A1, 72A1 silent Fc, AMMO1, or an irrelevant
mAb (VRCO01) 24 hours prior to challenge (Fig. 2A). In this study mice were given a lethal dose
(50,000 RIU) EBV (Fig. 2A). After challenge, mice given AMMOL did not have detectable virus
in blood at any timepoint tested (Fig. 2B), while all other groups had detectable virus prior to the
end of the study. All mice given AMMOL1 survived until the end of the study (Fig. 2C). As a
infection control, mice were given VRCO1 prior to challenge, and all mice in this group became
viremic (Fig. 2B) and succumbed to infection during the study (Fig. 2C). The enhanced infection
phenotype observed after treatment with WT 72A1 in Fig. 1 was replicated, with mice having
detectable virus and earlier mortality compared to the infection control (VRCO01) group (Fig. 2B
and C). All mice in the WT 72A1 group had met study endpoints by week 7 post infection,
compared to week 9 for the VRCO1positive control group. Mice that received silent Fc 72A1 all
became viremic, but these mice had increased survival compared to both the WT 72A1 and the

positive control groups, with 60% survival by the end of study (Fig. 2B and C).
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Figure 2: Humanized mouse challenge after treatment with 72A1 or 72A1 silent Fc

mADb.

(A) Experimental design: Groups of humanized mice were given intraperitoneal injections of 500

ug WT 72A1 (n=5), Silent Fc 72A1 (n=4), VRCO01 (n=3) or AMMO1 (n=5) 24 hours prior to EBV

challenge. At challenge all mice received 50,000 RIU EBV via r.o. injection. Mice weighed 3x

weekly and bled 1x per week to monitor for signs of infection. (B) Viral DNA in the peripheral

blood of VRCO01 mice, WT 72A1 mice, 72A1 silent Fc mice, and AMMO1 mice was measured by

gPCR as indicated. (C) Kaplan-Meier curve showing survival after challenge.
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4.3.3 Otherwise resistant B cells become susceptible to 72A1-mediated EBV

attachment in an Fc-dependent manner

The observed in vivo data suggests a role for the Fc portion of the mAb playing a role in
the observed disease enhancement. This led us to a model where typically attachment is
mediated by the viral protein gp350 binding to either CD21 or CD35 on the B cell (Fig. 3A).
However, an antibody against gp350 can disrupt this canonical attachment but still mediate
attachment via binding of the antibody both to the viral antigen and to FcyR on the cell (Fig. 3B).

To further investigate a potential mechanism behind what we observed in the humanized
mice, transgenic cell lines were created to assess the ability of 72A1 to mediate attachment in
an Fc-dependent manner. NALMS6 cells are a pre-B cell line that do not express CD21 or
CD35?¢, the two canonical B cell attachment receptors for EBV?>2%, making them resistant to
EBV infection. Using these cells we generated a transgenic cell line expressing the human
FcyRiib, NALM6-FcyRiib. These cells were then used to see if WT 72A1, silent Fc 72A1, and
AMMOL1 were capable of mediating attachment of fluorescently labelled gp350 or gH/gL. We
saw no fluorescent labelling of parental NALM®6 cells with gH/gL or gp350 in the presence or
absence of antibody (Fig. 3C). However the NALM6-FcyRiib cells stained positive for gH/gL or
gp350 when a mAb that can bind the fluorescent antigen and had an intact Fc region was
present (Fig. 3C), demonstrating attachment of the antigen to the cells in an Fc-dependent

manner.
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Figure 3: Fc-dependent attachment of EBV glycoproteins.

