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ABSTRACT OF THE DISSERTATION

Novel strategies for prophylactic viral vaccines enabled by lipid nanoparticle technology

by

Alex Ka-Shing Lam
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2022

Professor Ting-Ting Wu, Chair

Lipid nanoparticles (LNPs) are at the forefront of scientific thought due to the SARS-CoV-2
pandemic. While mMRNA-LNPs have been studied for years, there is still much to be learned about
their uses in translational medicine. Here, we expand the application of this technology for
prophylactic viral vaccines and study factors that impact the immunogenicity of mMRNA-LNP

vaccines.

First, we discuss the prospects for vaccines against the tumor-associated Kaposi sarcoma-
associated herpesvirus (KSHV) using knowledge obtained from previous herpesvirus studies. We
highlight the need for immune responses in addition to neutralizing antibodies, such as antibodies
with effector functions and cellular immunity. We apply LNPs as an adjuvant for a protein-based
vaccine against KSHV using virus-like vesicles (VLVs), noninfectious viral particles that present
viral envelope proteins. We find that adjuvanted VLVs generate KSHV-specific antibody and T

cell responses in mice. Importantly, we highlight an important role of antibodies that target the



complement control protein ORF4 for complement-dependent neutralization of KSHV. This forms

a basis for LNP-adjuvanted KSHV VLVs to be developed as a vaccine.

We next studied the impacts of type | interferons (IFN-I) on the immunogenicity of mMRNA-LNPs.
Using genetic knockout and antibody blockade of IFN-I in mice, we find antigen-specific
alterations in immunogenicity against three viral antigens delivered by mRNA-LNPs: influenza
hemagglutinin (HA), SARS-CoV-2 Spike receptor binding domain (RBD), and SARS-CoV-2 RNA-
dependent RNA polymerase (RdRp). HA antibody responses are largely unaffected by IFN-I, but
T cells responding to inactivated viruses are deficient without IFN-I. Antibody responses to RBD
appear strain-dependent, but IFN-| is necessary for T cell responses. Finally, RdRp-specific T cell
responses are unchanged or enhanced when IFN-I is not present. These results highlight the
need for antigen-specific studies to better understand the role of IFN-I in immunogenicity of

MRNA-LNPs.

Finally, we study whether mMRNA-LNPs that target the highly conserved SARS-CoV-2 RdRp can
protect against infection. The RdRp mRNA-LNP is immunogenic in wildtype and transgenic mice,
but there was minimal protection conferred by RdRp immunization against high dose SARS-CoV-
2 infection of K18-hACE2 transgenic mice. Further studies are necessary to elucidate whether

RdRp is a promising candidate for next-generation SARS-CoV-2 vaccines.
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CHAPTER 1:

Learning from family: how other herpesviruses can inform vaccine design for KSHV



Abstract

Kaposi Sarcoma-associated Herpesvirus (KSHV) is a gammaherpesvirus that is the etiological
agent for cancers such as Kaposi Sarcoma and primary effusion lymphoma. Vaccination against
KSHYV would reduce the disease burden associated with infection, but an effective vaccine is still
not yet available. Because of a relatively small number of vaccine studies on KSHV, research on
other herpesviruses provides informative guidance for the design of KSHV vaccine candidates.
While most herpesvirus vaccine candidates focused on the induction of neutralizing antibodies
that block viral attachment and entry through the antigen-binding (Fab) region, recent data
underscore antibody-mediated protection through the constant (Fc) region. Moreover,
herpesviruses can spread through a cell-to-cell mechanism, allowing them to evade neutralizing
antibodies during dissemination within a host. An effective prophylactic herpesvirus vaccine will
likely need to induce multifaceted immunity, consisting of antibody and T-cell responses against
a spectrum of viral antigens. Here, we highlight important advancements in human herpesvirus
vaccine research and knowledge gleaned from other gammaherpesvirus studies and discuss the

implications to the development of a prophylactic KSHV vaccine.



Introduction

Kaposi sarcoma-associated herpesvirus (KSHV) is the etiological agent for Kaposi sarcoma (KS),
a cancer that is largely composed of endothelial cells and can appear on the skin, lymph nodes,
lungs, and digestive tract. Like all herpesviruses, the life cycle of KSHV has two distinct phases:
Iytic replication that leads to virion production and latency where the viral genome is maintained
in an episomal manner. KSHV belongs to the gamma subfamily of herpesviruses, which
establishes latency mainly in lymphocytes and unlike viruses of the other two subfamilies, alpha
and beta, is associated with the development of cancers. While the majority of tumor cells in KS
are latently-infected, a small fraction of cells express the lytic gene program, inducing
angiogenesis and promoting the proliferation and survival of tumor cells'. After being discovered
in 1994 in an AIDS KS lesion?, KSHV was also found to be associated with several diseases,
including B cell proliferative disorders such as primary effusion lymphoma (PEL) and multicentric
Castleman disease (MCD)3#, and more recently KSHV inflammatory cytokine syndrome (KICS)®.
It is estimated that over 40,000 new cases of KS and 20,000 deaths from KS per year®. Most of
cases and deaths occur in sub-Saharan Africa where KSHV seroprevalence is high, ranging from
30-60%, and resources are limited®. Therefore, a vaccine to prevent KSHV-associated diseases
is especially beneficial for people living in this area. However, an effective vaccine has not yet
been developed. A vaccine that induces sterilizing immunity may not be achievable due to the
virus’s ability to avoid immune detection during latency. Since the vast majority of KSHV infections
are asymptomatic, a more attainable goal for a KSHV vaccine would be the prevention of KSHV
related disease by minimizing latent viral load. In order to achieve such a goal, a better
understanding of the role of immune responses to KSHV during its natural history and

pathogenesis is needed.



Given the fairly recent discovery of KSHV, vaccine research is still at an early stage. The only
human herpesvirus for which an effective vaccine has been developed is the alphaherpesvirus
varicella zoster virus (VZV). Considerable efforts have also been made on other
alphaherpesviruses, herpes simplex viruses (HSV-1 and HSV-2), the betaherpesvirus human
cytomegalovirus (hCMV), as well as the other human gammaherpesvirus, Epstein-Barr virus
(EBV). Despite decades of effort, effective vaccines for these viruses remain elusive.
Nevertheless, valuable lessons that have been learned from these efforts can inform the design
of a KSHV vaccine. Meanwhile, it is imperative to be mindful of a fundamental difference in the
viral pathogenesis between gammaherpesviruses and the other herpesvirus families. Alpha- and
betaherpesviruses cause diseases via lytic replication, whereas cancers associated with
gammaherpesviruses are composed of mostly latently infected cells, where expression of latency-
associated genes from the viral genome predisposes cells for transformation by driving the
proliferation of infected cells'. However, Iytic replication can also contribute to the pathogenesis
of gammaherpesviruses indirectly, for example, by expressing lytic genes that facilitate the
proliferation of latently-infected tumors cells and by replenishing the pool of latently infected cells’.
Therefore, unlike vaccines for VZV, HSV, and hCMV, which aim to control Iytic replication to
protect against diseases, vaccines for KSHV and EBV may need to prevent or at the very least
reduce viral latency to protect against cancers. Prevention of latent infection is extremely
challenging but is the ultimate goal for all herpesvirus vaccines. Alternatively, a KSHV vaccine
might function to enhance immune control of latently infected cells to prevent cancer
development. Because there is no small animal model for KSHV and EBV, a closely related rodent
herpesvirus, murine gammaherpesvirus-68 (MHV-68), has been exploited as a model to study
vaccine strategies and the immune mechanisms needed to prevent latency®. Here, we will
highlight recent developments in prophylactic human herpesvirus vaccine research with the focus

on how they differ from traditional approaches, summarize the knowledge gained from the MHV-



68 studies, and discuss how they can be applied to developing a prophylactic vaccine for KSHV

in the future.

Lessons from alpha- and beta-herpesviruses

Primary VZV lytic infection causes varicella (chickenpox), a once common childhood disease;
reactivation of latent VZV into lytic replication causes herpes zoster (shingles), which occurs more
frequently in older adults. The live attenuated Oka strain has been used for vaccination to protect
against chickenpox in children and shingles in older adults. More recently, an adjuvanted
recombinant glycoprotein E (gE) vaccine, Shingrix, was developed to prevent shingles®'0. gE is
the most abundant viral protein on the viral envelope and in infected cells''. Levels of antibodies
binding to gE correlate well to protection against varicella in children immunized with the live VZV
vaccine'. In addition, post-exposure administration of VARIZIG (Varicella Zoster Immune
Globulin), prepared from plasma of donors containing high titers of anti-VZV antibodies, has been
shown to reduce the severity and incidence of varicella in high risk populations'. Therefore,
vaccine-elicited humoral immunity is likely important for protection against varicella. However,
cell-mediated immunity (CMI) also plays a critical role in preventing shingles, which is associated
with a decline in CMI and not antibody'. The live vaccine is generally thought to elicit a broad
cellular and humoral immune response against a spectrum of viral antigens. And yet, the gE
subunit vaccine offers better efficacy of protection against shingles than the live VZV vaccine'®.
This could be because gE-specific T cell responses were over ten times higher in people who
received the gE subunit vaccine than those who received the live VZV vaccine'®. In addition, the
gE vaccine also boosted gE-specific antibody responses more than the live vaccine'’. Therefore,
the single viral antigen gE vaccine that boosts gE-specific cellular and humoral immunity in

infected individuals is sufficient to protect against shingles caused by VZV reactivation.



Nevertheless, it remains to be determined whether this vaccine is also effective against varicella,

which is caused by primary infection in naive individuals.

Numerous efforts have been made to develop vaccines for HSV-1, HSV-2, and hCMV (reviewed
in 18-20). HSV vaccines have attempted subunit, live attenuated, or inactivated whole virus vaccine
strategies in preclinical studies, and some have advanced to clinical trials. gD, essential for HSV
entry of cells, is the major target for vaccine development?'. The Herpevac Trial investigated the
protection afforded by an adjuvanted HSV-2 gD (gD2) subunit vaccine against primary infection.
This vaccine, which elicited a high titer of neutralizing antibodies, showed vaccine efficacies of
58% against genital HSV-1 disease and 35% against HSV-1 infection but no protection against
HSV-222, |t was later found that antibodies, not T cells, are the correlate of protection against
disease?®. Although it is not surprising to observe protection against HSV-1, as gD of HSV-1
shares >80% amino acid sequence homology to gD2, it is not completely clear why the gD2
vaccine is not effective for HSV-2 despite robust neutralizing antibody levels. An important lesson
from the Herpevac Trial is that neutralizing antibodies may not be the only component of effective
protection, as certain individual with high levels of neutralizing antibodies were still infected. One
explanation could be because herpesviruses can spread independently of cell-free virions such
as through cell-cell spread, which is unaffected by neutralizing antibodies?*. Thus, additional
antibody functions should be explored, such as protection through other antiviral mechanisms
mediated by their Fc regions: antibody-dependent cellular cytotoxicity, antibody-dependent
phagocytosis, and complement-dependent neutralization and cytotoxicity?>26. HSV-2 expresses
two immune evasion glycoproteins, gC and gE, which block complement and Fc-receptor
mediated antibody effector functions, respectively?”-2°. In preclinical studies, when gC and gE are
also included in subunit vaccines in addition to gD, the protection against HSV-2 is significantly
improved compared to a vaccine with gD alone?®. Built on these studies, a trivalent nucleoside-

modified mRNA vaccine encoding gD, gC, and gE was generated and has demonstrated superior
6



efficacy of protection in preclinical models®'-34. This trivalent vaccine elicits antibodies that block
the immune evasion mechanisms of gC and gE, thereby enhancing the effector functions of gD
antibodies?%3%, Therefore, while gC and gE have not been traditionally targeted by HSV vaccines,
it appears that blocking their functions by vaccination would enhance protective humoral immunity
of the vaccine. Another HSV-2 vaccine candidate that emphasizes the important of antibody
effector functions is based on an attenuated single-cycle gD-deleted virus (AgD-2). Immunization
with AgD-2 provides complete protection against lethal challenge of HSV-2 in mice®. The sera
from the AgD-2 immunized mice possessed very little neutralization activity but contained
antibodies that have both Fc-receptor and complement effector functions3¢:37. Moreover, passive
transfer of the AgD-2 immune serum protected wild-type (WT) mice but not Fc-receptor knockout
mice against HSV-2 challenge, suggesting that the effector functions of antibodies are vital to
protection353839, Together these studies indicate that while conventional neutralizing antibodies
that block entry and fusion through their Fab regions is a major component of protective immunity,
other antiviral functions through the Fc-region of antibodies can also contribute to vaccine-

mediated protection.

For hCMV, many vaccine candidates based on a variety of platforms have been studied (reviewed
in 4%). A recent vaccine candidate, V160, is a live attenuated AD169 strain that only replicates in
the presence of a synthetic compound*'. Therefore, this virus is replication deficient and unable
to persist beyond one cycle of replication in vivo. In addition to safety, V160 is further improved
from the previous AD169 attenuated strains by the restoration of viral pentameric protein complex
(gH/gL/pUL128/pUL130/pUL131) that is required for hCMV infection of epithelial and endothelial
cells*243, Immunization of seronegative patients with V160 resulted in both neutralizing and non-
neutralizing antibodies against a variety of targets including the restored pentameric complex#4.
In addition, subunit vaccines have also been studied, especially those targeting gB, which is

required for viral fusion. Interestingly, while gB-based vaccines generate neutralizing antibodies
7



in humans, this neutralizing activity is significantly enhanced by complement*546. Analysis of sera
from vaccinated humans indicated that the protection provided by an adjuvanted gB vaccine could
be attributed to non-neutralizing effector functions*’. More recently, due to the advent of mMRNA
vaccines, Moderna’s mRNA-1647, which combines six viral targets (gB and the viral pentameric
complex), has entered Phase 3 studies. Overall, the recent developments in HSV and hCMV
vaccines have emphasized approaches that include multiple viral targets and harness the Fc-

mediated functions of antibodies.

Guidance from the MHV-68 model

Due to the restricted host range of KSHV and EBV, the MHV-68 mouse infection model has been
widely used to test various “proof-of-principle” vaccination strategies for gammaherpesviruses.
Like KSHV and EBV, MHV-68 also establishes long-term latent infection in B cells*34°. Following
intranasal infection, MHV-68 first undergoes acute lytic replication in epithelial cells of the
respiratory tract. Subsequently, the virus spreads to secondary lymphoid organs and infects B
cells, likely via trafficking of infected myeloid cells®®-%2. Viral latency in the spleen peaks at 2-3
weeks after inoculation and is accompanied by splenomegaly, a syndrome similar to infectious
mononucleosis associated with EBV primary infection. MHV-68 then establishes a steady, low
level persistent infection 4-6 weeks later. Because the oncogenic potential of
gammaherpesviruses is associated with their latent infection, the goal for vaccines is to identify a
strategy that will prevent the establishment of latency in B cells. The only strategy that has shown
to afford the desired protection so far is based on live attenuated viruses, which for safety reasons
were engineered to be latency-deficient through (i) overexpression of the viral replication and
transcriptional activator (RTA), (ii) removal of latency-associated gene encoded by ORF73, or (iii)
both53-58, Recently, to further increase the safety of a latency-deficient virus, our laboratory has

minimized the ability of the vaccine virus to replicate in vivo by removing multiple viral immune



evasion mechanisms. This generated a severely attenuated vaccine virus that has no detectable
productive or latent infection in vivo but is highly efficacious in protecting against latency
establishment from a WT challenge virus®®. However, the same protection was not attained by
vaccination of another latency-deficient virus that was made replication-deficient by eliminating
RTA expression®. These studies demonstrate that latency is not required for a live attenuated

virus to elicit protective immunity, but antigen expression from the vaccine virus is critical.

Due to the potential oncogenic risk of an infectious gammaherpesvirus, alternative, safer vaccine
candidates, such as subunit vaccines have been investigated. The first type of subunit vaccines
focused on generating antibodies against viral glycoprotein 150 (gp150), which has significant
homology to EBV’s gp350, the protein responsible for mediating EBV attachment to host B
cells®':62, Although immunization with a gp150-expressing vaccinia virus was able to generate
MHV-68-neutralizing antibodies that lessened mononucleosis-like symptoms, the challenge virus
was nonetheless able to establish latency®. Other subunit vaccines were designed to elicit T cell
responses against viral lytic antigens. Vaccination with DNA encoding for viral protein M3,
vaccinia viruses expressing major T cell targets (lytic proteins ORF6 and ORF61), or
adenoviruses encoding known viral CD8* T cells epitopes were able to inhibit lytic replication and
reduce but not eliminate latency after WT virus challenge®-%¢. Other groups have attempted
vaccinations with latent antigens instead of lytic ones. Using either DNA vaccines or adenoviruses
to generate cellular immunity against the latent antigen M2 led to a lower latent load, but was still
unable to completely prevent latency establishment by a WT challenge virus®”-68. The major
latency-associated gene of gammaherpesviruses is known to have evolved to reduce its
expression and antigen presentation by MHC class |, which avoids the detection and elimination
by CD8 T cells®7°. Therefore, efforts were also made to increase the CD4 T cell control of latently
infected B cells, which express MHC class Il and can be targets for cytotoxic CD4 T cells.

However, an elegant study using a recombinant MHV-68 virus to express and present a defined
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MHC class ll-restricted OVA epitope under the control of latent gene ORF73 promoter has shown
that while OVA-specific CD4 T cells were elicited and could eliminate B cells artificially coated
with the OVA peptide, they had no impact on latently infected cells that endogenously expressed
the same epitope’*. Thus, it may be difficult to directly eliminate latently infected cells and instead,
vaccination to prevent the lytic replication that precedes latency establishment may be a more
effective strategy. This is consistent with the conclusion from studies of live attenuated virus
vaccine candidates that latent infection and latency-associated genes are not required for eliciting
protective immunity against latency establishment. While subunit vaccines have some impact on
MHV-68 replication, they can reduce peak latent infection, but are ultimately unable to prevent,

or even impact long-term latency on their own.

A compromise between live attenuated viruses and subunit vaccines could be whole inactivated
viruses (WIVs). WIVs containing the complete set of viral envelope proteins and have been used
as effective vaccines for other viruses. Immunization with unadjuvanted inactivated MHV-68 is
able to induce immune responses that limit lytic challenge WT infection, but cannot prevent
latency establishment’?73. Studies using formalin-inactivated virions of HSV showed that
adjuvants improved protection, potentially due to the induction of cellular immunity”7%. Thus,
WIVs have the potential to present a diversity of viral antigens for antibody and CD4 T cell
responses if appropriate adjuvants are used. Overall, vaccination strategies that induce a broad
spectrum of immune responses could be better candidates to prevent latency establishment

compared to subunit vaccines based on individual viral antigens.

Recent advances in human gammaherpesvirus vaccine development

Compared to KSHV, much more vaccine research has been performed on EBV, likely due to a
higher incidence of associated diseases in the United States”®””. EBV vaccine candidates have

been focused on recombinant proteins, virus like particles (VLPs), or viral vectors encoding an
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EBV protein. EBV’s gp350 is the attachment protein for B cell infection and the major target for
antibodies that neutralize B cell infection in humans”®7°. As a result, gp350 has drawn the most
attention for vaccine development. In human studies, gp350-based vaccine candidates have so
far demonstrated a potential protection against the symptomatic primary EBV infection disease,
infectious mononucleosis, but are unable to prevent infection® similar to the MHV-68 gp150
study®3. The effect on long-term EBV latent load in gp350-vaccinated individuals is yet to be
determined. However, immunization with the gp350 homologue of the rhesus lymphocryptovirus
(LCV) resulted in lower levels of long-term viral DNA in the blood after LCV challenge?,
suggesting some benefit from gp350 immunization. In addition to gp350, antibodies to the EBV
fusion machinery, gH/gL or gH/gL/gp42, also contribute to neutralizing activities of human
plasma?®. A ferritin-based nanoparticle that incorporates EBV gH/gL and gp42 is able to elicit high
levels of neutralizing antibodies that block viral fusion in immunized mice and nonhuman
primates®. Antibodies from mice immunized with ferritin-based gH/gL/gp42 nanoparticles or with
self-assembling gH/gL particles are able to protect humanized mice from EBV infection®384. While
these subunit vaccines have achieved success in preclinical studies, a parallel approach to
generate broad immune responses toward multiple EBV proteins has also been followed, utilizing
virus-like particles (VLPs) produced from viral mutants deficient in genome packaging or viral
maturation. These VLPs are devoid of viral DNA but contain viral structural proteins, including all
envelope proteins®. Vaccination of these non-infectious EBV VLPs reduced the chance of
humanized mice being infected with EBV, and the protection was enhanced by the incorporation
of epitopes from the EBV latent proteins EBNA1 into the VLP vaccine®’. These EBV vaccine
studies emphasize the trend toward multivalent vaccines, rather than focusing on a singular

protein target.