(A) Canonical method of EBV attachment to B cells, utilizing EBV gp350 binding to CD21 or
CD35 on the B cell surface. (B) Alternative (proposed) method of Fc-mediated EBV attachment,
where antibodies against gp350 can block canonical binding but facilitate Fc-mediated
attachment via antibody/virus complex binding to FcyRiib on the B cell surface. (C) Attachment
staining of NALM6 and NALM6-FcyRiib cells with fluorescently labelled gH/gL with and without

AMMO1, and gp350, with and without WT 72A1 and silent Fc 72A1.
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4.3.4 Fc mediated infection is limited to 72A1

We next wanted to determine if Fc-mediated attachment could promote downstream
infection. To do this, EBV was incubated with mAb or media alone prior to infection of NALM6 or
NALMG6-FcyRiib. We also included NALM6 cells transduced with CD21 (NALM6-CD21) to act as
a point of reference for the normal attachment and infection process for EBV. NALM6-FcyRiib
cells, where only infected when virus was pre-incubated with WT 72A1, but not virus alone,
silent Fc 72A1, or AMMOL (Fig. 4A). AMMOL1 is a neutralizing antibody that inhibits fusion, step
downstream of the initial attachment step, so while this antibody may be capable of mediating
attachment, it is not able to mediate infection as it still prevents viral fusion. We next tested a
panel of mAbs against EBV gH/gL with varying neutralizing capabilities against B cell infection
(Fig. 4B). We found no antibody mediated infection in the parental NALM®6 cell line (Fig. 4B).
Interestingly, we saw that antibody mediated infection in NALM6-FcyRiib cells was limited to WT
72A1 (Fig. 4B). Other mADbs included in the panel, like E1D1, bind to gH/gL with high affinity but
are poorly neutralizing against B cell infection. This indicates that the viral antigen bound by an
antibody may influence whether or not Fc-mediated infection can take place. Using our
transgenic NALMG6 infection assay, Fc-mediated infection is noticeably less efficient than
infection via canonical attachment through gp350 binding to CD21 (Fig. 4C). In this cell type
mADbs retained their expected neutralization against B cell infection, with 72A1 and AMMOL1
displaying potent neutralization while E1D1 and CL40 showed intermediate neutralization (Fig.

4C).

133



A
I NomAb WT 72A1
“172A1 Silent Fc | | AMMO1
k-
wn . .
(7p]

15 ® NALM6
A NALMB-FcgRiib

NN N LY

L
W&
S &

A AN NN NS
K@Q ‘\q’“ ,\']? ‘\.@0 ono 0"" x& l\w?‘
& @ ¥ ¢ & «
&

&
o < a_,\\°

¥ NALMB-CD21

Figure 4: Fc-mediated attachment facilitates EBV infection in vitro.

(A) Infection of NALM6-FcyRiib with EBV incubated with cRPMI, WT 72A1, Silent Fc 72A1, and

AMMO1 as indicated. Representative wells are shown. (B) Infection of NALM6 or NALM6-

FcyRiib cells with indicated conditions. Each condition ran in triplicate, with three replicates. For

each cell type, each infection condition was compared to the cells + EBV condition and

significance determined by Dunn’s multiple comparisons test. ** indicates a significance below

0.01. No comparison was shown on the plot for P values above 0.05. (C) NALM6-CD21 cells

with indicated conditions. Each condition ran in triplicate, with three replicates. Each infection

condition was compared to the cells + EBV condition and significance determined by Dunn’s

multiple comparisons test. * indicates a significance below 0.05, **** indicates significance

below 0.0001.
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4.4 Conclusions and future directions:

Using the humanized mouse model for EBV infection, we are able to repeatably show that
the WT 72A1 mAb, while neutralizing in vitro, seems to mediate worsened disease in an Fc
dependent mechanism. However, this work is still ongoing. As noted in Fig. 4B, 72A1 can
mediate infection of otherwise resistant B cell lines in an Fc-dependent manner, which could
potentially explain the lack of protection observed with 72A1 in the humanized mouse model.
Yet in vitro, the level of infection via Fc-mediated attachment is still much lower than infection
using the canonical attachment receptor. The low-level infection we’ve modeled in vitro does not
explain the worsened disease outcomes observed in vivo. In addition, our Fc-mediated infection
assay uses transgenic NALM6-FcyRiib cells. These cells have been transduced to express
FcyR at a high level, and express FcyR higher than another B cell line, Raji B cells, that are
commonly used in infection assays with EBV (data not shown). To date, | have been unable to
demonstrate Fc-mediated attachment using the Raiji cell line (not shown). While we have been
able to demonstrate that Fc-mediated attachment and infection can occur in vitro, the relevance
of this towards explaining the WT 72A1 mediated enhanced disease phenotype in the
humanized mouse model remains to be determined. However it appears the Fc portion of the
antibody is involved, as passive transfer of 72A1 silent Fc led to better survival in humanized
mice compared to WT 72A1.