For KSHV, one main avenue of vaccine research under active investigation is VLPs generated

through the Newcastle Disease Virus (NDV) platform, which was used previously to incorporate
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EBV glycoproteins®8, This platform uses the NDV fusion (F) protein to display antigens, which
are assembled into VLPs through interactions with the viral matrix protein (M) and nucleoprotein
(NP). NDV VLPs were generated to display KSHV glycoproteins individually (except where gL
must be expressed with gH to be displayed) and used to immunize mice and rabbits®9",
Neutralizing antibodies were elicited with the highest level detected when VLPs of K8.1, gB, and
gH/gL were all included for immunizations®. This NDV VLP platform demonstrates that
multivalent vaccines would be the optimal approach for a KSHV vaccine and is now awaiting
testing in nonhuman primate models. Recently, our laboratory identified a KSHV mutant that
generates non-infectious KSHV virus-like particles, which we named virus-like vesicles (VLVs)%2.
Like EBV VLPs mentioned above, KSHV VLVs display a spectrum of antigens including those on
the surface of virions, providing a safe multi-antigen vaccine candidate for KSHV. Others have
proposed an epitope-based KSHV vaccine strategy by immunizing against multiple T and B
epitopes selected through bioinformatics analysis, but this strategy has yet to be tested in
animals®. While few preclinical candidates for KSHV vaccines have been developed so far,
platforms that can elicit cellular and humoral immunity toward multiple viral antigens would be the

way forward.

Potential immune components of an effective KSHV vaccine

Neutralizing antibodies that block viral attachment or entry are generally thought to be the
correlate of protection for most commercial vaccines®-%. KSHV’s K8.1 is one of the major targets
of antibodies in infected individuals®. Although antibodies against K8.1 provide some neutralizing
activity®”, K8.1 is not needed for infection of epithelial cells®. For KSHV, neutralizing antibodies
should target K8.1 and gB to block attachment via heparan sulfate moieties on the cell surface,
and target gH/gL and gB to block entry and fusion. The NDV-based VLP platform mentioned

above is designed to achieve the goal of generating KSHV neutralizing antibodies. Because
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KSHV, like other herpesviruses, can probably spread through a cell-to-cell mechanism that
evades neutralization, neutralizing antibodies should not be the only focus of vaccine research.
Studies from HSV and hCMV highlighted above provide evidence that other mechanisms of
antibodies could make important contributions to vaccine-mediated protection, and this lesson

should be considered in the development of a KSHV vaccine.

Fc-mediated antiviral functions of antibodies has been shown to play a major role in controlling
MHV-68 infection®:1%, For KSHV, the importance of non-neutralizing antibodies is implicated from
mother-child transmission studies, where maternal antibodies are generally thought to protect
young children from infection. One study of KSHV-infected mother-child pairs showed that
mothers of seroconverted children had an average lower KSHV-specific antibody titers compared
to those of seronegative children'’. Only few seropositive mothers had detectable neutralizing
antibodies, 3/54 mothers of KSHV seropositive children and 2/32 mothers of KSHV seronegative
children. This low prevalence of neutralizing antibodies implies other antiviral functions of
antibodies may be important for controlling KSHV infection or transmission. A similar notion is
also derived from studies in EBV and hCMV, which showed that neutralizing antibodies were not
necessarily the mechanism of protection against transmission in mother-child pairs'02193, Only
one study has been conducted on KSHV to analyze a different Fc-mediated function, antibody-
dependent cellular cytotoxicity (ADCC). It showed that while many patients had ADCC-capable
antibodies, there was no correlation between these antibodies, patient characteristics, or
disease'®. Finally, there are currently no published studies regarding the role of complement in
infected individuals. A preliminary study from our laboratory indicates that KS patient sera do not
possess significant complement-mediating activities. However, it is known that KSHV encodes a
modulator of complement activity via ORF4'%, and that antibodies towards ORF4 can inhibit its
complement regulatory functions'%6.1%7. Thus, more studies are required to understand how KSHV

antibodies can contribute to protection beyond blocking virus attachment and entry.
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While much attention has been paid to eliciting antibody responses by prophylactic vaccination,
it is generally thought that vaccine efficacy will be enhanced by stimulating T cell immunity to
control infected cells. T cell responses against KSHV in infected individuals are low and
disparate'%8, especially when compared to those in EBV-infected individuals'%®-'1, K8.1 is a more
consistent target of T cell responses compared to other viral proteins, but still only a third of
patients exhibit K8.1-specific T cells''". However, that does not mean T cells do not play a role in
protection against KSHV and instead suggests that perhaps KSHV-associated diseases can be
kept in control with relatively low cellular immunity. This also suggests the opportunity for vaccines
to elicit a more robust T cell immunity than natural infection, which may enhance the immune
control of KSHV infection, especially in already infected individuals. Studies using the MHV-68
model have demonstrated that T cells alone can reduce both lytic infection and the peak latent
viral load%%%6.112_ |deally, this T cell protection would supplement that provided by antibodies.
Moreover, with a possible progressive decay of antibody level after immunization, vaccine-
induced T cells could eliminate newly infected cells and contribute to protection. Like other
viruses, KSHV has evolved multiple mechanisms to evade T cell immunity. For example, two
virally encoded ubiquitin ligases, K3 and K5, promote the degradation of MHC class |
molecules''314 Furthermore, the latency-associated nuclear antigen (LANA), in addition to being
resistant to processing for MHC-I presentation’™®, downregulates MHC class Il at the
transcriptional level, leading to reduced antigen presentation for immune surveillance's.
However, in the context of infection, MHC class | downregulation in endothelial cells takes at least
24 hours'® while in primary human tonsillar B cells neither MHC class | nor class Il is
downregulated''®'17. Moreover, KSHV-infected tonsillar B cells can be recognized by LANA-
specific CD4+ T cells resulting in the production of IFNy''”. Although studies in MHV-68

demonstrate that latently-infected B cells could be a difficult target for elimination by effector T
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cells™, T cells that can recognize latent proteins are still desirable for vaccines in order to control

latently infected B cells early in infection, before antigen presentation is compromised.

Discussion

Herpesviruses have been notoriously difficult pathogens for vaccine development. The vast
armaments of immune evasion genes and the ability to enter latency largely contribute to this
challenge. Vaccine development is an especially daunting task for gammaherpesviruses because
an effective vaccine will need to prevent or reduce latent infection where the expression and
presentation of antigens that can be targeted by the immune system is limited. As implicated by
the MHV-68 studies, controlling lytic replication leading up to the establishment of latency in B
cells should be considered as part of vaccine strategies. In addition, immune responses such as
cytotoxic cellular immunity and Fc-mediated antiviral activities of antibodies should supplement
neutralizing antibodies that block attachment and fusion. However, selecting the viral proteins
included in a vaccine to elicit protection could be challenging. Two platforms to present a
repertoire of viral proteins are live attenuated viruses and whole inactivated viruses. Live
attenuated viruses have advantages of self-adjuvanticity and the ability to present proteins
expressed throughout the viral life cycle, showing much promise in the MHV-68 model. However,
the risk associated with viral DNA and latent infection poses a significant safety concern for using
live attenuated viruses to vaccinate healthy individuals. Whole inactivated viruses present a lower
risk but have shown reduced efficacy in the MHV-68 model’3. This may be ameliorated by co-
administration with adjuvants to stimulate immune responses, but this is yet to be shown. One
alternative to whole inactivated viruses is VLPs produced from EBV and KSHV mutants. These
non-infectious EBV and KSHV VLPs mimic the viral structure and contains an array of viral
structural proteins, but lack viral DNA®®2 Using these VLPs as vaccines can avoid the

predicament of selecting viral antigens while still being able to be engineered to induce immune
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responses to nonstructural antigens as well. Moreover, to improve protection against latent
infection, these viral VLPs can also be modified to incorporate antigens expressed during
latency®”. With multiple platforms available to prime not only humoral but also cellular immunity
against a variety of viral antigens, vaccines for KSHV and EBV could be across the horizon,

leading us to the ability to control these viruses and the diseases they cause.
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CHAPTER 2:
Immunization of mice with virus-like vesicles of Kaposi sarcoma-associated herpesvirus reveals

a role for antibodies targeting ORF4 in activating complement-mediated neutralization
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Abstract

The development of a prophylactic vaccine for Kaposi sarcoma-associated Herpesvirus (KSHV)
would prevent consequences from infection such as Kaposi sarcoma and primary effusion
lymphoma. Non-infectious enveloped virus-like vesicles (VLVs) that lack capsids and viral
genomes hold a vaccine potential by presenting a repertoire of viral structural proteins to the
immune system without the safety risk of an infectious virus. Here, we study the immunogenicity
of KSHV VLVs produced from a viral mutant that is defective in capsid formation and DNA
packaging. Mice immunized with adjuvanted VLVs generate KSHV-specific antibodies and T
cells. VLV immune sera neutralize KSHV infection, and this neutralization is enhanced by the
complement system. Complement-enhanced neutralization by VLV immune sera is dependent on
antibodies targeting the short consensus repeat (SCR) region of viral open reading frame 4
(ORF4). However, complement-mediated enhancement was not detected in the sera of KSHV-
infected humans which contained few neutralizing antibodies. Therefore, VLV vaccination can
confer a potential improvement over infection-induced humoral immunity. Overall, our study
supports the utility of KSHV VLVs as a multi-antigen vaccine platform to stimulate a diverse
immune response and underscores a potential benefit of complement-mediated antibody function

in a KSHV vaccine.
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Introduction

Kaposi sarcoma-associated herpesvirus (KSHV) is the etiological agent for Kaposi sarcoma (KS),
a malignancy that manifests as lesions that mainly consist of endothelial cells on the skin, lymph
nodes, lungs, and digestive tract’. While the occurrence of KS is low overall in the US at a rate of
4.5 cases per million people in 2017, it could be up to 500 times higher in transplant patients and
in people living with human immunodeficiency virus (HIV)?3. KSHV is prevalent in endemic
regions, such as sub-Saharan Africa and the Mediterranean region, where over 50% of individuals
are infected'. KSHV also causes lymphoproliferative disorders including primary effusion
lymphoma (PEL), multicentric Castleman disease (MCD), and KSHV inflammatory cytokine
syndrome (KICS). Like all herpesviruses, KSHV establishes life-long persistent infections in hosts,
and has two distinct phases in its life cycle, Iytic replication and latency. KSHV-infected individuals
usually remain healthy and display no symptoms due to the immune control of the virus and the
virus’s ability to enter a status of latency in host cells*. However, infection is associated with a
lifelong risk of oncogenesis. During KSHYV latent infection, the viral genome is maintained as an
episome tethered to the host chromosome and expression of latency-associated genes from this
episome drives the proliferation of infected cells and promotes cell survival, thereby predisposing
cells to transformation®. In addition, expression of some lytic genes can also stimulate
angiogenesis and paracrine signaling to latently-infected cells, contributing to KS pathogenesis®.
Thus, persistent KSHV infection increases the risk of developing cancers, especially in the context

of immunosuppression due to age, HIV infection, or post-transplant medication.

The clear link between KSHYV infection and KSHV-associated cancers demonstrates a distinct
benefit from a prophylactic vaccine: stopping KSHYV infection to eliminate KSHV-associated
disorders. This would be most beneficial in resource-limited sub-Saharan Africa where KSHYV is

endemic. It is thought that KSHV is largely spread through oral fluids, as evidenced by the
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detection of KSHV DNA in saliva. This is especially true in endemic regions, where transmission
occurs during childhood and is more likely within families and among those who share food and
drink”™'5. Another population that could benefit from KSHV vaccination is the community of men
who have sex with men (MSM), which has a disproportionally higher level of seropositivity
compared to other populations'®-'8. This group may be especially vulnerable, as members are
more likely to be co-infected with HIV, the effects of which would put them at higher risk for KSHV-
induced pathologies such as AIDS-KS. For both populations, there is a window of opportunity for
prophylactic vaccination before infection. In endemic regions, KSHV seropositivity remains
relatively low in early childhood'?°, and spread in MSM communities is unlikely before sexual
maturity. This is contrasted with the related gammaherpesvirus Epstein-Barr virus (EBV), which
is highly prevalent even before age 22'. Thus, a window of early childhood provides a timeframe

for KSHV vaccination to prevent infection later in life.

In general, the correlate of protection of prophylactic viral vaccines is the generation of
neutralizing antibodies, which bind viral attachment and entry proteins to prevent infection?. For
KSHV, neutralizing targets would include glycoprotein K8.1, glycoprotein B (gB), and the gH/gL
complex?®. K8.1 mediates attachment to host cells by binding to heparan sulfate?#?5. gB and
gH/gL bind to integrins and ephrin receptors, respectively, to mediate viral entry?6. Once in the
endosome, gB fuses the viral envelope with the endosomal membrane to allow release of the
viral capsid into the cytoplasm, where it is directed to the nucleus to establish an infection. Thus,
antibodies that block these glycoprotein functions could prevent infection. Furthermore,
antibodies also have effector functions that aid in anti-viral immunity. One such effector function
is the engagement of the classical complement system, which activates an enzymatic cascade
after binding to an antibody complex on the surface of a pathogen or infected cell. This leads to
the development of the membrane attack complex (MAC) that forms pores in the membrane to

neutralize or kill the pathogen or infected cell?”. The importance of effector functions has also
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been suggested in mother-child transmission studies for KSHV and EBV. One study of mother-
child pairs found that seropositive mothers of children that did not seroconvert had on average
higher serum antibody levels compared to mothers of children that were infected. However, there
was no difference in neutralizing antibodies between groups, implicating a role by effector
functions?®. This is supported by a study of EBV acquisition in infants, which found no evidence
for protection from neutralizing maternal antibodies against EBV infection, indicating a role of non-
neutralizing antibody functions in protection?®. Thus, the induction of antibodies that possess
effector functions in addition to neutralizing antibodies could be beneficial in a potential KSHV

vaccine for the prevention of transmission.

Virus-like particles (VLPs) are a type of vaccine platform that is formed through self-assembly of
proteins into particles that resembles virions. VLPs generated from the structural proteins of
hepatitis B virus (HBV) and human papillomavirus (HPV) have been successfully used for
vaccination to elicit high levels of neutralizing antibodies®?3'. VLPs can also be generated by
fusing a viral antigen of interest with a protein that is known to form particles by self-assembly or
by interacting with other structural proteins. For example, a ferritin-based platform has been used
to generate EBV glycoprotein VLPs by fusing the viral glycoproteins to the N-terminus of ferritin
to mediate self-assembly into particles®2. For KSHV, VLPs have been generated through the
Newcastle Disease Virus (NDV) platform, which uses the NDV fusion (F) protein to display KSHV
glycoproteins on the surface of VLPs that are formed when F is co-expressed with NDV matrix
and nucleoprotein33. Unlike conventional whole inactivated viral vaccines, VLPs do not contain
viral genomes but require selection of viral antigens to be displayed, risking the possibility of
missing important targets. This is particularly the case for herpesviruses that have a complex
profile of envelope glycoproteins. To allow for presentation of an entire repertoire of glycoproteins,
another approach has been developed to generate VLPs based on mutant viruses that make only

non-infectious particles without viral genomes inside. For EBV, these noninfectious particles are
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generated from EBV mutants deficient in viral genome packaging or viral maturation3*35. We have
also used KSHV capsid-deficient mutants to generate analogous non-infectious KSHV particles
that we referred to as virus-like vesicles (VLVs)%. These KSHV VLVs contain the same set of
envelope proteins as virions but lack capsid and capsid-associated proteins. Importantly, these
VLVs do not contain viral genomes and are noninfectious, eliminating the oncogenic risk of latent
infection. We hypothesized that these VLVs are immunogenic and hold the potential as a KSHV

vaccine to present a broad spectrum of structural proteins to the immune system.

Immunization with protein preparations faces the challenge of poor immunogenicity, and these
formulations require adjuvants to obtain substantial immune responses®’. Adjuvants can promote
delivery of vaccine antigens and/or modulate the immune system to better trigger adaptive
responses. For example, traditional adjuvants such as aluminum salts and oil-in-water emulsions
induce “danger” signals and recruit innate immune cells to improve antigen presentation®. Newer
adjuvants trigger innate immune responses by signaling through toll-like receptors (TLRs) such
as monophosphoryl lipid A (MPLA) binding to TLR4 or single-stranded RNA binding to TLR7 and
TLR8%°40, Recently, lipid nanoparticles (LNP) have emerged as a contributor of adjuvant activity
to mRNA-based vaccines, potentially through interleukin 1 beta (IL-18) and IL-6 signaling*'-42.
Furthermore, both empty LNP and LNP encapsulating a TLR ligand have been shown to be potent
adjuvants for protein-based vaccines**#4. Thus, the multitude of adjuvants that have been

developed provides a wide base for improving responses to protein-based KSHV vaccines.

In this study, we have investigated the immunogenicity of KSHV VLVs in mice. Using a KSHV
mutant deficient in capsid formation, we generated noninfectious VLVs to present KSHV antigens.
We show that immunization of KSHV VLVs with an LNP-based adjuvant elicits virus-specific T
cells and antibody responses in mice. Importantly, vaccine-induced antibody targets include viral

open reading frame 4 (ORF4), a known complement control protein*>. These anti-ORF4
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antibodies largely target the short consensus repeat (SCR) domain and mediate complement-
enhanced neutralization of KSHV infection by the VLV immune sera. Interestingly, we did not
detect this enhancement in the neutralization by the sera of humans infected with KSHYV,
suggesting a potential benefit conferred by vaccination over infection-generated immunity. Our
study demonstrates that this KSHV VLV platform can prime both humoral and cellular immune
responses to multiple viral antigens. In addition, our results reveal a complement-mediated
antiviral role of VLV vaccine-induced antibodies and highlights a potential advantage of engaging

the complement system in a future KSHV vaccine.

Results

Production of VLVs with a KSHV mutant deficient in capsid formation

To produce VLVs without virions, we utilized a previously described KSHV mutant deficient in
capsid formation due to a 60 amino acid deletion in the major capsid protein (ORF25A60)*6. The
iISLK cell line harboring the latent 25A60 viral genome was treated with sodium butyrate and
doxycycline to induce the expression of a viral replication and transcription activator (RTA) to
reactivate the viral lytic cycle, resulting in the production of VLVs that can be isolated from the
culture supernatant by ultracentrifugation. We characterized these VLVs and compared them to
KSHV virions produced in a similar manner using iSLK cells harboring wildtype (WT) latent
KSHV#7. Under cryo-electron microscopy, we observed vesicles around 200nm in diameter in
samples from iSLK-25A60 (Fig. 2-1a), and these vesicles were referred to as VLVs. In the WT
sample, we observed virions that contain capsids indicated by dense cores in addition to VLVs.
To demonstrate the presence of KSHV antigens, we performed immunogold staining for viral
glycoprotein K8.1. Both samples contained vesicles that were labeled with gold particles
(indicated by red arrows, Fig. 2-1b) and labeled virions were detected in the WT sample (indicated

by a black arrow, Fig. 2-1b). We further characterized the viral protein contents using mass
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spectrometry. As expected, the 25A60 sample contained comparable levels of viral envelope
proteins such as ORF8 (gB) and K8.1 to the WT sample (Fig. 2-1c, blue dots) and much lower
levels of capsid associated proteins such as ORF25 and ORF65 (Fig. 2-1c, red dots). We also
identified other viral proteins including tegument proteins and cellular proteins that were
previously reported in VLVs (Tables 2-1 and 2-2). These results demonstrate the potential of VLVs

generated from the 25A60 virus as a vaccine platform to present diverse KSHV antigens.

To confirm that VLVs from iSLK-25A60 are non-infectious, we incubated them with HEK293 cells.
KSHYV derived from BAC16 contains expression cassettes for green fluorescence protein (GFP)
and hygromycin resistance in the genome*’. Thus, cells infected with BAC16-derived viruses
express GFP and are resistant to hygromycin. Using flow cytometry, we detected few to no GFP-
expressing cells when incubated with VLV, similar to what was observed for cells incubated
without KSHV and KSHYV virions inactivated with beta-propiolactone (BPL) (KSHV+BPL) (Fig. 2-
1d). On the other hand, when incubated with an equal protein amount of WT KSHV, ~8,000 GFP-
positive cells were detected per ug of protein. In addition, we also performed hygromycin
selection. While cells continued to proliferate after incubation with WT KSHV, we found no
surviving cells after incubation with VLVs prepared from the 25A60 virus, confirming the lack of
infectivity (data not shown). Lastly, we isolated DNA from 25A60-derived VLVs and WT KSHV
virions to assess the levels of viral DNA. We found that VLVs had much less DNA compared to
KSHYV virions, which was expected due to the predicted inability of the 25A60 virus to encapsidate
the viral genome (Fig. 2-1e). Overall, we concluded that 25A60-derived VLVs are a safe vaccine
candidate that possess a repertoire of KSHV envelope proteins similar to KSHV virions without

the risk of latent infection.

VLV immunization generates virus-specific antibodies and T cells in mice

32



We first examined the immunogenicity of VLVs by immunizing mice intraperitoneally (i.p.) three
times with 2ug VLV and a CpG-containing oligodeoxynucleotide (CpG ODN) adjuvant (Fig. 2-2a).
To identify targets of antibody responses, we utilized a bead-based multiplexed assay that
included 62 KSHYV proteins. We found that K8.1 is a major target of antibody responses after VLV
immunization and that CpG adjuvant increased K8.1 antibody levels (Fig. 2-2b). In addition,
coadministration with adjuvant also resulted in minor induction of antibodies against ORF4 and
tegument protein ORF38. We next compared VLVs to inactivated KSHV virions. To control the
effect of BPL inactivation, we treated VLVs with BPL employing the same protocol used to
inactivate KSHV virions. Mice were immunized i.p. with 2ug of BPL-treated VLV (VLV+BPL) or
BPL-treated KSHV virions (KSHV+BPL) three times in the absence of adjuvants at an interval of
3 weeks. Immune sera collected at 14 days after the third immunization was assessed for KSHV-
specific antibodies (Fig. 2-3a). As K8.1 is one of the most immunogenic viral antigens in
immunized mice and in human serum*®, we ran enzyme-linked immunosorbent assay (ELISA)
using purified K8.1 protein. VLV immunization elicited a lower level of K8.1 antibodies compared
to inactivated KSHV virions (Fig. 2-3b). To identify other targets of antibody responses, we again
utilized the bead-based multiplexed assay and identified ORF4, in addition to K8.1, as targets of
antibodies generated by VLV immunization (Fig. S1c). Immunization of KSHV+BPL generated a
broader antibody response to multiple proteins besides K8.1 and ORF4, such as ORF38 and the

small capsid protein ORF65.