We hypothesize that in the enhanced disease seen in humanized mice, other cell types are
involved in infection beyond B cells. EBV has been reported to infect T cells®®-%°, monocytes®?,
and NK cells®?-%4 in certain contexts. It is therefore possible that EBV bound by 72A1 allows for
EBV infection of a non-B cell. NK cells and monocytes both display FcyR that has a much
higher affinity for IgG1 than the FcyR subtype displayed by B cells®>%. In theory this could lead

to better binding of antibody/virus complexes to the cell, and in turn, more efficient infection.
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Previous work has shown that NK cells are necessary for control of EBV in humanized mice,
and depletion or perturbation of the NK cell subset led to enhanced viremia, splenomegaly, and
earlier mortality®4. As these results mirror what we observe with 72A1 in our work, we plan on
investigating (1) whether EBV can infect NK cells in an Fc dependent manner in vitro and (2) if
immune perturbations soon after challenge in humanized mice treated with 72A1.

Another noteworthy finding from our in vitro work is that the ability to mediate Fc-dependent
infection seems limited to 72A1 (Fig. 4B). We tested mAbs against EBV gH/gL that are non-
neutralizing against B cell infection, but did not observe any Fc-dependent infection. This could
be due to gp350 being the most abundant protein on the virion surface?, making 72A1 more
efficient at mediating EBV attachment via FcyR than antibodies against the less abundant
gH/gL. 72A1 is the only mAb against EBV gp350 with a publicly available sequence. We are in
the process of generating more neutralizing and non-neutralizing antibodies against EBV gp350,
and hope to use these to further investigate the role antigen binding plays in the Fc-mediated
infection we’ve observed.

It is possible that this antibody mediated enhancement of disease after EBV infection is an
artefact of the humanized mouse model. It is true that while humanized mice develop human B
cells, full immunophenotyping has not been performed using these mice. The effects seen here
could be mediated by atypical immune populations that arise in this mixed species immune
model. However, if this is the case it is still important to understand. Humanized mice are the
primary small animal model used to study EBV, and have been used for efficacy studies of
different EBV mAbs and vaccine candidates*6-%768, However, if this Fc mediated infection can
occur in humans, this would be very important to know and understand. If antibodies against
gp350 fail to protect because of an ability to mediate attachment to host immune cells in a
manner that allows for downstream infection, this is very important to know when designing

prophylactic vaccines. As mentioned previously in this thesis, gp350 has historically been the
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major target of vaccine design!®?1%%-72 and many vaccines being developed still include gp350
as a target antigen (NCT04645147, NCT05164094). The work described here and the work
currently underway will help further characterize an important animal model for EBV, and the

potential role of antibodies against a major vaccine target.

4.5 Methods:

Antibody production:

pTT3-derived antibody expression plasmids encoding antibody heavy and light chains (as
described previously®*°?) were co-transfected into 293E cells at a density of 1x10° 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 4,000xg followed by filtration through a 0.22
um filter. Clarified cell supernatant containing recombinant antibodies was passed over Protein
A Agarose, followed by washing with PBS, and elution with 1 mL of Pierce IgG Elution Buffer,
pH 2.0, into 0.1 mL of Tris HCI, pH 8.0. Purified antibodies were then buffer exchanged into

PBS and sterile filtered before use.