We next assessed the immune responses after immunizing mice via a clinically relevant route,
intramuscular administration. Unlike inactivated KSHYV virions, VLVs do not contain viral DNA, a
major class of pathogen-associated molecular patterns (PAMPs). Upon binding to PAMPs,
pattern recognition receptors (PPRs) initiate downstream signaling to activate a variety of innate
immune responses, which play an essential role in instructing adaptive immunity. Therefore, to

increase the immunogenicity of VLVs, we co-administered them with one of three types of
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adjuvants: (1) CpG ODN, an agonist of toll-like receptor 9 (TLR9)*°; (2) empty lipid nanoparticles
(LNP); (3) lipid nanoparticles encapsulating phosphothioate-linked polyuridlyic acid (polyUs), an
agonist of TLR7%°. Mice were immunized twice with 2ug of VLVs alone or in combination with
10ug of one type of adjuvant at a 3-week interval (Fig. 2-4a). We then examined serum antibody
responses at 8 days after the second immunization. By immunofluorescence assay (IFA), we
confirmed that serum from immunized mice recognized reactivated KSHV-infected iSLK cells and
not uninduced cells, suggesting that it contained antibodies that recognized antigens expressed
on the cell surface during the lytic viral cycle (Fig. 2-4b). By K8.1 ELISA, we found that
immunization of VLVs alone was unable to generate detectable K8.1-specific IgG, and all three
types of adjuvants enhanced the immunogenicity of VLVs to elicit K8.1-specific antibody
responses (Fig. 2-4c). Using the multiplexed antibody assay, we found that all three adjuvants
resulted in increased levels of ORF4-specific and that LNP adjuvants increased levels of ORF38-
specific antibodies (Fig. 2-5). In a separate intramuscular immunization, we compared the
immunogenicity of VLV+BPL with KSHV+BPL adjuvanted with polyUs-LNP (Fig. 2-4d). Using a
small panel of expression plasmids for viral envelope proteins, we showed that the VLV+BPL
immune sera contained antibodies that recognized surface expression of K8.1, ORF4 and gB
(Fig. 2-4e), but not gH/gL, gM/gN, or ORF28 (Fig. 2-6a). VLVs elicited a similar level of K8.1-
binding antibodies to inactivated virions (Fig. 2-6b). In addition, we also examined the antibody
profiles using the ORFeome-wide assay. Other than the two envelope proteins, K8.1 and ORF4,
VLV+BPL adjuvanted with polyUs-LNP could also induce significant antibodies against ORF38
(Fig. 2-4f), which were only weakly detected when VLVs were administered intraperitoneally
without adjuvants (Fig. 2-3c). The antibody responses to these three proteins were comparable
between immunization of VLVs and inactivated virions. Expectedly, VLVs did not generate

antibodies against the small capsid protein, ORF65, as inactivated virions did (Fig. 2-4f). Thus,
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when co-delivered with adjuvants via an intramuscular route, VLVs and inactivated virions share

a similar capacity of inducing antibodies against envelope proteins.

To measure T cell responses after immunization, we performed interferon gamma (IFNy) enzyme-
linked immunosorbent spot (ELISpot) assays with splenocytes isolated from mice immunized as
shown in Fig. 2-4a. Cells were stimulated with VLVs or inactivated KSHV virions and responding
IFNy-producing cells were quantified. VLVs without adjuvant did not elicit any responding T cells.
However, significant numbers of IFNy-producing cells were observed in mice that received
adjuvanted immunizations, with the strongest response coming from mice immunized with VLVs
adjuvanted with polyUs-LNP (Fig. 2-7a). We also used an activation induced marker (AIM) assay
to examine T cell responses. The AIM assay measures the activation of T cells based on the
upregulation of the markers CD69 and 4-1BB for CD8 T cells and OX40 and 4-1BB for CD4 T
cells. They have been used to detect T cells generated by both infection and vaccination®'-53,
Splenocytes from mice immunized from Fig. 2-4d were stimulated with VLV+BPL or KSHV+BPL
and analyzed by flow cytometry for the expression of activation markers (Fig. 2-8). AIM+ CD4 and
CD8 T cells were detected in mice immunized with VLVs or inactivated KSHYV virions (Figs. 2-7b
& 2-7c). Moreover, both types of vaccines induced similar levels of AIM+ T cells in mice,

supporting the use of VLVs over inactivated virions for generating T cell responses.

To determine which viral proteins were targets for T cell responses, we conducted a proteome-
wide ELISpot assay using overlapping peptide libraries derived from viral antigens. In general, T
cell responses were heterogeneous among individual mice (Fig. 2-7d). However, ORF33, a viral
tegument protein, was most frequently recognized by T cells in VLV-immunized mice and was
also one of the two frequent targets in mice immunized with inactivated KSHV virions. Another
commonly recognized T cell target from inactivated virion immunization is ORF25, the major

capsid protein. (Fig. 2-7d). We tested whether these responses could be impacted by the major
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histocompatibility complex (MHC) molecules that present viral antigens by immunizing Balb/c
mice in a similar manner. While we still found frequent responses to ORF33 in immunized Balb/c
mice, we also saw much stronger responses towards another tegument protein ORF52 (Fig. 2-
9). There were also more frequent responses to ORF35, a protein important for viral reactivation,
but decreased responses to ORF25 in KSHV+BPL immunized mice. Overall, these data indicate
that adjuvanted VLVs can generate KSHV-specific T cell responses, but these responses may be

dependent on MHC presentation of packaged antigens.

VLV immune serum neutralizes KSHV infection

The major correlate of protection for most commercial vaccines is generally thought to be
neutralizing antibodies, because these antibodies can block viral attachment or entry to stop
initiation of infection. K8.1 mediates viral attachment by binding heparan sulfate moieties?*25, and
is @ major target for the VLV immune sera. Notably, we also saw a strong antibody response to
ORF4, a complement control protein that also possesses heparan sulfate binding activity*>%*. In
addition, we detected a weak response to gB, which mediates fusion between the viral envelope
and the host’s cellular membrane?. To determine whether vaccine-induced antibodies block
attachment and entry, we conducted a neutralization assay based on GFP-expression in infected
cells. Serial dilutions of the serum samples from mice immunized from Fig. 2-4a were mixed with
a fixed amount of KSHV virions that lead to ~5% GFP-positive cells. The 50% neutralization titer
(NT50) was determined by the last dilution of immune serum that gave more than a 50% reduction
in GFP-positive cells compared to the serum samples from mock immunized mice. While
neutralizing activity was undetectable when VLVs alone were used for immunization, co-
administration of adjuvants enabled VLVs to induce significant amounts of neutralizing antibodies
(Fig. 2-10a). When spin infection was used in the neutralization assay to facilitate viral attachment

by centrifugation, the NT50 values dropped but were still detectable (Fig. 2-10b). This result is
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consistent with our observation that strong antibody responses were detected against viral

attachment proteins while the responses to fusion proteins were much weaker.

Complement-enhanced neutralization by VLV immune serum depends on ORF4-SCR targeting

antibodies

ORF4 is one maijor target of VLV immune serum. Serum containing anti-ORF4 antibodies has
been demonstrated to antagonize its complement inhibition function®®. Thus, we hypothesized
that the anti-ORF4 antibodies elicited by VLVs could enhance complement-mediated
neutralization. To test this, we performed spin infection neutralization assays using sera from mice
immunized with VLV+BPL as shown in Fig. 2-4d and guinea pig serum (GPS) as a source of
complement. Complement activation can be antibody-dependent (classical) or -independent
(lectin and alternative pathways)%¢:57. All three pathways converge on the cleavage of complement
component 3 (C3), leading to the assembly of a “membrane attack complex” on virions and
infected cells. Incubating KSHV virions with GPS without the immune serum did not result in any
reduction in GFP-positive cells (data not shown). However, when the VLV immune sera were
included with GPS, we observed a significant increase in neutralization (Fig. 2-11a). We also
confirmed this using normal human serum (NHS) as a source of complement (Fig. 2-12). To
determine the role of ORF4-specific antibodies in this complement-enhanced neutralization, we
developed an adsorption procedure to deplete ORF4-specific antibodies by incubating the
immune serum samples with ORF4-expressing cells. A similar adsorption by incubating with K8.1-
expressing cells was carried out to deplete K8.1-specific antibodies. Antibody depletions were
confirmed by IFA (Fig. 2-13a). Depletion of anti-ORF4 antibodies caused a significant loss of
complement-enhanced neutralization, while depletion of K8.1 antibodies had little impact until
higher serum dilutions were used (Fig. 2-11b). Therefore, ORF4-specific antibodies are critical for

complement-enhanced neutralization by VLV immune serum.
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To determine whether ORF4-specific antibodies counteract the complement inhibitory function of
ORF4 on viral envelope to enhance complement-mediated neutralization, we generated a viral
mutant with a deletion in the short consensus repeat (SCR) region of ORF4 that is responsible
for its complement inhibition activity*®. This mutant virus, referred to as KSHV ORF4-dSCR, was
expected to be unable to inhibit complement, leading to an increased sensitivity to complement
even in the absence of anti-ORF4 antibodies. However, the ORF4-dSCR virus remained resistant
to complement, indicating that KSHV virions likely do not activate the complement system in an
antibody-independent manner. In the spin infection neutralization assay with the VLV immune
sera, the ORF4-dSCR virus was less susceptible to complement-enhanced neutralization
compared to the WT virus (Fig. 2-11c). This result does not support the idea that anti-ORF4
antibodies enhance complement activity on KSHV virions in the neutralization assay. Instead, it
suggests that the SCR region of ORF4 is needed for the formation of the antibody complex to

activate the complement system.

To confirm the importance of SCR-binding antibodies in complement-dependent neutralization,
we generated plasmids to express the SCR region only (ORF4-SCRonly) or the rest of ORF4
protein (ORF4-dSCR) for antibody depletion. By IFA, we found that ORF4-specific antibodies of
the VLV immune serum mainly targeted the SCR region (Fig. 2-13b). When SCR-specific
antibodies were depleted by adsorption on SCR-expressing cells, complement-enhanced
neutralization was abolished, whereas the depletion of antibodies binding to the other non-SCR
part of ORF4 had no impact (Fig. 2-11d). Thus, the antibodies binding to the SCR region of ORF4

are key to recruit and activate the complement system to facilitate neutralization of KSHV virions.

ORF4-specific antibodies mediate complement deposition on KSHV-infected B cells

One route of herpesvirus spread is through cell-to-cell transmission, which is capable of evading

neutralizing antibodies®®. One method to prevent this is by eliminating infected cells before viral
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egress. The classical complement system, in addition to neutralizing viruses, can deposit
complement on infected cells to activate phagocytosis by innate immune cells or initiate
complement-dependent cytotoxicity®®. We tested the ability of VLV immune serum to initiate
complement deposition with a KSHV-infected B cell line, BC-3-G®°. BC-3-G cells were reactivated
to express lytic viral genes, incubated with VLV immune serum and NHS, and analyzed for the
binding of complement components C1q and C3b (Fig. 2-14a). We found that VLV immune serum
could cause C1q and C3b binding to reactivated BC-3-G cells, but the presence of both
components was not present on uninduced BC-3-G or when using mock-immune serum (Fig. 2-
14b). This deposition was lost when ORF4-specific antibodies were removed from the serum, but
not when K8.1-specific antibodies were removed (Fig. 2-14c). Thus, complement deposition on

infected B cells depends on ORF4-targeting antibodies.

ORF4 antibodies in KSHV-seropositive patients lack complement activity

The contribution of ORF4-specific antibodies in the sera of KSHV-infected individuals to
complement activity has not yet been studied®*¢'. K8.1-specific antibodies are the predominant
antibodies in infected individuals, while ORF4-specific antibodies are much rarer and lower in
quantity*86', We obtained serum samples from patients with and without KS from the multicenter
AIDS cohort study (MACS). These serum samples were stratified for the presence of K8.1- and
ORF4-specific antibodies by ELISA. Out of 35 KS+ patients, 25 were positive for K8.1 antibodies,
but only 3 were positive for ORF4 antibodies (Figs. 2-15a & 2-15b). All 3 samples positive for
ORF4 antibodies were also positive for K8.1 antibodies. We performed neutralization assays on
all 35 serum samples at a 1:100 dilution with and without NHS as the source for complement.
Only 3 samples reduced the percentage of GFP+ cells after spin infection by more than 50%
without complement and 2 of these samples displayed a moderate increase in neutralization when

complement was included. While enhanced neutralization by complement was observed for most
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samples, only a few achieved over 50% neutralization. When samples were separated by K8.1
or ORF4 antibody status (Figs. 2-15¢ & 2-15d), anti-ORF4 antibody positive samples were
significantly different from anti-ORF4 antibody negative samples when looking at the change in
neutralization induced by adding complement (Fig. 2-15d, right). There was also very little
induction of complement deposition on reactivated BC-3-G cells by these serum samples, and
there was no significant difference when samples were separated by K8.1 or ORF4 antibody
status (Figs. 2-15e & 2-15f). Overall, the sera of KSHV-infected human patients in the UCLA
MACS repository have little neutralizing activity and do not display significant levels of

complement-enhanced neutralization or complement deposition.

Discussion

Kaposi Sarcoma and other KSHV-induced diseases represent a clear need for a prophylactic
KSHYV vaccine. However, without known correlates of immunity, it is difficult to predict the efficacy
of a vaccine candidate. The current preclinical vaccine candidate based on the NDV VLP platform
is designed to generate neutralizing antibodies against viral attachment and fusion proteins, K8.1,
gB, and gH/gL, to prevent viral infection3362. However, it is possible that effector functions of
antibodies mediated by their Fc region also contribute to protection. In addition, an effective KSHV
vaccine should also elicit cellular immunity to eliminate infected cells, because herpesviruses are

capable of cell-to-cell transmission that evades neutralization by antibodies®.

Here, we present our results on the immunogenicity of a novel KSHV VLV-based platform, which
incorporates a repertoire of non-capsid viral structural proteins. This provides an alternative to
whole inactivated virions (WIV), which rely on chemical inactivation to abolish viral infectivity. We
demonstrated that co-administration of VLVs with adjuvants elicits comparable cellular and
humoral responses to WIV against antigens shared between WIV and VLVs, such as tegument

and envelope proteins (Figs. 2-4 and 2-7). In addition to a conventional CpG DNA-based adjuvant,
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we also employed novel LNP-based adjuvants. LNP have recently been shown to be potent
adjuvants for protein based vaccines and our data supports this finding*34463, Particularly, the
incorporation of 21-mer uridine-containing single-stranded RNA, a TLR7 ligand, further enhanced
the ability of VLVs to elicit T cell responses after intramuscular immunizations (Fig. 2-7). In
C57BI/6 mice, we showed that ORF33, a tegument protein, is the major target for T cell responses
after VLV immunization while K8.1- and ORF38-specific antibodies dominate humoral immunity.
In addition, we also observed a strong antibody response toward ORF4, a complement regulatory
protein. These data support the utility of VLVs as a safe vaccine to generate a diverse KSHV-

specific immunity.

While T cell and antibody responses in KSHV-infected individuals are broad and
heterogeneous?%:4864 some viral proteins are more frequently targeted than others. Heterogeneity
is not unique to KSHV and is also found for other herpesviruses, such as HSV-1 and HSV-26566,
This is likely because large viruses like herpesviruses encode many proteins and variations in
processing and presentation of this repertoire among individual hosts results in a spectrum of
immune responses. Among the structural proteins shared between VLV and virions, K8.1 and
ORF38 are common targets for antibodies in KSHV-infected individuals. Antibody reactivity to
these proteins is detected in over 50% of patients, although it may be under 20% in recently
infected children4®¢7. Interestingly, K8.1 and ORF38 reactivity was also observed for the mouse
sera following immunization of adjuvanted VLVs and virions (Fig. 2-4f). Another common target
in the immune sera from inactivated virions but not VLVs is ORF65, a capsid protein that is not
present in VLVs. ORF65 is also among the three virion-associated proteins identified as common
targets for human KS patient serum in addition to K8.1 and ORF3848. Therefore, viral lytic
replication or differences between human and mouse B cell repertoires do not seem to play a role
in determining which viral proteins are commonly targeted by antibodies. While K8.1 functions in

attachment, it is unclear whether anti-ORF38 or anti-ORF65 antibodies have any antiviral
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function. In contrast, we observed robust anti-ORF4 antibody response in the mouse sera from
both VLV and inactivated virion immunization but not in the sera of KS patients (Fig. 2-15). It has
been shown by others that the antibody response to ORF4 was rarely detected in KSHV
patients*®81, In general, the presence of anti-ORF4 antibodies is associated with higher levels of
anti-KSHV antibody responses, which is more common in KS patients. This may be due to the
opportunity for less immunogenic viral proteins to stimulate the host immune system during viral
reactivation in KS. However, our observation could also be due to a species-specific difference in
immunogenicity for ORF4 but not for K8.1, ORF38 or ORF65. In contrast to humoral immunity,
we did not observe the same shared T cell targets between mice following immunization and
humans following infection. For instance, K8.1 is the most frequently recognized T cell target, with
K8.1-specific T cells found in up to 30% of KSHV-infected individuals®®, but K8.1-specific cellular
responses were undetectable in the immunized mice (Fig. 2-7). Instead, we identified consistent
T cell responses to ORF33 in VLV-immunized C57BIl/6 mice while virion-immunized mice
possessed T cells that respond to ORF33 and ORF25. Interestingly, we also saw responses to
ORF33 in Balb/c mice, but they were overshadowed by responses to ORF52. The reasons for
these differences could be due to different peptide presentation between MHC complexes in
different mouse strains or species, but could also indicate the power of immunization to generate
more focused and uniform T cell responses versus natural infection for certain antigens8%7°.
Interestingly, immunization also generated heterogeneous T cell responses to other viral proteins,
which reflects the heterogeneity found in infected individuals®4%8. The enhancement of these
diverse responses could be beneficial to optimizing immunity against KSHV, since it is currently

unknown which T cell targets would be protective against disease.

One salient finding is a potential role for complement in stopping KSHV infection. The complement
cascade is activated by classical (antibody-dependent), lectin, and alternative pathways,

converging on C3 cleavage to C3a and C3b’'. C3b interacts with other complement proteins to
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proceed with the cascade, culminating in the formation of the MAC, resulting lysis of enveloped
viruses and infected cells. In addition to virolysis, complement can neutralize viruses by other
mechanisms, such as C3b opsonization of virions to block receptor binding and target virions for
phagocytosis’'. C3 on the cell surface can also signal through complement receptors to initiate
phagocytosis by macrophages and granulocytes’?73. KSHV’s ORF4 antagonizes the complement
system by reducing C3 cleavage and inactivating C3b74. Complement inhibition of ORF4 can be
blocked by anti-ORF4 monoclonal antibodies or by serum containing anti-ORF4 antibodies®®7°.
Therefore, the induction of robust ORF4-specific antibodies following VLV immunization prompted
us to examine complement-mediated neutralization. First, we found no evidence that the WT virus
or ORF4-dSCR virus is neutralized by complement in the absence of antibodies. Second, in the
presence of the VLV immune sera, complement enhances neutralization (Fig. 2-11a). Third,
depletion of ORF4-specific antibodies markedly reduced complement-mediated enhancement of
neutralization (Fig. 2-11b). Fourth, use of the ORF4-dSCR virus for neutralization did not enhance
but diminished complement-enhanced neutralization (Fig. 2-11c). Last, ORF4-specific antibodies
are able to mediate complement deposition on infected cells (Fig. 2-14c). Therefore, rather than
negating the ability of ORF4 to inhibit complement, ORF4-specific antibodies of the VLV immune
sera engage the complement system to neutralize KSHV virions. Notably, anti-K8.1 antibodies of
the VLV immune sera, while abundant, did not seem to play any significant role in complement
activity (Figs. 2-11b & 2-14c). The classical pathway is initiated by the binding of C1q to the Fc
region of antibodies. C1q is a heterotrimer of C1g-A, -B, and —C that forms a stalk of six collagen-
like helices connected to six globular domains that bind to antibodies”!. Because C1q has a weak
affinity to a single antibody molecule, it is thought that clustering of antigen-antibody complexes
on the surface of cells or virions is necessary for the formation of a multivalent structure for C1q
binding and activation. At this moment, it is unclear why K8.1 antibodies cannot afford

complement-mediated effector functions and whether a different vaccine platform will be able to
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induce K8.1 antibodies that can engage complement. It is possible that the K8.1 antigen-antibody
complex is unable to form a high avidity C1g-binding structure. This could be due to the relatively
smaller size of K8.1 compared to ORF4 or a difference in arrangement on the viral envelope. It is
also unclear whether antibodies against other glycoproteins in addition to ORF4 will be able to
stimulate complement-enhanced neutralization. Although it is important to consider complement
as a protective immune mechanism for KSHV vaccine development, this will still need to be tested

in preclinical models.