Silent Fc 72A1 HC plasmid was produced by cloning the variable heavy chain of 72Al into a
pre-existing silent Fc®* construct by Gibson assembly. For production of Silent Fc 72A1 mAbs,
the Silent Fc 72A1 HC and WT 72A1 LC plasmids were co-transfected into 293E cells and

antibody production carried out as described above.

Mice
NOD-scid ll2rgnull (NSG) and C57BL/6 mice were housed in a specific pathogen-free facility at

FHCC. The facility is accredited by the Association for Assessment and Accreditation of
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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 FH Institutional Animal Care
and Use Committee and Institutional Review Board. All C57BL/6 and NSG mice used in this

study were female and 6 weeks old when experiments were initiated.

EBV infection in humanized mice

Twenty-five six week old NSG mice were irradiated (275R of total body irradiation) and received
1x10° CD34* huPBSC in 200 pl PBS through i.v. injection. Eight weeks later, successful human
cell engraftment was confirmed by the presence of human CD45" cells in peripheral blood by
flow cytometry. Using 50 pl blood, RBCs were lysed and cells were stained using a BV510
viability dye, and the following antibodies at a 1:100 dilution unless otherwise noted: hCD45
FITC (eBioscience Cat. #5010066), mCD45 APC (eBioscience Cat. #17-0451-82) (1:500
dilution), hCD33 PE (BD Bioscience Cat. #555450), hCD19 BV711 (Biolegend Cat.# 302246),
hCD4 AF700 (eBioscience Cat. #56-0048-82) and hCD8 BV421 (BD Bioscience Cat. #562429).
Cells were stained for 30 min on ice, washed twice in FACS buffer, fixed in 200 pl of 10%
formalin 15 min on ice, washed and resuspended in 200 ul FACS buffer for acquisition and
analyzed on a BDFACS Celesta. 10 weeks post-engraftment, 500 ug of experimental or control
antibodies were injected per humanized NSG mouse via intraperitoneal injection (i.p.). 24 hr
later, mice were bled in the left eye to confirm passive transfer of IgG, and received a dose of
EBV B95.8/F67 equivalent to 33,000 Raji infectious units or 50,000 Raji infectious units
(depending on experiment) via retro-orbital injection in the right eye. Each group of mice
receiving the same IgG preparation and/or EBV were housed separately from each other. Mice
were weighed three times weekly. Beginning at two weeks post-infection, peripheral blood
samples were collected to measure the presence of EBV DNA in whole blood. Twelve weeks

post-challenge, or until mice lost 20% of their starting weight, mice were euthanized. Spleens
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were photographed and weighed, then DNA was extracted from splenocytes utilizing the
DNeasy Blood & Tissue Kit (QIAGEN) and according to the manufacturer’s instructions for

subsequent viral load analysis.

Quantitative PCR analysis EBV DNA in huCD34 engrafted mice

A primer-probe mix specific for the EBV BALF5 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 yl QuantiTect Probe PCR Master Mix
(QIAGEN), 600 nM of each primer and 300 nM of FAM-labeled probe (IDT), 1.25 pl of a
TagMan VIC-labeled RNase-P primer probe mix (Fisher Sci Cat. #4316844). For analysis of
splenocytes, reactions contained 1 ug DNA extracted from splenocytes as template. To analyze
EBV in peripheral blood, 50 ul of blood collected via cardiac puncture or retro-orbital bleed DNA
extracted using the DNeasy Blood and Tissue Kit (QIAGEN) and eluted in 50 pl of Buffer AE
(QIAGEN). 10 pl 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 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 (IDT), 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 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 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.
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Plasmids

To generate CD21 lentiviral plasmid, the coding sequence for CD21 (GenBank ID BC090937.1)

was codon optimized and cloned into pTwist Lenti SFFV Puro WPRE (Twist Biosciences).