ORF4-targeting antibodies are not commonly detected in the sera of KSHV infected
individuals*®8'. Two studies have examined the function of anti-ORF4 antibodies in the context of
complement. In one study, the patient sera that contained ORF4-specific antibodies increased
C3b deposition on ORF4-expressing cells compared to mock-transfected cells and this increase
was not seen with normal human serum®'. However, this study did not distinguish whether this
increase is because anti-ORF4 antibodies blocked ORF4 function or because these antibodies
activated complement through the classic pathway. In a follow-up study, ORF4-mediated C3b
degradation was inhibited by the patient serum sample that contained the highest level of ORF4
antibodies®®. Neither of these two studies examined complement-mediated anti-viral effects on
KSHV. In the current study, we attempted to characterize the role of human ORF4-specific
antibodies in complement activity. Among 35 human serum samples obtained from the UCLA
MACS repository, only three were categorized by us as positive for ORF4-specific antibodies
based on ELISA results. These three samples at 1:100 dilution have very little neutralization
activity in the absence of complement and the addition of human complement only moderately
enhanced neutralization to 20%. 26 out of 35 samples were considered positive for K8.1 based
on our ELISA, consistent with the previous report that K8.1 is an frequent target for antibody
responses in KSHV-infected individuals*®. Only 2 out of 35 samples could neutralize KSHV

infectivity by more than 50% at 1:100 dilution and both were positive for K8.1-specific antibodies.
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Neutralization of most of patent serum samples could be modestly increased by complement but
only two were increased from below to above 50%. We also did not see complement deposition
on BC-3-G cells expressing KSHV lytic antigens. Considering that humoral responses to KSHV
infection focused on anti-K8.1 antibodies, it was not surprising to see poor complement-mediated
enhancement of neutralization or complement deposition from these samples, which is consistent
with our data that anti-K8.1 antibodies in VLV immune sera also do not contribute to complement-
mediated neutralization. However, it is imperative to be mindful that these samples were obtained
from KS+ patients, who may have immune systems that are weaker than those found in healthy
humans. Therefore, additional studies will be required to confirm these findings, as other studies
have reported higher levels of KSHV neutralization in other populations compared to what we

observed’®77,

Complement is an important part of host innate immune defense against pathogens and naturally,
viruses have evolved multiple strategies to counteract the complement system.
Gammaherpesviruses, like KSHV and murine gammaherpesvirus-68 (MHV-68) encode
homologues of host regulators of complement activation (RCAs), ORF4. Alphaherpesviruses, like
Herpes Simplex Virus 1 (HSV-1) and HSV-2 encodes viral unique RCA, glycoprotein C (gC). The
lack of functional gC makes HSV-1 highly sensitive to complement-mediated neutralization in the
absence as well as in the presence of anti-HSV antibodies’. Immunization with gC is capable of
eliciting antibodies that block the complement inhibition function of gC, and anti-gC antibodies
significantly increased the neutralization effectiveness of antibodies against gD, the receptor
binding protein of HSV, in the presence of complement’. Therefore, adding gC to gD for
immunization enhances efficacy or protection afforded by multiple vaccine formulations”®-%2, This
supports the role of complement in vaccine-mediated protection for HSV-1 and HSV-2. Another
herpesvirus where complement may play a significant role in vaccine responses is human

cytomegalovirus (hCMV). gB is the fusion protein and immunodominant target in hCMV-infected
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individuals®. In clinical trials, a gB vaccine can confer 50% efficacy against hCMV acquisition in
young women, and yet their immune sera have low neutralizing titers without complement84.85, It
has been suggested that Fc-mediated effector functions of antibodies are critical for the observed
efficacy®®. For instance, complement-enhanced neutralization was detected in the sera from
people who received gB vaccine, suggesting that complement may be one of the protective
mechanisms®-87. Notably, unlike HSV-1 and -2, our ORF4-dSCR KSHYV virus with the deleted
complement inhibitory region remains resistant to complement. This is consistent with previous
work showing that the complement inhibition of ORF4 is highly specific for the classical pathway’*.
However, contrary to expectations, we observed a loss in complement-mediated neutralization
when the ORF4-dSCR virus was used in the assay. Importantly, ORF4 has been demonstrated
to be a virulence factor in the MHV-68 model during acute replication, but not necessary for
latency establishment®. However, the impact on long term latency is unclear, as ORF4 may be
needed during reactivation, which maintains the pool of latently infected cells. Immunity against
ORF4 reduced MHV-68 latency in B cell deficient mice, where persistent Iytic viral replication
takes place®®. Thus, the complement system is important for controlling herpesvirus
pathogenesis, and targeting viral inhibitors of complement will likely play a key part in effective

vaccines.

Several new classes of adjuvants have been developed to enhance vaccine-induced immune
responses®’. Some of these adjuvants stimulate type | interferons (IFN-Is) and proinflammatory
cytokines by triggering endosome-located Toll-like receptors activated by nucleic acids, such as
TLR3, TLR7/8, and TLR93"%°, |[FN-Is play an important role in the induction of cellular immunity.
TLRY recognizes GU-rich single-stranded RNA (ssRNA) while TLR9 is activated by unmethylated
CpG motifs prevalent in microbial DNA. A CpG-based adjuvant is used in an FDA approved
Hepatitis B vaccine (Heplisav-B) and the ssRNA component in the influenza A WIV vaccine is

critical for its intrinsic adjuvant activity via TLR7 activation®'. It is worth noting that in the absence
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of adjuvants BPL-inactivated KSHV virions are more immunogenic than VLV following
intraperitoneal administration (Fig. 2-3), presumably due to viral DNA in virions serving as a
potential TLR ligand. One major challenge of using RNA as an adjuvant is its instability. The
COVID-19 pandemic has brought LNP technology to the forefront of public and scientific thought.
In vivo delivery of immunostimulatory nucleic acids, such as ssRNA or polyUs as TLRY7 ligand,
can be facilitated by LNP. Moreover, LNP themselves have adjuvant activity from ionizable
lipids*4. It is clear from our study that polyUs-LNP more potently stimulate cellular immunity than
empty LNP (Fig. 2-7a), though the underlying mechanism remains to be determined. CpG alone
did not induce the same extent of cellular immunity as polyUs-LNP. Further studies will be
required to assess the differences between these adjuvants and whether CpG-LNP can reach the

same level of adjuvant activity as polyUs-LNP.

While providing a safe platform to present a spectrum of viral antigens to the host immune system,
VLVs have several limitations and areas for improvement. First, VLVs do not induce strong
antibody responses to gB, gH, or gL, resulting in a low level of neutralization activity of the immune
sera in the absence of complement-mediated enhancement (Figs. 2-6a and 2-10b). One
approach to improve the immunogenicity of gB is to stabilize it in a prefusion conformation to
improve the induction of neutralizing antibodies. Prefusion conformations for gB from HSV and
hCMV have been determined®%, and the modifications to stabilize these structures could be
incorporated into the genomes of VLV-producing cells. This prefusion locking strategy has been
incorporated into vaccines against pandemic coronaviruses® %, suggesting that it may improve
herpesviral vaccines as well. In addition, we can further engineer our VLV producing mutant by
fusing tegument proteins in VLVs with epitopes from other viral genes, such as latent genes, to
broaden T cell responses. This has been studied in EBV VLPs, where a fragment of the
immunogenic EBNA3C was linked to BNRF1 found in the VLPs, leading to improved T cell

responses and control of infected cells®. These improvements could be tested against original
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VLVs in either humanized mouse models of KSHV infection or in non-human primates to assess
protection against infection®”-%°. Overall, our VLV immunogenicity study supports the notion of

eliciting antibodies that possess effector functions by a KSHV vaccine.

Data Availability

The mass spectrometry proteomics data has been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository'® with the dataset identifier PXD035478. All other
reagents used in this manuscript are available from the corresponding author upon reasonable

request.
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Figure 2-1: VLVs generated from a KSHV mutant defective in capsid formation present
KSHV antigens without viral DNA or infectivity

(a) Cryo-electron micrographs of VLVs and KSHV virions obtained from reactivated iSLK 25A60
or WT cells

(b) Negative stain micrographs of VLVs and KSHYV virions labeled with K8.1 antibodies and
immunogold beads. Red arrows indicate labeled VLVs, blue arrows indicate unlabeled vesicles,
and black arrows indicate labeled virions. Vesicles were considered positively labeled if they were
over 100nm in diameter and were labeled with more than five gold beads.

(c) A volcano plot showing proteins found in VLV and KSHV virion preparations. Differentially
present (logz fold-change <-2 and p<0.05) proteins are highlighted in red and other viral proteins
of interest are highlighted in blue.

(d) Infectious virus titer from VLV and KSHV preparations or preparations inactivated with
betapropiolactone (BPL)

(e) Ratio of viral ORF50 DNA in VLV and KSHV preparations to actin from carrier DNA used

during isolation

Statistical analysis: Ordinary one way ANOVA with Dunnett’s (c) or Tukey’s (d) test for multiple

comparisons. *p<0.05, **p<0.01, ****p<0.0001. Mean and standard deviation shown. N=3

independent infection assays (d) or DNA extractions (e)
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Figure 2-2
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Figure 2-2: Antibody responses to VLV with CpG adjuvant administered intraperitoneally
(a) Immunization scheme for intraperitoneal administration of VLV with CpG used in (b)
(b) Heatmaps showing antibody binding to KSHV antigens in a multiplexed bead assay. Each

heatmap represents a different set of beads with some overlapping antigens.

54



Figure 2-3
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Figure 2-3: Antibody responses after intraperitoneal immunization of inactivated VLV and
KSHV

(a) Immunization scheme for (b) and (c)

(b) K8.1 ELISA signals from mice immunized with VLV+BPL or KSHV+BPL

(c) Heatmaps showing antibody binding by VLV+BPL or KSHV+BPL immune serum in a bead-
based multiplex KSHV antigen assay. Each heatmap represents a different set of beads with
some overlapping antigens.

Statistical analysis: (b) Two-way ANOVA with Tukey’s multiple comparisons. Difference
between VLV+BPL and KSHV+BPL is shown. **p<0.01. Mean and standard deviation are

shown. N=3-4 mice per group
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Figure 2-4
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Figure 2-4: Mice immunized intramuscularly with adjuvanted VLVs generate virus-
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(a) Immunization scheme to study immunogenicity of VLV with adjuvant used in (b) and (c)

(b) Immunofluorescence images of pooled VLV+polyUs-LNP immune serum at a 1:250 dilution
binding to uninduced or reactivated iSLK WT cells

(c) Endpoint K8.1 ELISA titers of VLV immune sera. LOD = limit of detection

(d) Immunization scheme to compare VLV+BPL and KSHV+BPL with polyUs-LNP adjuvant used

in (e) and (f)
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(e) Immunofluorescence images of pooled mock or VLV+BPL immune serum at the indicated
dilutions binding to 293T cells expressing KSHV glycoproteins

(f) Heatmaps showing antibody binding from immune sera at a 1:200 dilution in a bead-based
multiplex KSHV antigen assay. Each heatmap represents a different set of beads with some

overlapping antigens.

Statistical analysis: (c) Ordinary one-way ANOVA with Dunnett’s test for multiple comparisons.

**p<0.01. Mean with standard deviation shown. N=3-4 per group
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Figure 2-5
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Figure 2-5: Antibody responses to adjuvanted VLV administered intramuscularly

Mice were immunized as in Fig. 2-4a and serum was analyzed for antibody binding to KSHV

antigens in a multiplexed bead assay. Each heatmap represents a different set of beads with

some overlapping antigens.
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Figure 2-6
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Figure 2-6: Antibody responses after intramuscular immunization of polyUs-LNP
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adjuvanted VLV and KSHV virions

(a-b) Mice were immunized as shown in Figure 2-4d

(a) Immunofluorescence images of 293T cells expressing KSHV glycoproteins or SARS-CoV-2
Spike stained with pooled mock or VLV+BPL + polyUs-LNP immune serum at a 1:100 dilution
(b) K8.1 ELISA signals from mice immunized with VLV+BPL and KSHV+BPL. Mean and

standard deviation are shown. N=3-4 mice per group
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Figure 2-7: Adjuvanted VLV immunization generates virus-specific T cells

(a) Mice were immunized as shown in Figure 2-4a. IFNy secreting cell frequencies from VLV-
immunized mouse splenocytes restimulated with VLV or KSHV+BPL

(b-d) Mice were immunized as shown in Figure 2-4d.

(b) Representative flow cytometry plots of CD4 and CD8 T cells used in an AIM assay

(c) Percentages of AlIM-positive CD4 and CD8 cells after subtracting background from
unstimulated cells

(d) Heatmap showing IFNy secreting cell frequencies from VLV-immunized mouse splenocytes

stimulated with overlapping peptide libraries of KSHV ORFs

Statistical analysis: (a) Ordinary one-way ANOVA with Dunnett’s test for multiple comparisons.

(c) Two-way ANOVA with Tukey’s test for multiple comparisons. *p<0.05, ** p<0.01, ***p<0.001,

****p<0.0001. Mean and standard deviation are shown. N=4 mice per group

APC - allophycocyanin; FITC — fluorescein isothiocyanate; SB780 — Super Bright 780
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Figure 2-8
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Figure 2-8: Representative gating strategy for AIM assay

Splenocytes were gated for single T cells, separated by CD4 and CD8 expression, and analyzed
for AIM markers OX40 and 4-1BB (CD4 cells) or CD69 and 4-1BB (CD8 cells).

APC - allophycocyanin; FITC — fluorescein isothiocyanate; PE — R-phycoerythrin; PE-Cy7 — PE-
Cyanine7; PerCP-Cy5.5 — Peridinin chlorophyll protein-Cyanine5.5; SB780 — Super Bright 780;

TCRb — T cell receptor beta chain
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Figure 2-9
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Figure 2-9: T cell responses to adjuvanted VLV+BPL and KSHV+BPL immunization in

Balb/c mice

Balb/c mice were immunized with iSLK-Puro cell lysates, VLV+BPL, or KSHV+BPL adjuvanted
with polyUs-LNP adjuvant as shown in Fig. 2-4d and splenocytes were stimulated with

overlapping peptide libraries for IFNy ELISpot. Wells with too many spots to count were set to

1500 spots per million.
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Figure 2-10
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Figure 2-10: Serum from VLV-immunized mice neutralize KSHV infection
(a and b) 50% neutralization titers of serum from mice immunized as shown in Figure 2-4a.

Infection was performed using soluble virus (a) or spin infection (b). LOD = limit of detection

Statistical analysis: Ordinary one-way ANOVA with Tukey’s test for multiple comparisons.

*p<0.05. Median is shown. N=3-4 mouse serum samples per group
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Figure 2-11
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Figure 2-11: Complement-mediated enhancement of neutralization by VLV-immune

serum depends on antibodies targeting ORF4

(a-d) Mice were immunized according to the scheme in Figure 2-4d and serum from the

VLV+BPL group were serially diluted for neutralization.

(a) Spin infection neutralization by VLV-immune serum in the presence or absence of

complement.

(b) Complement-mediated spin infection neutralization by VLV-immune serum adsorbed on 293T

cells or 293T cells expressing K8.1 or ORF4

(c) Complement-mediated spin infection neutralization by VLV-immune serum on WT KSHV or

KSHV ORF4-dSCR

(d) Complement-mediated spin infection neutralization by VLV-immune serum adsorbed on 293T

cells or 293T cells expressing ORF4, ORF4-dSCR, or ORF4-SCRonly
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Statistical analysis: Two-way ANOVA with Tukey’s multiple comparisons test. Differences
between VLV with and without complement (a), between 293T-adsorbed and 293T-ORF4
adsorbed (b), between VLV immune sera neutralization of WT and ORF4-dSCR virus (c), or
between 293T-adsorbed and 293T-ORF4-SCRonly adsorbed (d) are shown. Mean and standard

deviation are shown. N=3-4 mice per group

66



Figure 2-12
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Figure 2-12: Complement mediated neutralization with two sources of complement
Serum from mice immunized as shown in Fig. 2-4d were used for complement-mediated spin

infection neutralization at the indicated dilutions with the indicated sources of complement.
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Figure 2-13
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Figure 2-13: Adsorption of VLV-immune serum removes antigen-specific antibodies
(a and b) Mice were immunized as shown in Figure 2-4d. Representative immunofluorescence
images of 293T cells expressing the indicated KSHV glycoprotein and stained with serum from
the VLV+BPL group adsorbed on 293T cells or 293T cells expressing K8.1 (a), ORF4 (a),

ORF4-dSCR (b), or ORF4-SCRonly (b).
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Figure 2-14
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Figure 2-14: VLV immune serum induces complement deposition on KSHV-infected B cells

(a) Gating strategy to investigate complement deposition on BC-3G cells. Cells were gated for

single cells then analyzed for C1q and C3b binding.

(b) Representative flow cytometry plots of BC-3G cells incubated with VLV immune serum and
stained for complement deposition.

(c) Percentages of C1q and C3b double positive reactivated BC-3G cells after subtracting

background from uninduced BC-3G cells
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Statistical analysis: One way ANOVA with Tukey’s test for multiple comparisons. *p<0.05. Mean
and standard deviation are shown. N=3-4 mice per group

APC - allophycocyanin; PE — R-phycoerythrin
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Figure 2-15
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Figure 2-15: Serum from KS+ human patients does not possess complement activity

(a and b) K8.1 (a) and ORF4 (b) ELISA signals from serially diluted KS+ human serum

(c and d) Neutralization of WT KSHV by serum diluted 1:100 in the presence and absence of
normal human serum (NHS) as a source of complement (left) and difference in neutralization
upon addition of complement (right). Samples are separated by K8.1 (c) or ORF4 (d) serostatus
as determined by ELISA

(e and f) Deposition of C1q and C3b on reactivated BC-3-G cells separated by K8.1 (e) or ORF4
(f) serostatus as determined by ELISA. Dotted line indicates staining level by VLV-immunized
mouse serum samples

Statistical analysis: 2-way ANOVA with Sidak’s multiple comparison’s test (%neutralization),
Welch’s t test (change in neutralization), or unpaired t test (complement deposition). **p<0.05.
Mean and standard deviation shown. N=13 (K8.1-), 26 (K8.1+), 35 (ORF4-), or 3 (ORF4+) human

serum samples
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Table 2-1

Protein _________[VLV/KSHV Intensity Ratio Function

Capsid and capsid-associated proteins

ORF25 0.051 Major capsid protein
ORF26 0.038 Triplex protein
ORF17.5 0.202 Capsid protein
ORFE&5 0.051 Small capsid protein
ORF62 0.029 Triplex protein
ORF32 0.088 Binds capsid

Envelope proteins

ORF8 0.647 Glycoprotein B
ORF4 0.603 Complement control
ORF28 0.419 EBV gp150 homelog
ORF22 0.396 GlycoproteinH
ORF39 0.394 Glycoprotein M
ORF47 0.354 GlycoproteinL

K8.1 1.044 Glycoprotein K8.1

Tegument proteins

ORF75 0.311 Tegument protein, inhibition of ND10 innate immunity
ORF52 0.419 Tegument protein, viral egress, inhibition of cGAS
ORF&4 0.423 Tegument protein, inhibition of RIG-|

ORF21 0.385 Thymidine kinase

ORFE3 0.399 Tegument protein, inhibition of inflammasome
ORF42 0.587 Tegument protein, viral egress

ORF55 0.684 Tegument protein

ORFE7 0.539 Tegument protein

Other detected proteins

ORF45 0.423 Viral egress, inhibition of IRF7
ORF33 0.372 Viral egress

ORF38 0.385 Viral egress

ORF27 0.640 Cellto cell spread

ORF11 0.337 EBV LF2 homolog

ORF59 0.733 Viral processivity factor

ORF&8 0.703 Genome packaging

ORF23 0.397 RNA polymerase pre-initiation complex
ORF60 0.720 Viral ribonucleotide reductase subunit
ORF61 0.481 Viral ribonucleotide reductase subunit
K5 0.517 MHC-| downregulation

ORF6 0.706 ssDNA binding protein

Table 2-1: Viral proteins found in VLV and KSHV preparations
The viral proteins found in the top 1200 proteins identified by average intensity in VLV

preparations, organized by function.
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Table 2-2

niprotkB Accession No.___|Protein Symbol

P63261
P07355
Q09666
P08195
P08238
P68104
P21333
P14618
P04406
P11142
PODMVE
P68363
pP23528
P68371
Q06830
P08133
P08670
P08758
P05023
P21980
P13639
P00338
P35579
Q562R1
075369
P05556
P49327
P02751
P69905
P62937

ACTG
ANXA2
AHNK
4F2
HS908B
EF1A1
FLNA
KPYM
G3P
HSP7C
HSP1A
TBA1B
COF1
TBB4B
PRDX1
ANXAB
VIME
ANXAS
AT1A1
TGM2
EF2
LDHA
MYH®S
ACTBL
FLNB
ITB1
FAS
FINC
HBA
PPIA

Actin, cytoplasmic 2

Annexin A2

Neuroblast differentiatiocn-associated protein
4F2 cell-surface antigen heavy chain

Heat shock protein HSP 90-beta

Elongation factor 1-alpha 1

Filamin-A

Pyruvate kinase
Glyceraldehyde-3-phosphate dehydrogenase
Heat shock cognate 71 kDa protein

Heat shock 70 kDa protein 1A

Tubulin alpha-1B chain

Cofilin-1

Tubulin beta-4B chain

Peroxiredoxin-1

Annexin AB

Vimentin

Annexin A5

Sodium/potassium-transporting ATPase subunit alpha-1
Protein-glutamine gamma-glutamyltransferase 2
Elongation factor 2

L-lactate dehydrogenase A chain

Myosin-9

Beta-actin-like protein 2

Filamin-B

Integrin beta-1

Fatty acid synthase

Fibronectin

Hemoglobin subunit alpha

Peptidyl-prolyl cis-trans isomerase A

Table 2-2: Cellular proteins found in VLV and KSHV preparations

The top 30 cellular proteins as determined by average intensity in VLV preparations.
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Materials and Methods

Plasmids and Cell Lines

KSHYV glycoprotein sequences were amplified from KSHV BAC16 derived from rKSHV.219 (a gift
from Jae Jung)*’. Sequences were cloned into the pCAG-GFPd2 overexpression vector (a gift
from Connie Cepko, Addgene, Watertown, MA #14760) using the EcoRI and Bglll cut sites to
replace the GFP coding region or into the pcDNA3-OVA vector (a gift from Sandra Diebold and
Martin Zenke, Addgene #64599) replacing the OVA coding region. SARS-CoV-2 Spike was
expressed from pCMV14-3X-FLAG-SARS-CoV-2 S (a gift from Zhaohui Qian, Addgene #145780)
as a negative control. K8.1 and ORF4 were cloned with FLAG tags on the extracellular domain
right after the signal sequence (after amino acid 28 for K8.1 and after amino acid 20 for ORF4).
ORF4 without the SCR region was cloned by removing amino acids 24-314 from the original
protein sequence. The SCRonly version of ORF4 was cloned by removing amino acids 315-519
and connecting the SCR region to the transmembrane domain of ORF4 with a GGGGS linker. gB
was cloned with a FLAG tag on the C terminal end. C terminal FLAG-tagged gL was connected
to C terminal HA-tagged gH with a P2A sequence for stoichiometric coexpression and proper
association of the gH/gL complex'®'. Signal peptides were determined using SignalP version
4.1102103 gnd transmembrane regions were determined using TMHMM-2.0'%4, Cloning primers
were synthesized by Integrated DNA Technologies (IDT, Coralville, IA) and plasmids were

confirmed via Sanger sequencing by Laragen, Inc (Culver City, CA).