Lentiviral Production:

5.46 ug of psPAX2, 2.73 ug of pMD2.G (both gifts from Didier Trono), and 11.05 ug of
p156RRL-sinPPT-CMV-GFP-PRE/Nhe | FcgRiib plasmid (gift from Leslie Goo) or 11.05 ug of
CD21 plasmid (Twist Bio) 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 pg of valproic acid is added to the cell culture. After another 48 hours, the cell
culture was centrifuged at 1000 x g for 3 minutes, the supernatant is passed through a 0.44 pm

filter, aliquoted, and stored at -80°C.

Lentiviral Transduction:

In a 6 well plate, 4 pg/mL polybrene was added to 3 mL of NALM6 cells at 3x10° cells/mL, along
with 3 mL of supernatant containing either CD21 or FcyRiib lentiviral particles. 24 hours
following transduction, wells were moved to 25 ml TC flasks and 5mL fresh cRPMI added to the
culture. After 72-96 hours, cells were stained for surface expression of FcyR or CD21 by flow
cytometry. A Guava easyCyte Flow Cytometer was used to monitor anti-CD21 (Biolegend Cat.
#354903) or anti FcyR (Biolegend Cat. #303206) staining. Cells were expanded and cultured

with puromycin to select for transduced cells in culture.
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Antibody mediated attachment staining

Biotinylated EBV gH/gL and gp350 (as described in Snijder et al.>®) was conjugated to
streptavidin-PE (Invitrogen Cat. #S866). 10 ug of protein was conjugated to 4 ul streptavidin-PE.
NALM6 (transgenic or parental) cells were resuspended at 1x10° cells/ml in FACS buffer, and
100 pl of each was transferred to 6x 2 ml FACS tubes for each cell type. For each cell type, one
tube received either nothing, gH/gL alone, gH/gL with AMMOL1, gp350 alone, gp350 with 72A1,
and gp350 with silent Fc 72A1. Cells were stained on ice for 30 min in the dark, washed once in
2 ml FACS buffer, and fixed in 10% formalin. Cells were resuspended in 200 yl FACS buffer and

the percentage of PE+ cells was determined using a Luminex Guava HT.

Preparation of EBV Reporter Viruses

To produce B-cell tropic GFP reporter viruses (B95-8/F), 5x10° 293—2089 cells were seeded on
a 100mm tissue culture dish in cRPMI containing 100 ug/ml hygromycin. 48 hr later the cells
were washed with PBS, the media was replaced with cRPMI without hygromycin, and cells were
transfected with 6 ug each of p509 and p2670 expressing BZLF1 and BALF4, respectively,
using GeneJuice transfection reagent (SigmaAldrich Cat. #70967)’47. 72 hr post transfection,
the cell supernatant was collected and centrifuged at 500 x g for 3 min to pellet any cell debris,
and passed through a 0.8 um filter. Virions were concentrated 25-50-fold by centrifugation at
25,000 x g for 2 hr and re-suspended in PBS. Virus was stored at -80°C and thawed

immediately before use.

Antibody mediated infection assay

Different mAbs were diluted to 20 pg/ml in cRPMI, and 20 pl cRPMI was added to a 96-well
round-bottom plate in triplicate. 25 pl B95-8/F virus diluted to achieve an infection frequency of
approximately 10-15% in Raiji cells was added and plates were incubated for 1hr at 37°C.

Following the incubation, 50 pl of cells at 1x10° cells/ml was added to each well and incubated
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for 72 hr at 37°C, 5% CO.. After incubation, cells were fixed in 10% formalin and the percentage

of GFP+ Raji cells was determined using a Luminex Guava HT or BDFACS Celesta. 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. Each infection assay was

repeated 3 times. Statistical differences were determined by Dunn’s multiple comparison test

using GraphPad Prism Version 10.1.1.
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Chapter 5. Concluding Remarks on EBV gH/gL Vaccines

EBYV is a ubiquitous virus with a global burden of disease, and a vaccine to prevent
infection and associated disease has the potential have immense public health benefit. Our
group has focused on developing vaccines targeting gH/gL, as antibodies against gH/gL can
neutralize infection in vitro and in vivo. As described in this thesis, using both protein
nanopatrticles in rhesus macaques (chapter 2) and repRNA immunizations in mice (chapter 3),
these vaccines are immunogenic and can elicit antibodies capable of neutralizing EBV infection
of B cells and epithelial cells in vitro. In vivo, one of four rhesus macaques was protected from
challenge with the orthologous rhLCV, and humanized mice receiving vaccine-elicited 1gG had
reduced detectable EBV DNA and were protected from lethal EBV challenge.