293T and HEK293 cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM)
(Corning, Corning, NY #10017CV) supplemented with 10% fetal bovine serum (FBS) (Corning
#35010CV) and 1X Penicillin/Streptomycin (Corning #35010CV). iSLK cells containing latent
KSHV were cultured in DMEM supplemented with 10% FBS and 1X Penicillin/Streptomycin with

1ug/mL puromycin, 250ug/mL G418, and 1200ug/mL hygromycin (all from Invivogen, San Diego,
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CA #ant-pr-1, ant-gn-2, and ant-hg-5) for selection. iSLK-WT cells harboring BAC-16 that
produced GFP-expressing KSHV were a gift from Jae Jung*’. iSLK-25A60 cells were generated
as previously described*s. BC-3-G cells were a gift from Ren Sun® and cultured in (Corning

#10040CV) containing 10% FBS and 1X PenStrep (complete RPMI).

KSHV ORF4-dSCR was generated with en passant mutagenesis to replace amino acids 24-314
of ORF4 with the HA tag using GS1783 E. coli in accordance with previously described
protocols’®. BAC DNA containing the KSHV ORF4-dSCR genome was transfected into 293T
cells using Lipofectamine (Thermo Fisher Scientific, Waltham, MA #11668027). 293T stably
harboring the viral genome were selected with 100ug hygromycin. 293T cells were cocultured
with iSLK cells in the presence of 20ng/mL 12-O-tetradecanoyl-phorbol-13-acetate (TPA, Fisher
Scientific, Waltham, MA #AAJ63916MCR) and 1mM sodium butyrate (Fisher Scientific
#AC263191000) to induce infection of iISLK cells. Infected iSLK cells were selected with iSLK cell

media described above to establish iISLK-ORF4-dSCR.

Virus Production, Isolation, and Inactivation

Wildtype KSHV, KSHV-ORF4dSCR, and VLV were produced by reactivating the latent KSHV
virus in iISLK-WT, iSLK-ORF4dSCR, or iSLK-25A60 cells, respectively, with DMEM containing
10% FBS, 1X Penicillin/Streptomycin, 5ug/mL doxycycline, and 1mM sodium butyrate.
Supernatants were harvested after 4-5 days of reactivation, when over 90% of cells exhibited

cytopathic effect.

For virus used for neutralization assays, supernatants collected from 4-6 10cm dishes of
reactivated iSLK cells were clarified at 2000g for 10 minutes, and the virus was concentrated at

21000g for 90 minutes. Pellets were washed gently with serum-free DMEM before resuspension
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in serum-free DMEM. The virus suspension was clarified to remove debris by centrifugation at

7000rpm for 3 minutes in a microcentrifuge.

For VLVs and virions used for immunization studies and T cell stimulation, supernatants collected
from 20-30 15cm dishes of reactivated iSLK cells were clarified at 8000g for 10 minutes. Virions
were pelleted by ultracentrifugation at 80,0009 for 1 hour in sterile ultracentrifuge tubes (Beckman
Coulter, Indianapolis, IN #C14292), and the pellets were incubated in Dulbecco’s phosphate-
buffered saline (DPBS) (Thermo Fisher Scientific #14190250) overnight. The resuspended viral
pellets were then loaded on top of a sucrose cushion consisting of 25% sucrose in DPBS over
50% sucrose in DPBS and centrifuged at 100,000g for 1 hour in sterile ultracentrifuge tubes
(Beckman Coulter #14297). The band at the sucrose interface was collected, diluted in DPBS,
and centrifuged at 80,000g for 1 hour. The final pellet was incubated in DPBS overnight before
resuspension. Preparations were separated into single-use aliquots immediately after
resuspension and stored at -80°C. Viral protein concentration was determined by standard

Bradford assay with bovine serum albumin (BSA) as standards (Fisher Scientific #8P9703100).

For chemical inactivation, KSHV or VLV were resuspended in 1mL DPBS containing 100mM
sodium phosphate (Fisher Scientific #5374-500). 1uL beta-propiolactone (Alfa Aesar, Haverhill,
MA #AAB2319703) was added for a final concentration of 0.1% (v/v). This solution was inverted
at room temperature overnight to inactivate virus. BPL was removed by dialysis against DPBS at
4°C overnight using 15kDa molecular weight cut-off TUBE-O-DIALYZER (G-Biosciences, St.
Louis, MO #786618). Dialyzed preparations were collected, separated into single-use aliquots,

and stored at -80°C.

Cryo-electron Microscopy
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2.5uL aliquots of VLV and virion preparations were applied to glow-discharged Quantifoil 200
mesh Cu R2/1 grids (Electron Microscopy Sciences, Hatfield, PA #Q250CR1). Grids were plunge-
frozen in liquid ethane using an FEI Vitrobot Mark IV at 22°C and 100% humidity. Images were
acquired at 25,000 x and 50,000 % on an FEI Tecnai TF20 equipped with a 4k x 4k TVIPS F415MP

CCD detector.

Immunogold Staining

2.5uL aliquots of VLV or virion preparations were incubated on glow-discharged homemade 200
mesh formvar/carbon-coated copper grids for 5 minutes at room temperature. After sample
incubation, the grids were passed through two drops of blocking buffer (PBS + 0.4% BSA, filtered)
on Parafilm and floated on a third drop for 30 min in a homemade moisture chamber. Excess
blocking buffer was removed by lightly blotting with filter paper prior to incubation with primary
antibody against K8.1 (Santa Cruz Biotechnology, Dallas, TX #sc-65446) diluted 1:50 in blocking
buffer for 1 hour. Negative controls substituted primary anti-K8.1 with anti-FLAG M2 (Sigma-
Aldrich, St. Louis, MO #F1804) or blocking buffer. After primary antibody incubation, the grids
were washed by passing through two drops of blocking buffer and floating on a third drop for 10
minutes. The washed grids were lightly blotted before incubation with 6 nm gold-conjugated Fabs
of goat anti-mouse IgG (Electron Microscopy Sciences #25374) diluted 1:20 in blocking buffer for
1 hour. The grids were washed with three drops of PBS and kept floating on a drop of PBS for at
most 1 hour until ready for negative staining. For negative stain, grids were washed with three
drops of distilled water and stained with 2% uranyl acetate (Electron Microscopy Sciences
#22400-2) for 1 minute. Particles that were greater than 100 nm in diameter and had five or more

gold beads were considered positively labeled.

Mass Spectrometry
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20puL of each VLV or KSHV preparation was diluted with 80uL of a master mix consisting of 43uL
HPLC water, 25uL 8M urea, 10uL 100mM ammonium bicarbonate, and 1uL 100 mM Dithiothreitol
(DTT). Samples were then incubated at 60°C to reduce disulfide linkages for 30 minutes.
lodoacetamide (IAA) was then added to a 10mM final concentration to alkylate free cysteines and
lysates were incubated in the dark at room temperature for 30 minutes. Lysates were next
digested with Trypsin Gold (Promega Corporation, Madison, WI #V5280). 0.4ug of trypsin was
added to each sample, and lysates were then incubated for 16 hours at 37°C while being vortexed
at 1000rpm. Trypsin activity was quenched by adding 10% v/v trifluoroacetic acid (TFA) to a final
concentration of 0.1% TFA. Samples were then desalted on a C18 minispin column (The Nest
Group, Inc., Ipswich, MA #HUM S18V) per the manufacturer’'s protocol. Samples were eluted
from these columns with 200uL 40% acetonitrile (ACN)/0.1% TFA. Samples were dried by

vacuum centrifugation and stored at -80°C until analysis.

All samples were analyzed on an Orbitrap Eclipse mass spectrometry system equipped with an
Easy nLC 1200 ultra-high pressure liquid chromatography system (Thermo Fisher Scientific)
interfaced via a Nanospray Flex nanoelectrospray source. Immediately prior to analysis,
lyophilized samples were resuspended in 0.1% formic acid (FA). Samples were injected on a C18
reverse phase column (30cm x 75um (ID)) packed with ReprosilPur 1.9um particles. Mobile phase
A consisted of 0.1% FA, and mobile phase B consisted of 0.1% FA/80% ACN. Peptides were
separated by an organic gradient from 5% to 35% mobile phase B over 120 minutes followed by
an increase to 100% B over 10 minutes at a flow rate of 300 nL/minute. Analytical columns were
equilibrated with 3uL of mobile phase A. To build a spectral library individual samples were
analyzed by a data-dependent acquisition (DDA) method. DDA data was collected by acquiring a
full scan over a m/z range of 375-1025 in the Orbitrap at 120,000 resolution resolving power
(@200m/z) with a normalized AGC target of 100%, an RF lens setting of 30%, and an instrument-

controlled ion injection time. Dynamic exclusion was set to 30 seconds, with a 10-ppm exclusion
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width setting. Peptides with charge states 2-6 were selected for MS/MS interrogation using higher
energy collisional dissociation (HCD) with a normalized HCD collision energy of 28%, with three
seconds of MS/MS scans per cycle. All individual samples were analyzed by a data-independent
acquisition (DIA) method. DIA was performed on all individual samples. An MS scan was
performed at 60,000 resolution (@200m/z) over a scan range of 390-1010 m/z, an instrument
controlled AGC target, an RF lens setting of 30%, and an instrument controlled maximum injection
time, followed by DIA scans using 8 m/z isolation windows over 400-1000 m/z at a normalized

HCD collision energy of 28%.

Spectral libraries were built with Spectronaut factory settings from DDA pools and from DDA runs
from a previous SARS-CoV-2 study'%. Individual samples run with DIA methods were then
analyzed against the before mentioned library with Spectronaut as previously described'?’. False
discovery rates were estimated using a decoy database strategy'®. All data were filtered to
achieve a false discovery rate of 0.01 for peptide-spectrum matches, peptide identifications, and
protein identifications. Search parameters included a fixed modification for carbamidomethyl
cysteine and variable modifications for N-terminal protein acetylation and methionine oxidation.
All other search parameters were defaults for the respective algorithms. Analysis of protein
expression was conducted utilizing the MSstats statistical package in R. Output data from
Spectronaut was annotated based on the human reference (SwissProt human reviewed
sequences downloaded on 10/10/2019) and the Human herpesvirus-8 (HHV8) BAC16 strain
(sequences were extracted from NCBI GenBank accession: GQ994935.1 on 03/15/2022).
Technical and biological replicates were integrated to estimate log.fold-changes, p-values, and
adjusted p-values. All data were normalized by equalizing median intensities, the summary
method was Tukey’s median polish, and the maximum quantile for deciding censored missing
values was 0.999. Significantly dysregulated proteins were defined as those which had a fold

change value >2 or <-2, with a p-value <0.05.
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Viral DNA Extraction and RT-PCR

DNA extraction was performed using the DNeasy Blood and Tissue Kit (Qiagen, Germantown,
MD #69504). 1ug of protein from VLV or KSHYV preparations was mixed with 10ug salmon sperm
DNA (Thermo Fisher Scientific #15632011) as a carrier. Eluted DNA was adjusted to 100ng/uL
and 1uL was used for RT-PCR. RT-PCR was performed using a 10uL reaction of the iTaq
Universal SYBR Green Supermix (BioRad, Hercules, CA #1725120) with primers specific for the
ORF50 gene (F: 5-CGCAATGCGTTACGTTGTTG-3', R: 5-GCCCGGACTGTTGAATCG-3')'®
on a 96-well CFX Connect Real-Time PCR system (BioRad). Cycle threshold (Ct) was compared
to the threshold obtained using primers for the actin gene (F: 5-CATGTACGTTGCTATCCAGGC-
3, R: 5-CTCCTTAATGTCACGCACGAT-3’) to normalize to the amount of carrier DNA isolated.

ORF50/Actin ratio was calculated using 2*ACt.

KSHYV Titer and Neutralization Assay

KSHYV viral titer was obtained by infecting 10,000 HEK293 cells seeded overnight in a 96-well
plate. 50uL of virus diluted in serum-free DMEM was added to each well and incubated at 37°C
for 2 hours. For spin infection, an additional 50uL of serum-free DMEM was added to each well
and the plate was spun at 400g for 20 minutes before the 2 hour incubation. The inoculum was
removed, replaced with growth medium, and incubated for an additional 2 days. Infection was
measured by flow cytometry for GFP+ cells on an Attune NxT with a plate autosampler (Thermo

Fisher Scientific). Flow cytometry data was analyzed with FlowJo (BD, Ashland, OR).

KSHV neutralization was performed by infection of 10,000 HEK293 cells seeded overnight in a
96-well plate. The amount of virus used was calculated to give ~5% GFP+ cells for samples
without neutralization. This amount differed between free virus and spin infection, as spin infected

resulted in ~3x more infected cells from the same volume of virus. All assays comparing
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complement-enhanced neutralization were performed using spin infection. Immune serum was
diluted in DMEM containing 2% normal mouse serum (Abcam, Cambridge, UK #ab7486) and
KSHV was diluted in serum-free DMEM. For complement-dependent neutralization, KSHV was
diluted with DMEM containing 2% guinea pig serum or 10% normal human serum (Complement
Technology Inc., Tyler, TX #GPS and #NHS). Diluted serum was mixed with diluted virus at a 1:1
ratio and incubated at 37°C for 1 hour. 50uL of the serum/virus mixture was used to infect cells
as described for the viral titer above. Neutralization was calculated as (%GFPpss-
% GFPimmune)/ % GFPres*100, where %GFPepgs is the percentage of cells expressing GFP from
wells infected with virus mixed with control serum from mock-immunized mice and %GFPimmune is
from experimental wells infected with virus mixed with serum from immunized mice. If %GFPimmune
was greater than %GFPpgs, neutralization was defined to be zero. NT50 was defined as the last

serum dilution before neutralization drops below 50%.

Mice and Immunizations

All animal experiments were conducted with the approval of the UCLA Institutional Animal Care
and Use Committee and the Chancellor's Animal Research Committee. 6-10 week old female
C57BI/6J and Balb/cJ mice (The Jackson Laboratory, Bar Harbor, ME #000664 and #000651)
were immunized with PBS, VLV, or KSHV virions in a 50uL volume intramuscularly or a 200uL
volume intraperitoneally using insulin syringes (Becton, Dickinson, and Company (BD), Franklin
Lakes, NJ #329461) at the described time points. Immunogens were premixed with adjuvants and
injected in the same volume described above. ODN2395 CpG adjuvant was purchased from
Invivogen (#vac-2395-1). 21-mer polyU with phosphothioate linkages (polyUs) was custom
synthesized by IDT. Lipid nanoparticles were prepared using a self-assembly process as
previously described''%; the ionizable cationic lipid and LNP composition are described in the

patent application WO 2017/004143. At the experimental endpoint, mice were euthanized and
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blood was collected by cardiac puncture with tuberculin syringes (BD #309623). Serum was
collected by centrifugation in serum gel tubes (Sarstedt, Numbrecht, Germany #41.1378.005) and
heat inactivated at 56C for 30 minutes before storage at -80C. Splenocytes were harvested in
complete RPMI. Single cell suspensions were prepared by pushing spleens through 70um cell
strainers (Fisher Scientific #22-363-548). Red blood cells were removed with ACK lysing buffer
(Thermo Fisher Scientific #A1049201). Splenocytes were resuspended in complete RPMI and

stored at 4°C for no longer than overnight until stimulation.

Bead-based Multiplexed KSHV Antibody Assay

The assay was adapted to murine antibodies from a previously described protocol“®. Briefly, 68
recombinant KSHV antigens were each covalently attached to Bio-Plex Pro Magnetic COOH
beads (Bio-Rad #MC10026 to #MC10065) via a sulfo-N-hydroxysulfosuccinimide mediated ester
according to the manufacturer's protocol. enAntigens were split into two sets, with K8.1, ORF38,
and ORF73 present in both sets to ensure consistency. 2500 beads in 50uL assay buffer were
added to each well and 50uL of serum diluted 1:200 was added. Beads were incubated with
serum for 1 hour at room temperature and washed with assay buffer. Beads were then incubated
with an R-PE-labeled goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA #115-116-146) for 30 minutes. Samples were washed,
resuspended in 100uL assay buffer and analyzed on the Bio-Plex 200 system (Bio-Rad
#171000201). The median fluorescence intensity (MFI) across all counted beads was computed

for each sample and recorded after subtracting the background fluorescence.

Enzyme —linked immunospot (ELISpot) Assay

ELISpot using VLV and KSHV+BPL stimulation was performed using a murine TNFa/IFNy

ELISpot kit (Cellular Technology Limited (CTL), Shaker Heights, OH #mIFNgTNFa-1M/10)
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following the manufacturer’s instructions. Negative control wells contained unstimulated
splenocytes and positive control wells were stimulated with a cocktail of phorbol 12-myristate 13-
acetate (PMA) and ionomycin (Thermo Fisher Scientific #00-4970-03). Experimental wells were
stimulated with 1pg/mL VLV, VLV+BPL, or KSHV+BPL as indicated. 500,000 cells were used per
well and plates were incubated for 20-22 hours at 37°C before development. Plates were scanned
and spot counts were analyzed by CTL. The number of spots in negative control wells was
subtracted from experimental wells to determine the number of antigen-specific spot-forming

cells.

Activation Induced Marker Assay

250,000 splenocytes were plated in 100uL complete RPMI in a 96-well U-bottom plate (Fisher
Scientific #FB012932) and stimulated with the same conditions as for ELISpot. After 18-20 hours,
cells were transferred to a 96-well V-bottom plate (Corning #3897) and washed with FACS buffer
(DPBS containing 2% FBS and 0.05% sodium azide). All wash steps were followed by
centrifugation at 500g for 5 minutes to pellet cells. Cells were resuspended in 50uL DPBS
containing a 1:25 dilution of Fc block (anti-CD16/CD32 clone 93, Thermo Fisher Scientific #14-
0161-86) and incubated at 4°C for 10 minutes. 50uL of cell surface antibodies were added to a
final dilution of 1:200 and cells were further incubated for 30-60 minutes at 4°C. Cells were stained
with the following antibody cocktail: anti-TCR beta-PerCP-Cy5.5 clone H57-597, CD4-PE-Cy7
clone RM4-5, CD8a-PE clone 53-6.7, CD69-FITC clone H1.2F3, OX40-Super Bright 780 clone
0OX-86, and 4-1BB-APC clone 17B5 (Thermo Fisher Scientific #50-158-64, 50-154-37, 50-112-
9416, 50-965-3, 78-134-182, and 50-112-9043, respectively). After staining, cells were washed
twice with FACS buffer, then fixed in 1% paraformaldehyde with incubation at 4°C for 20 minutes.
After fixation, cells were washed twice in FACS buffer then resuspended in FACS buffer. Cells

were analyzed on an Attune NxT with a plate autosampler and data was analyzed using FlowJo.
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AIM+ cells were defined as OX40+ 4-1BB+ for CD4 T cells and CD69+ 4-1BB+ for CD8 T cells.
Antigen-specific AIM+ cells were calculated by subtracting AIM+ cells in unstimulated samples

from stimulated samples.