Approaches to optimize vaccines are detailed in chapter 1.6. As detailed in this thesis,
adjuvant selection, dosing, and antigen design all influence immunogenicity of a vaccine. In
chapter 3 we tested various repRNA gH/gL constructs. Another potential path to improve
vaccine immunogenicity that was not done in this work is to include other EBV proteins as
vaccine targets. In chapters 2 and 3, our gH/gL vaccine elicited lower B cell neutralizing titers
than epithelial cell titers. To improve this we could target EBV proteins involved in B cell
infection, like gp350 and gp42. In chapter 4 | show preliminary data in a humanized mouse
model, where mice given a mAb against gp350 prior to EBV challenge develop worsened
disease. However the implications of this are unclear, as more work is needed to understand
how this effect is being mediated (the Fc region of the mAb appears to be involved) and whether
or not this effect is limited to the humanized mouse model.

Additionally, work in this thesis highlights the limitations of animal models for EBV. As
detailed in chapter 2, there was an unexpected degree of antigenic disparity between the

vaccine antigen (EBV gH/gL) and the challenge strain (rhLCV gH/gL). While these two viruses
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are closely related, our work has shown that there is enough difference to limit the utility of
rhLCV challenge to model EBV vaccine elicited protection. Potential ways to work around this
could be to make hybrid rhLCV challenge strains that express EBV proteins!, or to immunize
with the rhLCV version of proteins instead of EBV. In contrast, use of humanized mice allows us
to model EBV infection in vivo, but not by the typical oral route, and only B cell infection is
recapitulated?. Additionally, these animals do not develop typical immune responses to
vaccination, requiring passive transfer studies to look at the role of vaccine elicited antibodies in
protection from infection. These limitations must be considered when evaluating EBV vaccines.
However, with these caveats in mind, they are still useful tools for preclinical evaluation of EBV
vaccines. The work outlined in this thesis describes the immunogenicity and protection
mediated by two next-generation vaccines targeting EBV gH/gL, and validates gH/gL as being
an important vaccine target. Further optimization of gH/gL vaccines by changing the vaccine
platform, adjuvants, dosing, or introducing additional antigens should be explored further.

If a promising vaccine candidate is identified through preclinical studies in animal
models, setting up clinical trials in humans is the next step in development. However this raises
guestions about how to evaluate vaccines in humans. In addition to determining safety,
immunogenicity, and optimal dosing, how do you determine if a vaccine against EBV is actually
effective? If a population of EBV negative individuals is evaluated, this allows investigation of
whether or not the candidate vaccine is protective against acquisition of the virus and
additionally development of IM. However, as mentioned previously, most adults are seropositive
for EBV and have lifelong infection with the virus, so finding a suitable study population could be
a challenging endeavor. Additionally, secondary endpoints determining protection mediated by
candidate vaccines against development of EBV associated malignancies and MS are important
to evaluate. Given these conditions can take decades to develop after initial EBV infection

makes evaluation of these secondary endpoints during a clinical trial complicated and difficult.
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Designing additional trials with specific study cohorts can give researchers a proxy for difficult to
measure benefits. For example, vaccinating populations at higher risk of EBV-associated
malignancies that are relatively quick to develop (i.e. EBV-negative patients undergoing
transplantation and at risk of PTLD or those with certain primary immunodeficiencies linked to
EBV malignancies)®. While human trials with candidate EBV vaccines present unique
challenges and obstacles, they also presents a critical opportunity to further develop vaccines
that could have enormous impact on human health by reducing the morbidity and mortality

driven by IM, MS, and EBV-associated malignancy?.
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