KSHV ORFeome ELISpot

The ORFeome assay was adapted to murine cells from a previously described protocol®*. KSHV
15mer peptides overlapping by 10 amino acids spanning the entire KSHV genome and totaling to
over 7500 were synthesized as previously described (Mimotopes, Victoria, Australia). Peptide
sequences were based on the sequence of BC-1 cell line derived virus. Eighty-five peptide pools
were prepared, each corresponding to a single KSHV ORF except ORF64 which was represented
by 3 pools. A total of 83 ORFs were represented. The individual lyophilized peptides were
reconstituted using 50% acetonitrile. Peptide pools representing each ORF were prepared by
combining the reconstituted peptides corresponding to that ORF. The pools were frozen and re-
lyophilized. The lyophilized pools were reconstituted in DMSO (<20%) and PBS. A concentration

of 5ug/ml/peptide was used in the assay.

A single 96 well precoated mouse IFN-y ELISpot plate (Mabtech, Cincinnati, OH #3321-4AST-2)
was used per mouse to map responses to the 83 KSHV ORFs. Two positive controls,
concanavalin A and cell stimulation Cocktail (Thermo Fisher Scientific) and one negative control,
SIV Gag CM9 peptide (New England Peptide, Gardner, MA) were used. VLV was used as a
positive control for VLV and KSHV vaccinated mice and a negative control for mock vaccinated
mice. A medium only control was used to monitor background activity. All controls excluding the
medium only well were plated in duplicate, the KSHV ORFs were plated in single wells and
medium only controls were plated in triplicates. Each well of the ELISpot plate was seeded with

160,000-500,000 freshly processed splenocytes and incubated for 18 hours at 37°C, 5% CO2.
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Two step detection with R4-6A2-biotin and Streptavidin-ALP, developed with BCIP/NBT-plus

substrate was used and plates were read using the CTL ImmunoSpot Analyzer (CTL).

K8.1 and ORF4 ELISA

ELISA plates were prepared by coating with recombinant K8.1 or ORF4 protein as previously
described*®. Coated 96-well plates were blocked with assay buffer consisting of DPBS with 2.5%
BSA (%wl/v), 2.5% normal goat serum (%v/v) (Equitech-Bio, Kerrville, TX #SG-0500), 0.005%
Tween-20 (%v/v) (Fisher Scientific #BP337-500), and 0.005% Triton X-100 (%v/v) (Fisher
Scientific #BP151-500) and stored at -80°C until use. All serum samples and secondary
antibodies were diluted in assay buffer. Coated plates were thawed at room temperature on an
orbital shaker and washed with DPBS containing 0.1% Tween-20 (%v/v) (PBS-T) twice for 3
minutes. Plates were then washed twice quickly with PBS-T before the addition of 50uL serially
diluted immune serum. 6-8 wells per plate were incubated with assay buffer containing no primary
antibody as a background control. Plates were incubated for 1-2 hours at room temperature on
an orbital shaker. Plates were washed with PBS-T twice for 3 minutes, then twice quickly before
the addition of 50uL 1:4000 goat anti-mouse HRP secondary antibody (Thermo Fisher Scientific
#62-6520) or 1:5000 KPL peroxidase-labeled goat anti-human IgG (gamma) (LGC Clinical
Diagnostics #474-1002). Secondary antibody was incubated for 1 hour at room temperature with
shaking. Plates were then washed once with PBS-T for 3 minutes, then four times quickly. After
one final wash with PBS (no Tween-20), 100uL 1-Step Ultra TMB ELISA Substrate (Thermo
Fisher Scientific #34028) was added to each well. Plates were covered to protect them from light
and incubated at room temperature for 30 minutes with shaking. Signal development was stopped
by the addition of 100uL 1M sulfuric acid (Sigma-Aldrich #1603131000) and the optical density at

450nm (OD450) was measured with a ClarioStar plate reader (BMG Labtech, Cary, NC). Endpoint
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ELISA titer was defined as the first dilution before the OD450 dropped below the average signal

from PBS-immunized serum at a 1:1000 dilution.

Immunofiuorescence Assay (IFA)

iISLK cells were analyzed 2 days post reactivation with 1-5ug/mL doxycycline and 1mM sodium
butyrate and 293T cells were analyzed 1-2 days post transfection with plasmid of interest using
BioT transfection reagent (Bioland Scientific LLC, Paramount, CA #B01). Cells were fixed with
4% paraformaldehyde (Electron Microscopy Sciences #15710) in DPBS for 15 minutes at room
temperature without shaking. Cells were washed 3 times with PBS for 5 minutes and blocked with
IFA buffer consisting of DPBS with 10% heat inactivated FBS (%v/v) and 3% BSA (%w/v) for 1
hour at room temperature with orbital shaking. For intracellular IFA, IFA buffer contained 0.3%
Triton X-100 (%v/v). Cells were probed with primary antibody diluted in IFA buffer overnight at
4°C on a rocker. After primary incubation, cells were washed 3 times with PBS for 5 minutes
before the addition of 1:2000 goat anti-mouse IgG(H+L)-Alexa Fluor 594 secondary antibody
(Thermo Fisher Scientific #A11032) diluted in IFA buffer. Cells were covered to protect them from
light and incubated with secondary antibody for 2 hours at room temperature on an orbital shaker.
Secondary antibody was removed, and nuclei were stained with 1:10000 aqueous Hoescht 33342
solution (Thermo Fisher Scientific #H3570) diluted in IFA buffer for 10 minutes at room
temperature protected from light with orbital shaking. Cells were washed three times for 5 minutes

with PBS before being visualized by fluorescence microscopy.

Serum antibody removal by cell adsorption

293T cells were seeded in 10cm tissue culture dishes (VWR #10062-880) at a density of 4x10°
cells. One day after seeding, cells were transfected using BioT with 10ug of plasmid for the

glycoprotein of interest per dish. One day after transfection, cells were washed gently with DPBS,
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pushed into suspension with DPBS, and split into 3 tubes. Cells were pelleted and kept at 4°C for
no longer than 1-2 days before use. Serum of interest was diluted 1:2 with DPBS and 50uL of the
diluted serum was used to resuspend the cell pellet. The mixture was inverted at room
temperature for 4 hours before the cells were removed by centrifugation at 500g for 5 minutes.
This was repeated twice for a total of 3 adsorptions per serum sample per cell line. The removal

of glycoprotein-specific antibodies was verified by immunofluorescence.

Complement deposition assay

Lytic replication of KSHV in BC-3-G cells was reactivated with 20ng/mL TPA in complete RPMI
for 2 days. 100,000 cells were placed in a 96-well V-bottom plate and washed twice with FACS
buffer. Cells were then incubated in 50uL PBS containing experimental serum diluted 1:50 and
10% normal human serum for 30 minutes at 37°C. Cells were washed twice with FACS buffer
then stained with the following antibodies at a 1:100 dilution in PBS for at least 30 minutes at 4°C:
C19-PE clone 1A4 (Santa Cruz Biotechnology #sc-53544 PE) and C3b-APC clone 3E7
(Biolegend, San Diego, CA #846106). Cells were washed twice, then analyzed on an Attune NxT

flow cytometer equipped with a plate reader.

Statistical analysis

Statistical analysis was performed using the tests described in the figure legends using Prism

(Graphpad Software, San Diego, CA).
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Abstract

Type | interferons (IFN-I) are a key bridge between the innate and adaptive immune systems
during infection and immunization. Current generations of messenger RNA-lipid nanoparticle
(mRNA-LNP) vaccines have been engineered to minimize IFN-I stimulation, but it is still unclear
what levels of IFN-I signaling are needed for effective mRNA-LNP immunogenicity. In this study,
we utilize genetic and antibody-mediated ablation of IFN-I responses in mice and analyze the
impact on immune responses to three viral antigens. We demonstrate antigen-specific differences
to antibody and T cell responses in the absence of IFN-I signaling. We also provide evidence that
IFN-I sensitivity may result in negative interactions between antigens when multiple mRNA-LNP
are administered together. Our work highlights the need to study the impacts of IFN- on mRNA-

LNP in an antigen-specific manner.
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Introduction

The SARS-CoV-2 pandemic has brought messenger RNA lipid nanoparticle (mRNA-LNP)
technology to the forefront of vaccinology. Many traditional vaccines deliver viral proteins as part
of whole-inactivated viral particles or in virus-like particles. Others utilize live-attenuated viruses
or viral vectors that induce expression of viral proteins by host cells as part of the viral life cycle.
In contrast, mMRNA-LNP deliver in vitro-transcribed mRNA packaged in a particle that includes
cationic and ionizable lipids. These LNP can be taken up by endocytosis and low endosomal pH
leads to release of the mRNA into the cytoplasm. Translation products of the mRNA can be
presented by dendritic cells as whole proteins or as peptides on major histocompatibility

complexes (MHC) to direct the induction of antibody and T cell responses’.

Type | interferons (IFN-I), consisting of two main classes, interferons a and 3, are an essential
component of host defense against pathogens. Sensing of pathogen-associated molecular
patterns (PAMPs) by host pattern recognition receptors (PRRs) leads to production of IFN-I that
acts in an autocrine or paracrine manner. Binding of IFN-I to the heterodimeric interferon a/p
receptor (IFNAR) composed of IFNAR1 and IFNAR2 leads to the initiation of antiviral gene
programs to restrict viral replication in host cells?2. While IFN-I are considered to be part of the
innate immune system, they can act on antigen-presenting cells (APCs) to induce maturation and
increase antigen presentation to the adaptive immune system3. IFN-I can also act as signal 3 for
T cells after T cell receptor (TCR) engagement (signal 1) and costimulation by antigen presenting
cells (signal 2), leading to enhanced T cell proliferation and differentiation*. Due to these impacts,
IFN-I could play an important role in generating protective immune responses to vaccines. IFN-I
has been demonstrated to be necessary for developing immune responses to viral vectored and
live attenuated virus vaccination®6. We and others have also taken advantage of using IFN-I for

an adjuvant effect for subunit, DNA, and live-attenuated viral vaccines’®. However, IFN-I can also
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have detrimental effects on vaccine responses. Exposure to IFN-I before TCR ligation can inhibit
T cell responses'®'!, and certain vaccine responses can be enhanced by short term blockade of

IFN-I signaling?. Thus, IFN-I have pleotropic effects on the immunogenicity of vaccines.

RNA sensors in the endosome serve as sentries to alert for incoming viral nucleic acids, and
activation of these sensors (toll-like receptor 7 (TLR7), TLR8, and TLR3) leads to production of
IFN-I and inflammatory cytokines'®. TLR7 and TLR8 require binding to both RNA degradation
products and single-stranded RNA for activation'®. In contrast, TLR3 is activated upon binding to
double-stranded RNA (dsRNA)'®. Importantly, in vitro transcribed RNA is capable of activating all
three of these TLRs'®'”. However, this can be avoided by nucleoside-modified RNAs that
incorporate nucleosides with naturally-occurring modifications during the transcription process.
For example, pseudouridine (y)-modified RNA does not activate TLR7 or TLR8 but maintains the
ability to activate TLR3'". In vitro transcribed RNA can also be detected by several RNA sensors
in the cytosol, including the dsRNA sensors retinoic acid-inducible gene | (RIG-I) and melanoma
differentiation-associated protein 5 (MDA5)'®. In general, MDA5 recognizes longer dsRNA and
RIG-I recognizes uncapped 5'-triphosphate RNAs. While both of these recognition features are
usually absent from cytoplasmic cellular mRNAs, they can be generated during in vitro
transcription'®-2'. Thus, a multitude of innate immune sensors can produce IFN-I in response to

synthetic mMRNA.

The immunostimulatory nature of in vitro transcribed RNA leads to limited in vivo applications due
to toxicity and reactogenicity associated with robust inflammation. In addition, three interferon
stimulated genes (ISGs), protein kinase R (PKR), 2'-5'-oligoadenylate synthetase 1 (OAS1) and
ribonuclease L (RNase L), reduce protein expression from in vitro transcribed RNA via translation
inhibition (PKR) or RNA degradation (OAS1 and RNaseL)??. PKR and OAS1 also require binding

to dsRNA to activate their enzymatic activities?324. Therefore, toning down the immunostimulatory
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ability of in vitro transcribed RNA may be needed to reduce inflammation and maintain antigen
expression. The finding that w-modified RNA diminishes not only TLR7/8 sensing but also PKR
and OAS1 activation is one major breakthrough for the development of mRNA-based
vaccines'72526_As a result, current generations of MRNA vaccines make use of in vitro transcribed
w-modified RNA, which also comes with the benefit of fewer dsRNA byproducts?®. To further
minimize the induction of IFN-I for maximal protein expression, especially in cases of protein
replacement therapy, residual dsRNA can be removed by digestion with RNAse 111>7-?% or reduced
by purifying the transcription product with affinity chromatography to the polyA tail using oligo-
deoxy-thymidine (oligo dT) resin, cellulose chromatography, or high performance liquid

chromatography (HPLC)?8-30,

Despite a toned-down IFN-I induction by pseudouridine-modified RNA, conflicting results on the
role of IFN-I in the immunogenicity of MRNA-LNP vaccines call for further investigations. Notably,
the Pfizer/BioNTech full-length SARS-CoV2 Spike mRNA vaccine still stimulates a robust IFN-
response in humans as well as in mice3":32. This mRNA vaccine induces IFN-I through MDAS5 and
abrogation of IFN-I signaling reduces vaccine-induced CD8 T cell and antibody responses in
mice®2. In contrast, a preprint on an mRNA vaccine based on the receptor binding domain (RBD)
of Spike showed that both antibody and T-cell responses are negatively affected by the ability of
RBD mRNA vaccine to induce IFN-I induction33. This response can be abolished by HPLC
purification, resulting in enhanced immunogenicity. Thus, further investigations are needed to

clarify the role of IFN-I in the immunogenicity of mRNA vaccines.

In this work, we study the impacts of IFN-I on the immunogenicity of nucleoside-modified mMRNA-
LNP. We generate mRNA constructs for 3 viral antigens: influenza hemagglutinin (HA), SARS-
CoV-2 Spike RBD, and SARS-CoV-2 RNA-dependent RNA polymerase (RdRp). Using genetic

knockout and antibody blockade of IFN-I responses, we demonstrate antigen-specific impacts of
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IFN-1 on T cell and antibody responses after mRNA-LNP immunization. While removal of IFN-I
signaling negatively impacts T cells against HA and RBD, it has the opposite effect on RdRp-
specific T cells. For antibodies, we found minimal impact of IFN-I signaling on HA-specific
antibodies, but found that IFN-I negatively impacts RBD antibodies in C57BI/6 mice. Finally, we
provide evidence of potential negative interactions of mMRNA-LNP with each other when
immunized close in time. This study highlights the need to analyze the impact of IFN-I on mRNA

vaccines in an antigen-specific manner during development.

Results

Induction of IEN-I by mRNA-LNP

To test the impact of IFN-I on the immunogenicity of mMRNA-LNP vaccines, we generated three
MRNA constructs and encapsulated them into LNP (Fig. 3-1a). The influenza HA sequence was
generated based on the A/IWSN/1933 H1N1 (WSN) strain with a K58I mutation in the HA2 subunit
to stabilize the prefusion conformation3*. The RBD sequence was generated using amino acids
319-541 from the Spike protein of the original Wuhan strain. It was fused with the murine IgK
signal sequence at the N-terminus to improve protein secretion and the foldon trimerization
domain of bacteriophage T4 at the C-terminus to improve antibody responses3%¢. The RdRp
sequence was generated using the N-terminal 611 amino acids from the Wuhan strain. It was
fused with an N-terminal MHC class | signal peptide and a C-terminal MHC-I trafficking domain
(MITD) to enhance presentation to T cells®”-*8. All mRNAs were in vitro transcribed using N1-
methyl-pseudouridine (y) and purified using silica membrane before encapsulation into LNP. For

comparison, a separate WSN HA mRNA was also generated and purified using HPLC.

We confirmed that the mMRNA-LNP expressed the correct antigens in vitro (Fig. 3-2). To determine

whether these mRNA-LNP triggered IFN-I responses in vivo, we immunized C57BI/6 and Balb/c
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mice intramuscularly and analyzed peripheral blood mononuclear cells (PBMCs) for expression
of the interferon-stimulated gene (ISG) IFIT1 24 hours post immunization (Fig. 3-1b). While the
inclusion of y in the MRNA synthesis likely reduced the amount of IFN generated, we still found
that levels of IFIT1 were higher in C57BI/6 mice treated with LNP compared to untreated mice or
mice injected with phosphate-buffered saline (PBS) (Fig. 3-1c). Surprisingly, there was a slight
induction of IFIT1 in mice injected with empty LNP, to a level comparable to HPLC-purified HA
MRNA-LNP. In Balb/c mice, HPLC-purified HA mRNA-LNP induced a lower level of IFIT1
expression in PBMCs than silica membrane-purified mRNA-LNP, and IFNAR blockade by
neutralizing antibodies diminished IFIT1 induction to equivalent minuscule levels. This result also
confirms that IFIT1 induction after intramuscular injection of mMRNA-LNPs is mediated by IFN
signaling. In addition, there was no difference in the level of IFIT1 induction between the three
silica membrane-purified constructs (Fig. 3-1d), indicating that mRNA sequences do not play a
maijor role in determining the level of IFN-I induction. Furthermore, based on the IFIT1/Actin ratios,
IFIT1 induction was similar between C57BI/6 and Balb/c mice. These data indicate that y-
containing mRNA-LNP still trigger IFN-I signaling that can be reduced, but not eliminated, by

HPLC purification.

IEN-I, but not purification, impacts T cell responses to an influenza HA mRNA-LNP

To determine whether IFN-I signaling impacts the immunogenicity of our two HA mRNA-LNP, we
immunized wildtype (WT) C57BI/6 or age-matched IFNAR knockout (KO) mice with 2.5ug mRNA-
LNP intramuscularly and gave a boosting shot three weeks later (Fig. 3-3a). One week after the
boost, near the peak of the adaptive immune response, we analyzed the antibody and T cell
responses in these mice. Using ELISAs against a homologous WSN H1N1 HA protein, we found
only a slight decrease in binding antibodies in WT mice immunized with silica membrane-purified

HA compared to HPLC-purified HA. IFNAR KO mice immunized with either HA construct showed
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comparable levels of antibodies (Fig. 3-3b). We also observed no difference in cross-binding
antibodies toward a heterologous HA from the A/California/7/09 (CAQ9) strain between the two
MRNA-LNP in both WT and IFNAR KO mice (Fig. 3-3b). Interestingly, we observed slightly higher
levels of neutralizing antibodies by hemagglutination inhibition (HAI) in IFNAR KO mice with both
versions of the HA compared to WT mice (Fig. 3-3c). However, all groups still had HAI titers much
higher than what is considered protective in humans®. For T cell analyses, we stimulated cells
from the lungs and spleens with a commercially available overlapping 15mer peptide library from
the HA of the A/PR8/1934 (PR8) strain (PR8 HA Pepmix) or with whole WSN virions inactivated
with beta-propiolactone (WSN+BPL). T cells that responded to these stimulations were measured
by interferon gamma (IFNy) ELISpot. We found no difference in T cells that responded to the PR8
HA Pepmix, but found that the lungs of IFNAR KO mice had significantly fewer cells that
responded to WSN+BPL from both HA mRNA-LNP (Fig. 3-3d). This trend was also found in the

spleen but was not statistically significant.

In order to confirm these findings, we repeated this immunization in Balb/c mice (Fig. 3-3e), which
have different HLA and T cell repertoires than C57BI/6 mice. These mice were administered an
IFNAR blocking antibody or an isotype matched control antibody 1 day before each immunization.
We confirmed that IFNAR blockade was present 1 day after immunization by competitive staining
of PBMCs and that this blockade was gone by two weeks (Fig. 3-4a). Two weeks after boosting,
we found no significant difference in binding antibodies towards WSN HA regardless of
purification or IFNAR blockade (Fig. 3-3f). However, IFNAR blockade with immunization of the
silica membrane purified HA mRNA led to higher CA09 HA binding antibodies (Fig. 3-3f). The
levels of HA-binding antibodies were comparable between Balb/c and C57BIl/6 mice. When we
analyzed neutralizing antibodies by hemagglutinin inhibition (HAI), mice that received IFNAR
blockade with the HPLC-purified HA had the highest levels of neutralization of WSN (Fig. 3-3g).

In terms of cellular response, we observed an impact of IFNAR1 blocking antibody on cellular
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immunity for both vaccines, resulting in fewer T cells that responded to stimulation with a known
H-2K(d) restricted peptide (IYSTVASSL, HA-1), the PR8 HA Pepmix, and WSN+BPL in mice
treated with the IFNAR1 blocking antibody (Fig. 3-3h). Again, this effect was more pronounced in
IFNy-secreting cells responding to WSN+BPL in the lung compared to the spleen, and there was
little difference between the silica membrane and HPLC-purified HA constructs. We also checked
these observations in mice at a longer timepoint, approximately four weeks after the boosting shot
(Fig. 3-4b). In these mice, there was no difference in binding antibodies toward WSN or CA09 HA
(Fig. 3-4c). However, there was still a consistent decrease in IFNy-secreting cells from the lung
that responded to WSN+BPL stimulation (Fig. 3-4d). Overall, although we saw minimal impacts
by purification and IFNAR signaling in antibody responses to HA mRNA-LNP, we observed a
consistent decrease in T cells that respond to whole inactivated virions in the lung when IFNAR

signaling is removed.

Next, we asked whether these IFNy-secreting T cells in response to WSN+BPL stimulation were
CD4 or CD8 T cells. WSN+BPL is a whole inactivated virus with full-length HA proteins that need
to be processed by APCs to peptides before being presented on MHC molecules. We pooled
splenocytes from the mice in Fig. 3-4b and removed CD4 and CD8 T cells by positive selection.
We found that the maijority of T cells that responded to our overlapping peptide library were CD8
T cells, while cells that responded to WSN+BPL were largely CD4 T cells (Fig. 3-4e). Therefore,
IFN signaling, even low levels generated by HPLC-purified mRNA-LNP is critical for generating
CDA4 T cells that can respond to the peptide-MHCII complex on lung APCs stimulated with whole

inactivated virions, a context that is likely relevant during infection“°.

Opposing impacts of IFN-I on T cell and antibody responses to a SARS-CoV-2 RBD mRNA-LNP

Next, we examined the role of IFN-I in the immunogenicity of RBD mRNA-LNPs employing both

IFNAR KO mice and administration of IFNAR blocking antibody to WT C57BI/6 mice as orthogonal
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methods to inhibit IFN-I responses. Two weeks after a boosting immunization, we analyzed these
mice for RBD-specific antibody and T cell responses (Fig. 3-5a). Surprisingly, we found that both
genetic and antibody-mediated inhibition of IFN-I signaling dramatically increased the amount of
antibodies that bound to the RBD-containing Spike S1 subunit by ELISA (Fig. 3-5b). Neutralizing
antibodies were absent in WT mice, but were detected in mice without IFNAR signaling (Fig. 3-
5c). To detect T cells specific for RBD, we used IFNy ELISpot after stimulating cells from the lung
and spleen with overlapping peptides spanning the RBD. We found fewer cells in the lung in both
IFNAR KO and IFNAR blocked C57BI/6 mice, but neither was statistically significant compared to
WT mice (Fig. 3-5d). There was no noticeable difference in T cells in the spleen between RBD

LNP immunized groups.

We wanted to confirm these observations in Balb/c mice using antibody blockade of IFNAR
signaling (Fig. 3-5e). Surprisingly, when we analyzed Balb/c mice 8 days after the boosting
immunization, we found only slight differences in RBD-binding antibodies between mice treated
with IFNAR-blocking antibody compared to isotype-matched control antibody (Fig. 3-5f). While
IFNAR blockade led to 100x more antibodies in C57BI/6 mice, it had minimal impact in the Balb/c
mice, with only a slight decrease in mice without IFNAR signaling. The antibody levels in Balb/c
mice were much higher than WT C57BI/6 mice and similar to C57BI/6 mice without IFNAR
signaling (Figs. 3-5b & 3-5f). Levels of neutralizing antibodies were also comparable regardless
of IFNAR blockade in Balb/c mice (Fig. 3-5g). Similar to our findings in C57BI/6 mice, we observed
fewer RBD-specific T cells in both the lungs and spleens in the Balb/c mice (Fig. 3-5h). Overall,
this data indicates that there is a strain-specific difference in antibody responses for RBD, but a

consistent dependence on IFN-I signaling for T cell responses.

IFN-I negatively impacts T cell responses to a SARS-CoV-2 RdRp mRNA-LNP
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Immunization of HA and RBD mRNA-LNP is targeted toward the generation of antibody
responses to block viral infection. However, the generation of T cells against a conserved target,
such as the SARS-CoV-2 RdRp, is could be beneficial for protection against viral variants that
can evade antibody immunity4'4?. Therefore, we generated an mRNA construct encoding the N-
terminal half of RdRp fused with a signal peptide and MITD domain to optimize presentation on
MHC to T cells (Fig. 3-1a). We immunized WT and IFNAR KO C57BIl/6 mice with the RdRp
MRNA-LNP and T cell responses were analyzed (Fig. 3-6a). In contrast to our observations with
the HA and RBD mRNA-LNP, there were significantly more T cells that responded to an RdRp
peptide library in IFNAR KO mice compared to WT mice in both lungs and spleens (Fig. 3-6b). As
with the other mRNA-LNP, we immunized Balb/c mice in the presence of IFNAR blocking
antibodies to confirm these observations (Fig. 3-6¢). We found no difference between mice
treated with the IFNAR blocking antibody or an isotype-matched control (Fig. 3-6d). Thus, while
HA and RBD require IFN-I signaling for optimal T cell responses, this is not the case for RdRp,

suggesting that the role of IFN-I cannot be generalized for all antigens delivered by mRNA-LNP.

Altered immunogenicity of mRNA-LNP administered together close in time

Ideally, our two SARS-CoV-2 mRNA constructs could be co-administered to generate neutralizing
antibodies from the RBD construct and T cells from the RdRp construct. Therefore, we immunized
mice with 2.5ug of both mRNA-LNP at the same time in the same location and investigated the
immunogenicity 10 days after a boosting immunization (Fig. 3-7a). We found that compared to
individual mMRNA-LNP immunizations, RBD-specific immunity, both humoral (Fig. 3-7b) and
cellular (Fig. 3-7c), was negatively impacted by co-immunization, but interestingly, not RdRp-
specific T cell responses (Fig. 3-7c). This negative effect on RBD-specific T cells was seen in
both the spleen (Fig. 3-7c) and the lungs (Fig. 3-8a). Overall, this data indicates that the

compatibility of antigens may need to be tested empirically.
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In order to avoid the negative interference we observed during coimmunization, we immunized
C57BI/6 mice with either the RBD or RdARp mRNA-LNP and injected the other mMRNA-LNP in the
same location after 3 days. We checked the immunogenicity 10-11 days after the final injection
(Fig. 3-7d). We observed that the immune responses against the second antigen were negatively
impacted compared to the first antigen. When RBD was given 3 days before RdRp, there was no
impact on Spike-binding antibodies compared to single RBD injection, but there were no Spike
antibodies detected when RdRp was given 3 days before RBD (Fig. 3-7e). However, RBD-specific
T cell responses were still inhibited when RdRp was given 3 days after RBD. This reduction was
not as strong as during coimmunization or when RdRp was given before RBD (Fig. 3-7f). T cell
responses against RdRp were not affected when RdRp was given first, but were inhibited when
RdRp was administered after RBD. This reduction was not to the same level as observed with
RBD. Thus, both RBD and RdRp mRNA-LNP can be affected when another antigen is

administered soon before them.

Lastly, we attempted to minimize co-administration interactions by immunizing mice with each
MRNA-LNP at opposite hindlegs at the same time. In addition, we examined whether IFNAR
blockade has any effect on the interference between immunizations of the two mRNA-LNPs (Fig.
3-7g). We found that administration of RdRp at the same time as, but at a different location than
the RBD still resulted in reduced levels of Spike-specific antibodies and RBD-specific T cells
compared to RBD mRNA-LNP immunization alone. However, Spike-specific antibodies were
rescued with IFNAR blockade, suggesting a role of IFN-I in the interference from RdRp mRNA-
LNP (Fig. 3-7h). IFNAR blockade with coimmunization did not affect RBD-specific T cells in the
spleen compared to coimmunization with an isotype matched control. In contrast, RdRp-specific
T cells were similar or even slightly higher than RdRp-N mRNA-LNP immunization alone and
further increased by IFNAR blockade (Fig. 3-7i). Similar effects on RBD and RdRp-specific T cells

were observed in the lung (Fig. 3-8b). Overall, this data indicates that interaction between mRNA-
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LNP can still occur when administered from different sites, and that this interaction is partly

through IFNAR signaling.

Discussion

MRNA-LNP have emerged as powerful tools not only as prophylactic vaccines for infectious
disease, but also in the fields of cancer and autoimmunity. The immunostimulatory nature of the
mRNA cargo has been modulated to minimize induction of IFN-I and maximize antigen
expression. This can be achieved by incorporating modified nucleosides to reduce detection by
TLR7 and TLR8 and confer resistance to PKR and OAS117:2526:43_|EN-| can also be reduced by
purifying in vitro transcribed mRNA to remove dsRNA byproducts that are detected by RIG-I and
MDAS52830, However, IFN-I is a key activator of the adaptive immune system, acting to improve
antigen presentation and stimulate both B and T cells?. In this manuscript, we expand on the
impacts of IFN-I in the immunogenicity of nucleoside-modified mRNA vaccines. We find antigen-
specific and mouse strain-specific changes to immunogenicity of mMRNA-LNP after inhibition of

IFN-I signaling, suggesting that the role of IFN-I may not be generalizable for all MRNA vaccines.

Preclinical studies of the Pfizer and Moderna SARS-CoV-2 Spike mRNA vaccines utilized
magnetic beads and oligo-dT affinity chromatography, respectively, to purify their transcribed
mRNA products**45. However, it is unclear which techniques have been applied to commercial-
scale production. Significant fractions of clinical trial participants reported systemic reactogenicity
after immunization*647. While this has been attributed interleukin 1 (IL-1) produced after mMRNA-
LNP immunization*8, IFN-I responses have also been linked to adverse systemic reactogenicity
after administration of other vaccines*’. Indeed, strong IFN-I gene signatures have been observed
after immunization with the commercial Pfizer BNT162b2 mRNA vaccine, and inhibition of IFN-I
reduced antibody and T cell responses after vaccination in mice3®'32. MDA5 has been implicated

in the IFN-I response to this vaccine, suggesting that some dsRNA byproducts trigger this [FN-I
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signaling®2. However, it is unclear the magnitude of these byproducts and how it was affected by
MRNA purification. We observed stronger IFN-I induction by silica membrane-purified mRNA-
LNP compared to HPLC-purified mMRNA-LNP. Notably, empty LNP can induce slight levels of IFN
comparable to HPLC-purified mRNA-LNP (Fig. 3-1). Thus, despite efforts to minimize IFN-I
induction from mMRNA-LNP, there is evidence that it has not been eliminated and in fact could be

necessary for optimal adaptive immune responses for some antigens.

While ablation of IFN-I response in C57BI/6 mice has been shown to minimally impact antibodies
elicited by BNT162b2%2, which expresses a full-length prefusion-stabilized SARS-CoV-2 Spike
protein, our work on RBD mRNA-LNP demonstrates a completely different result. We found that
antibodies elicited by the RBD mRNA-LNP were significantly increased by 100-fold when IFNAR
signaling was abolished genetically or pharmacologically in C57BI/6 mice (Fig. 3-5). However,
this enhancement was not observed in Balb/c mice where RBD mRNA-LNP already induced a
100-fold higher level of antibodies than WT C57BI/6 mice. Our results are similar to what has
been reported on an RBD mRNA-LNP in a preprint®3. It showed that antibodies elicited by RBD
MRNA-LNP were lower in C57BI/6 mice compared to Balb/c mice and that HPLC purification of
RBD mRNA reduced IFN-I induction and rescued antibody production in C57BI/6 mice®3. This
study also indicated that dendritic cells from C57BI/6 mice produced more IFNa than those from
Balb/c mice upon treatment of RBD mRNA-LNP that was not purified by HPLC. This strain-specific
difference was not as significant for Moderna’s mRNA-127345, which expresses a full-length
Spike. C57BI/6 mice had only slightly lower levels of antibodies compared to Balb/c mice after
immunization with Moderna’s mRNA-12734%, though IFN-I responses were not compared in these
two strains. While both Pfizer and Moderna’s mRNA-LNPs are pseudouridine-modified, it is
possible that they contain different amounts of dsRNA contaminants depending on the purification
methods used. Pfizer and Moderna mRNA vaccines may contain less dsRNA contaminants than

our RBD mRNA-LNP and therefore may induce less IFN-I and reducing the impact of abolished
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IFNAR signaling. Although we have not been able to directly compare the ability of Pfizer
BNT162b2 vaccine to induce IFN-I with our RBD mRNA-LNP, it is clear from studies in humans
and mice that BNT162b2 stimulates a robust IFN-I response. Hence, it is more likely that the
difference in the role of IFN-I is due to the encoded antigen, full-length Spike versus RBD. Further
supporting this antigen-specific effect is that the pronounced increase in antibodies by blocking
IFNAR signaling was also not observed for our HA mRNA-LNP. We found minimal effects of
purification methods or ablation of IFN-I responses on antibodies elicited by HA mRNA-LNP,
which induced similar levels of antibody responses in Balb/c and C57BI/6 mice (Fig. 3-3). These
results are consistent with the central idea of our study: antigen-specific effects of IFN-I signaling

on the immunogenicity of mMRNA-LNP.

In general, magnitude and duration of antigen expression influence the resulting immune
responses after vaccination. This has been shown for an adenovirus-vectored vaccine as well as
for mRNA vaccines where unmodified mMRNA-LNP express less antigen with a shorter duration
than modified ones, resulting in lower antibody and T cell responses®5'. Another study using both
immunization and infection models demonstrated that short-term IFN-I blockade could increase
antigen expression and presentation early after vaccine or virus administration, which led to
improved adaptive immune responses’?. In these examples, IFN-I responses were thought to be
detrimental by attenuating antigen expression. Moreover, antibody responses from an self-
amplifying mRNA were also shown to be inhibited by IFN responses after intramuscular
immunization®2. However, the high levels of IFN generated by these vaccine platforms could be
the reason for why antibody or T cell responses are inhibited. Our pseudouridine-modified HA
and RBD mRNA-LNPs without HPLC purification still induced an IFN-I response after
intramuscular injections. It is possible that blocking this IFN-I response increases protein
expression from these MRNA-LNP in C57BI/6 mice to an extent that enhances the ability mRNA-

LNP to induce antibodies. One possible explanation as to why only RBD mRNA-LNP is improved
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but not HA or full-length Spike could be due to an inherent difference in how effective each antigen
activates B cell receptor (BCR) signaling. Antigens differ in their affinity for BCR and ability to
induce subsequent BCR clustering for initiating B cell responses. Moreover, both HA and full-
length Spike are membrane bound while our RBD is designed to be secreted, and membrane-
bound antigens are more efficient at driving BCR activation®. It is likely that HA and full-length
Spike more potently activate B cells than RBD and saturate antibody production at the dose of
MRNA-LNP used in immunizations. Thus, only RBD mRNA-LNP would benefit from more antigen
expression to induce antibodies in C57BI/6 mice. However, this must be confirmed through a
method where antigen levels can be more precisely controlled, such as with recombinant RBD
proteins. It is also worth noting that human studies comparing Pfizer's BNT162b1 (RBD) and
BNT162b2 (full-length Spike) demonstrated similar abilities to elicit antibody responses in
aggregate®*, suggesting a role specifically in the MHC or BCR repertoire of C57BI/6 mice. This
phenomenon has been observed with the hepatitis B virus (HBV) vaccine, where certain HLA
haplotypes can reduce responsiveness to vaccination®. This genetic component regarding the
ability of mMRNA-LNP to elicit antibody responses will require additional investigation to confirm in

humans.

Although high levels of IFN-I induced by unmodified mRNA diminishes T-cell induction by
curtailing antigen expression, it is critical for Pfizer's BNT162b2 modified mRNA vaccine to
stimulate CD8 T cells in mice®. In addition to acting on APCs to enhance their functionality in
activating antigen-specific T cells, IFN-I also serves as signal 3 for T cell activation along with T
cell receptor (TCR) ligation as signal 1 and costimulatory molecule interactions with APCs as
signal 2. Thus, for mRNA vaccines, there is a trade-off between having IFN-I for T cell activation
and reduced antigen translation due to IFN-l. Regarding the role of IFN-I, several studies have
been performed using unmodified mMRNA packaged in lipoplexes made of cationic lipids. These

studies showed that IFN signaling was generally detrimental to T cell responses after local
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administration by subcutaneous, intradermal, or intranodal injection, but had conflicting results
after systemic intravenous administration6-58, These studies utilized unmodified mRNA, which
induces high levels of IFN-I. On the other hand, increasing IFN-I with nucleoside-modified mMRNA-
LNP can enhance T cell responses if IFN-I is kept at a moderate level®®. The study presented
here further suggests that the effect of IFN-I on T cell immunity is not generalizable for all antigens.
Ablation of IFN-I signaling displayed a trend of negative effect on T-cell responses elicited by RBD
and HA mRNA LNPs in both Balb/c and C57BIl/6 mice (Fig. 3-3 and Fig. 3-5). This effect was
especially consistent and statistically significant on T cells that responded to inactivated influenza
virions processed and presented by APCs in the lung, a population that consists largely of CD4
T cells. Although IFN-I is thought to help T cell responses, lowering IFN-I response by HPLC
purification did not impact the induction of T cell responses but there was a negative effect when
IFN-I signaling was completely removed (Fig. 3-3). Therefore, even a small amount of IFN-I
induced by HPLC purified mMRNA-LNP, possibly due to LNP itself, could be critical for an optimal
T cell response. In addition, RBD and HA are not designed the same way as RdRp, which was
fused with a signal peptide and MITD to enhance presentation on MHC to T cells®”. While mRNA-
encoded antigens are synthesized in APCs and presented by MHC-I, IFN-I can enhance cross
presentation by DCs, which may be important for HA and RBD mRNA-LNP to activate CD8 T
cells®, Strikingly, the opposite effect was observed for the RdRp mRNA-LNP. Lack of IFN-|
signaling significantly increased the induction of T cells in C57BI/6 mice, but no increase was
observed in Balb/c mice when the IFNAR neutralizing antibodies were administered. This strain-
specific increase also reflects how RBD-specific antibodies are more sensitive to IFN-I signaling
in C57BI/6 mice compared to Balb/c mice, suggesting that the responsiveness of mouse strains
to IFN-I may play a role in mRNA vaccine immunogenicity. Furthermore, the only other cytokine
that is known to possess the signal 3 capability is IL-12, which can serve as signal 3 in the absence

of IFN-I8"82, |ndeed, IL-12 is stimulated downstream of IL-1 signaling after mRNA lipoplex
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administration in mice and in human PBMCs*. In addition, IL-12 production can be increased in
the absence of IFN-I due to a lack of feedback inhibition®2. This might explain why antigen-specific
T cells are still induced or enhanced, in the case of RdRp, even without IFN-I as signal 3. Overall,
similar to antibodies, the effects of blocking IFNAR signaling on T cells elicited by mRNA-LNP are

antigen-specific.

The reason for a differential impact on antigen-specific T cell responses between RdRp and HA
or RBD mRNA-LNP is unlikely due to the particular design of RdARp mRNA. In a previous study,
the same signal peptide and MITD designs were used for generating unmodified mRNA to induce
CD8 T cells, and IFNAR signaling was found to be required for optimal T cell responses®. This is
contrary to our results on RdRp. TCR signaling as signal 1 for T cell activation is influenced by
the affinity and quantity of peptide-MHC complexes present on APCs®. In general, increasing the
amount of peptide-MHC complexes causes an increase in the number of responding T cells®°.
However, the dose-dependent effect is limited once very high levels of peptide-MHC complexes
are reached. It's possible that at the dose of MRNA-LNP used in this study (2.5 pg), peptide-MHC
complexes from HA and RBD already reached a level that induced maximal responding T cells
but in the case of RdRp, blocking IFNAR signaling could be still able to further enhance T cell
responses by increasing the number of peptide-MHC complexes available. For instance, RdRp
might be processed less efficiently than RBD or HA, resulting in lower levels of peptide-MHC
complex being displayed. In addition, peptide-MHC complexes derived from RdRp might be less
capable of activating TCR than RBD or HA, saturating at higher levels for maximal induction.
Another possible explanation is that the effects of IFN-I on translation from these mMRNA-LNPs
might differ among antigens with RdRp more significantly affected than others. Again, this effect
was limited to C57BI/6 mice, indicating a potential genetic component in IFN-I response that

facilitates it.
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One advantage of mRNA vaccines is the ability to simultaneously introduce multiple antigens in
one immunization by combining mRNA-LNP that share similar manufacturing processes. This is
in contrast with protein-based subunit vaccines, where each protein may have its own challenge
for mass production, or with whole virus vaccines, which may include unimportant but
immunodominant antigens. However, we have observed that administering two different mRNA-
LNPs at the same time may negatively impact the immunogenicity (Fig. 3-7). When RBD and
RdRp mRNA-LNPs were mixed and administered together, both RBD-specific antibodies and T
cell responses were significantly reduced while RdRp-specific T cells were unaffected compared
to individual administration. These two mRNA-LNPs could be individually enhanced by blocking
IFNAR signaling to increase RBD-specific antibodies and RdRp-specific T cells in C57BI/6 mice.
While impacts on both mRNA-LNPs were expected due to increase IFN-I induction after co-
administration, only RBD was affected, even when the two mRNA-LNP were administered at the
different hindlegs. This suggests that the immunogenicity of RBD mRNA-LNP is more sensitive
to IFN-I than RdRp mRNA-LNP. However, when spacing them by 3 days, the inhibition of IFN-I
from the former mRNA-LNP affected the immunogenicity of the latter regardless of which mRNA-
LNP was administered first. A premature IFN-I response prior to TCR signaling is detrimental for
T cell responses’®'". We currently do not know whether our observation on co-administration of
RBD and RdRp holds true for other antigens, such as HA mRNA-LNP. However, a separate study
investigating a trivalent mRNA-LNP vaccine composed of glycoprotein D (gD), gC and gE of
herpes simplex virus 2 (HSV-2), did not demonstrate lower antibodies toward gD compared to gD
mMRNA-LNP alone®®. In addition, antibodies elicited by multivalent influenza HA mRNA vaccines
do not seem reduced compared to monovalent ones®”. Moderna is currently conducting a clinical
trial for Epstein-Barr virus (EBV) which consists of multiple mMRNAs encoding four different viral

antigens, and it remains to be seen if interaction effects are observed®. Nonetheless, our work
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indicate that care must be taken to avoid negative interactions between mRNA-LNPs and the

causes for this should be further studied to optimize future vaccines.

Overall, our study has demonstrated that IFN-I plays an antigen-specific role in the
immunogenicity of mMRNA vaccines, and that this needs to be carefully considered when designing
and producing future mMRNA-LNP. It has been shown that removal of dsRNA from RBD enhanced
its ability to induce antibodies, and this approach could be applied for the RARp mMRNA-LNP to
increase RdRp-specific T cells. It is possible that the level of IFN-I response induced by LNP itself
is low enough to avoid impacting antigen expression but sufficient to benefit for the generation of
antigen-specific immune responses. Therefore, one avenue of future investigations is to study
whether additional adjuvants can be exploited to improve the immunogenicity of highly purified
MRNA. These findings will play a major role in the development of next-generation mRNA

vaccines.
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Figures and Figure Legends
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Figure 3-1: Stimulation of IFN by mRNA-LNP immunization

(a) Graphical depiction of mMRNA constructs used in this study

(b) Immunization strategy for studying IFN induction after vaccination used in (c) and (d)

(c-d) Induction of IFIT1 in PBMCs from C57BI/6 (c) and Balb/c (d) mice 24 hours after
immunization

Statistical analysis: Two-way ANOVA with Tukey’s multiple comparisons test. ****p<0.0001 Mean

and standard deviation are displayed. N=4 or 8 mice per group
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Figure 3-2
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Figure 3-2: Antigen expression by mRNA-LNPs in vitro
(a) Western blot showing expression of HA mRNA-LNPs in 293T cells

(b) Western blot showing expression of RBD and RdRp in 293T cells with IFN treatment
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Figure 3-3
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Figure 3-3: IFN-l, but not purification impacts HA T cells with little change in antibodies

(a) Immunization scheme for HA LNPs in C57BI/6 WT and IFNAR KO mice used in (b-d)

(b) ELISA signals against homologous (WSN) and heterologous (CA09) HA

(c) ELISpot results from stimulating lung and spleen cells from immunized mice with overlapping

peptides against PR8 HA or inactivated WSN virus

(d) Hemagglutinin inhibition titers against WSN virus

(e) Immunization scheme for HA LNPs in Balb/c mice used in (f-h)
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(f) ELISA signals against homologous (WSN) and heterologous (CA09) HA

(g) Hemagglutinin inhibition titers against WSN virus

(h) ELISpot results from lung and spleen cells stimulated with an MHC-I restricted peptide,
overlapping peptides against PR8 HA, or inactivated WSN virus

Statistical analysis: One way ANOVA (c and g) or two way ANOVA with Tukey’'s multiple
comparisons test (b, d, f, and h). Difference between HA and HA (HPLC) in WT mice (b) or isotype
and IFNAR antibody treatment with HA LNP (f) are shown. Only differences between HA and HA
(HPLC) groups or WT and IFNAR KO with the same LNP are shown (c, d, g, and h). For (d), only
WT + HA LNP stimulated with WSN+BPL in the lung was statistically different from empty LNP.
For (g), both isotype-treated groups were not statistically different from empty LNP group. For (h),
all IFNAR treated groups were not significantly different than empty LNP group. For (h) isotype-
treated groups, only HA-1 stimulation in lung, PR8 HA pepmix stimulation for isotype + HA LNP
in the lung, both WSN+BPL stimulations in the lung, and both PR8 HA pepmix stimulations in the
spleen were significantly different from empty LNP. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

Mean and standard deviation are displayed. N=4-5 mice per group.
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Figure 3-4
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Figure 3-4: Impact of IFNAR blockade on long term immunogenicity

(a) Flow cytometry results from staining PBMCs of mice treated with IFNAR blocking antibody or
an isotype antibody

(b) Immunization scheme to look at immunogenicity after 1 month used in (c-e)

(c) ELISA signals against homologous (WSN) and heterologous (CA09) HA

(d) ELISpot results from stimulating lung and spleen cells from immunized mice with an MHC-I
restricted peptide, overlapping peptides against PR8 HA, or inactivated WSN virus

(e) ELISpot results from pooled splenocytes depleted of CD4 or CD8 T cells and stimulated with
overlapping peptides against PR8 HA or inactivated WSN virus

Statistical analysis: Two-way ANOVA with Tukey’s multiple comparisons test. Only differences
between isotype and IFNAR treatment or HA and HA (HPLC) immunization are shown. For (d),
only isotype + HA (HPLC) group stimulated with HA-1 and PR8 HA pepmix in both organs are
significantly different than RBD LNP. *p<0.05, **p<0.01, ***p<0.001 Mean and standard deviation

are displayed. N=4 mice per group
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Figure 3-5
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Figure 3-5: Opposing impacts of IFN-l on RBD-specific antibody and T cell responses

(a) Immunization scheme for RBD LNPs in C57BI/6 mice used in (b-d)

(b) ELISA data against Spike S1 protein

(c) Neutralization data against infectious SARS-CoV-2

(d) ELISpot results from lung and spleen cells stimulated with overlapping peptides against RBD

(e) Immunization scheme for RBD LNPs in Balb/c mice used in (f-h)
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(f) ELISA data against Spike S1 protein

(g) Neutralization data against infectious SARS-CoV-2

(h) ELISpot results from lung and spleen cells stimulated with overlapping peptides against RBD
Statistical analysis: One way ANOVA (c, d, g, h) or two way ANOVA (b, f) with Tukey’s multiple
comparisons test. Difference between isotype and IFNAR antibody (e) is shown. Only differences
between isotype-treated and IFNAR blockade or KO are shown (c, d, g, h). For (c), RBD LNP
immunized groups were not significantly different than HA LNP group. For (d), only the isotype-
treated lung was significantly different than HA LNP group. For (g), Isotype Ab + RBD LNP group
is not significantly different than HA LNP group. For (h), IFNAR-treated group in the spleen was
not significantly different than HA LNP. ns=not significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001 Mean and standard deviation are displayed. N=3 or 4 mice per group. Dashed line

indicates limit of detection
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Figure 3-6
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Figure 3-6: IFNAR signaling negatively impacts an RdRp mRNA-LNP optimized for T cell
responses

(a) Immunization scheme for RdARp LNPs in C57BI/6 mice used in (b)

(b) ELISpot results from lung and spleen cells stimulated with overlapping peptides from the RdRp
(c) Immunization scheme for RARp LNPs in Balb/c mice used in (d)

(d) ELISpot results from lung and spleen cells stimulated with overlapping peptides from the RdRp
Statistical analysis: One way ANOVA with Tukey’s multiple comparisons test. Only differences
between WT or isotype-treated and IFNAR KO or IFNAR-treated groups are shown. All RdRp-

immunized groups were significantly different from the HA LNP control group, except for WT
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C57BI/6 mice in the lung. *p<0.05, **p<0.01, ****p<0.0001 Mean and standard deviation are

displayed. N=3 or 4 mice per group.
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Figure 3-7
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Figure 3-7: Altered immunogenicity of mMRNA-LNPs administered together close in time

(a) Immunization scheme for coimmunization at the same site used in (b) and (c)

(b) ELISA results against Spike S1 protein

(c) Intracellular cytokine stimulation results from splenocytes stimulated with overlapping peptides

from RBD or RdRp
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(d) Immunization scheme for immunization separated by 3 days used in (e) and (f)

(e) ELISA results against Spike S1 protein

(f) Intracellular cytokine stimulation results from splenocytes stimulated with overlapping peptides
from RBD or RdRp

(g) Immunization scheme for simultaneous immunization at different sites used in (h) and (i)

(h) ELISA results against Spike S1 protein

(i) Intracellular cytokine stimulation results from splenocytes stimulated with overlapping peptides
from RBD or RdRp

Statistical analysis: One-way ANOVA (f, i) or two-way ANOVA (b, c, e, h) with Tukey’s multiple
comparisons test. Differences between RBD and RBD+RdRp (b), single antigen and
coimmunization (c), RBD only and RdRp then RBD (e), or single and dual antigen (f, i) are shown.
For (c), no groups stimulated with RBD pepmix was not significantly different than empty LNP and
RBD immunized group was not significantly different than empty LNP with RdRp stimulation. For
(f) RBD pepmix stimulations, RdRp only, RBD+RdRp, and RdRp then RBD groups were not
significantly different than empty LNP. For (f) RdARp pepmix stimulations, RBD only and RBD then
RdRp groups were not significantly different than empty LNP. For (i) RBD pepmix stimulation, no
groups were significantly different than HA only group. For (i) RARp pepmix stimulation, RBD only
and RdRp only groups were not significantly different from HA only. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 Mean and standard deviation are displayed. N=6 (a-c), 4-10 (d-f), or 3-

4 (g-i) mice per group
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Figure 3-8
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Figure 3-8: T cell responses in the lung after coimmunization

(a and b) ELISpot results from lung cells from mice immunized in Figure 6a (a) or Figure 6g (b)
stimulated with overlapping peptides from RBD or RdRp

Statistical analysis: Two way ANOVA with Tukey’s multiple comparisons test. Differences
between single antigen and coimmunization groups are shown. For (a) RBD pepmix stimulation,
RdRp and RBD+RdRp groups are not significantly different compared to empty LNP group. For
(a) RdRp pepmix stimulation, RBD group is not significantly different than empty LNP group. For
(b) RBD pepmix stimulation, all groups that contain RdRp are not significantly different than HA
only. For (b) RdRp pepmix stimulation, RBD only and RdRp only groups are not significantly
different than HA only group. ns=not significant, *p<0.05, ***p<0.001, ****p<0.0001 Limit=upper

limit of detection Mean and standard deviation are displayed. N=6 (a) or 3-4 (b) mice per group
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Materials and Methods

Mice and immunizations

All mouse experiments were conducted with the approval of the UCLA Institutional Animal Care
and Use Committee and the Chancellor's Animal Research Committee. C57BI/6J and Balb/cJ
mice were purchased from the Jackson Laboratory (Bar Harbor, ME #000664 and #000651). IFN
Alpha R-/- 129/Sv (IFNAR KO) mice (B&K Universal Ltd.) were a gift from Dr. Genhong Cheng
(UCLA). IFNAR KO mice were back-crossed to the C57BI/6 genetic background and maintained

by the UCLA Division of Laboratory Animal Management.

For intramuscular injections, mice were restrained with a tailvein restrainer (Braintree Scientific,
Braintree, MA #TV-RED 150-STD), cleaned with isopropanol wipes, and injected in the hindleg
with 50uL with insulin syringes (Becton, Dickinson, and Company (BD), Franklin Lakes, NJ
#329461). Intraperitoneal injections with IFNAR blocking antibody (clone MAR1-5A3), isotype-
matched antibody (clone MOPC-21), or Thy1.2 antibody (clone 30H12) (BioXCell, Lebanon, NH

#BE0241, #BE0083, and #BEOO066, respectively) were performed with 200uL volumes in PBS.

mRNA-LNP

mMRNA sequences were based on protein sequences from UniProtKB accession number
P03454.1 (WSN HA) and GenBank accession number MN908947.3 (SARS-CoV-2 RBD and
RdRp) and modified as described in the text. Sequences were optimized to minimize uridine
content with Geneious software (Biomatters, Inc., San Diego, CA) and synthesized with y and a
5’ CleanCap by TriLink Biotechnologies (San Diego, CA). Transcribed mRNA were encapsulated
into LNP using a self-assembly process as previously described®?; the ionizable cationic lipid and

LNP composition are described in the patent application WO 2017/004143.
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In vitro antigen expression

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning, Corning,
NY #10017CV) supplemented with 10% fetal bovine serum (FBS) (Corning #35010CV) and 1X
Penicillin/Streptomycin (Corning #30002Cl) (complete DMEM) at 37°C and 5% CO,. 150,000
293T cells were seeded overnight in 0.5mL culture medium in a 24-well plate (VWR, Radnor, PA
#10062-896). The next day, culture medium was changed to culture medium containing the
indicated amounts of LNP and recombinant human interferon alpha 2a (PBL Assay Science,
Piscataway, NJ #11100-1). 24 hours post transfection, cells were lysed in RIPA buffer containing
1mM phenylmethylsulfonyl fluoride (PMSF) for 30 minutes at 4°C. 4X Laemmli buffer (Bio-Rad,
Hercules, CA#1610747) with 10% beta-mercaptoethanol was added to lysates and samples were
boiled at 95°C for 15 minutes. Lysates were run on a homemade 10% SDS-PAGE gel alongside
a 10-250kDa molecular weight ladder (Thermo Fisher Scientific, Waltham, MA #26619). After
proteins were transferred to a polyvinylidene difluoride membrane with semi-dry transfer (Bio-Rad
#1704272), the membrane was blocked with 10% milk in phosphate buffered saline with 0.1%
Tween-20 (PBS-T) for one hour at room temperature. The membrane was cut and probed with
primary antibodies at a 1:1000 dilution in 2% milk in PBS-T overnight at 4°C. The next day, the
membrane was washed thrice with PBS-T for 10 minutes, incubated with secondary antibody at
a 1:10000 dilution for 2 hours at room temperature, and washed again thrice with PBS-T for 10
minutes. Chemiluminescent signal was detected with SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific #34580) using a Chemidoc XRS+ System

(Bio-Rad #1708265).

Primary antibodies were used to detect the following proteins: Influenza A H1IN1 HA (Genetex,
Irvine, CA #GTX127357), SARS-CoV-2 Spike (Sino Biological, Wayne, PA #40591-T62), SARS-

CoV-2 RdRp (Genetex #GTX135467), human IFIT1 (Cell Signaling Technology, Danvers, MA
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#14769), and GAPDH (Thermo Fisher Scientific #MA5-15738). Horseradish peroxidase (HRP)-
conjugated secondary antibodies were used to detect mouse and rabbit primary antibodies

(Thermo Fisher Scientific, #62-6520 and #31460, respectively).

RNA expression by RT-PCR

Mice were anesthetized with 5% isoflurane in oxygen and bled retro-orbitally with heparin coated
capillary tubes (Fisher Scientific, Waltham, MA #22-260950). RNA was isolated using the RNeasy
mini kit (Qiagen, Hilden, Germany #74106) according to the manufacturer’s instructions. Equal
amounts of RNA from each mouse were reverse transcribed to complementary DNA (cDNA) with
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA
#4368814). cDNA was diluted to 10ng input RNA per uL and 1uL was used for RT-PCR using the
iTaq Universal SYBR Green Supermix (Bio-Rad #1725121) in a 10uL reaction volume on a CFX
Connect Real-Time PCR Detection System (Bio-Rad #1855201). IFIT1 signal was detected with
primers 5-TGCTTTGCGAAGGCTCTGAAA-3" and 5-TTCTGGATTTAACCGGACAGC-3' and
actin signal was detected with primers 5-GTATCCTGACCCTGAAGTACC-3' and 5'-

TGAAGGTCTCAAACATGATCT-3'. IFIT1 to actin ratio was calculated with 2*ACt.

Verification of IFNAR blockade by flow cytometry

PBMCs were isolated by retro-orbital bleeding with heparin coated capillary tubes into EDTA-
coated tubes (Sarstedt, Nimbrecht, Germany #41.1504.105). Red blood cells were removed by
lysing twice with ACK lysing buffer (Thermo Fisher Scientific #A1049201) and PBMCs were
resuspended in FACS buffer (PBS containing 2% FBS and 0.05% sodium azide). All wash steps
were followed by centrifugation at 500g for 5 minutes to pellet cells. Cells were resuspended in
50uL DPBS containing a 1:25 dilution of Fc block (anti-CD16/CD32 clone 93, Thermo Fisher

Scientific #14-0161-86) and incubated at 4°C for 10 minutes. 50uL of cell surface antibodies were
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added and cells were further incubated for 30-60 minutes at 4°C. Cells were stained with the
following antibodies at the indicated final dilutions: 1:100 IFNAR1-PE clone MAR1-5A3 (Leinco
Technologies, Inc., St. Louis, MO #I-1188) and 1:200 CD45-APC-eFluor780 clone 30-F11
(Thermo Fisher Scientific #47-0451-82). Cells were washed twice with FACS buffer and analyzed

on an LSR-Il flow cytometer (BD). Flow cytometry data was analyzed using FlowJo (BD).

Generation of inactivated influenza virus

Inactivated WSN virus was generated by first seeding 10 million Madin-Darby canine kidney
(MDCK) cells in complete DMEM in a 15cm dish overnight. Cells were washed with PBS and
infected with WSN virus at a multiplicity of infection of 0.1-0.2 in serum-free DMEM. Cells were
incubated at 37°C for 1 hour, with rocking every 15 minutes, then complete DMEM containing
20% FBS was added to a final FBS concentration of 10%. 2 days post infection, when most cells
exhibited cytopathic effect (CPE), the supernatant was collected and clarified at 2000g for 10
minutes. The clarified supernatant was loaded into sterile ultracentrifuge tubes (Beckman-Coulter,
Indianapolis, IN #C14292) and a 25% sucrose cushion in PBS was loaded underneath. Virus was
pelleted at 80,0009 for 1 hour at 4°C. The remaining supernatant was removed by aspiration and
the pellet was incubated in PBS containing 100mM sodium phosphate (Fisher Scientific #S374-
500) for 1 hour at 4°C. The pellet was resuspended and beta-propiolactone (BPL) (Alfa Aesar,
Haverhill, MA #AAB2319703) was added to a final concentration of 0.1% (v/v). This solution was
inverted at room temperature overnight to inactivate virus. BPL was removed by dialysis against
DPBS at 4°C overnight using 15kDa molecular weight cut-off TUBE-O-DIALYZER (G-
Biosciences, St. Louis, MO #786618). Dialyzed preparations were collected, separated into
single-use aliquots, and stored at -80°C. Viral protein concentration was determined by standard
Bradford assay with bovine serum albumin (BSA) as standards (Fisher Scientific #BP9703100).

Inactivation was confirmed by comparing samples with and without BPL treatment in a tissue
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culture infectious dose 50 (TCID50) assay, with no CPE observed in MDCK cells after incubation

with BPL-treated virus.

Hemagglutinin Inhibition Assay (HAI)

HAI was performed according to a previously published protocol”®. WSN virus was produced as
described above and supernatants were aliquoted and stored at -80°C. Briefly, 4 hemagglutinin
units (HAU) of virus were incubated with serially diluted immune serum inactivated with receptor
destroying enzyme (RDE, Hardy Diagnostics, Santa Maria, CA #370013) in a V-bottom 96-well
plate for 30 minutes at room temperature in a total volume of 50uL. Then 50uL of diluted turkey
red blood cells (RBCs, Lampire Biological Laboratories, Pipersville, PA # 7249408) were added
the plate was further incubated for 30 minutes at room temperature. Inhibition of hemagglutination
was measured by RBCs forming a dot at the bottom of the well and HAI titer was the last dilution

before inhibition stopped appearing.

SARS-CoV-2 plaque reduction neutralization test (PRNT)

Vero E6 cells were obtained from ATCC (Manassas, VA #CRL-158). Cells were cultured in EMEM
growth media containing 10% fetal bovine serum (FBS) and penicillin (100 units/mL). SARS-
Related Coronavirus 2 (SARS-CoV-2), Isolate USA-WA1/2020, was obtained from BEI
Resources of National Institute of Allergy and Infectious Diseases (NIAID). All the studies
involving live virus were conducted in UCLA BSL3 high-containment facility. SARS-CoV-2 was
passaged once in Vero E6 cells and viral stocks were aliquoted and stored at -80°C. Virus titer
was measured in Vero E6 cells by established plaque assay or TCID50 assay’'. Heat inactivated
(30 mins at 56°C) serum samples were two-fold serially diluted in a 96-well plate format and mixed
with 100 pfu of SARS-CoV-2. The serum-virus mix were incubated for 1 hour at room temperature

and were subsequently inoculated on to naive Vero E6 cells. The cells were incubated at 37°C,
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5%CO02 for additional 4 days. The cells were examined for viral cytopathic effect (CPE) and the
highest serum dilution at which complete virus inhibition was considered as neutralization titer.

The PRNT titer for all the serum samples were compiled and subjected to statistical analysis.

Enzyme-linked immunospot (ELISpot) Assay

Cells were obtained from spleens by passage through a 70um cell strainer (Fisher Scientific #22-
363-548) using a 3mL syringe plunger (Fisher Scientific #14-823-435). Red blood cells were lysed
with ACK lysing buffer and cells were resuspended in Roswell Park Memorial Institute (RPMI)
1640 medium (Corning #10-040-CV) containing 10% FBS and 1X Penicillin/Streptomycin
(complete RPMI). Cells from lungs were obtained by mincing the tissue with surgical scissors and
digesting it with 2-5mg/mL collagenase A (Sigma-Aldrich #10103586001) in complete RPMI at
37°C for 60-80 minutes with mixing every 10 minutes. The digested tissue was processed in a

manner identical to spleen samples to obtain lung cells.

ELISpot was performed using a mouse IFNy/TNFa or mouse IFNy ELISpot kit (Cellular
Technology Limited (CTL), Shaker Heights, OH #mIFNgTNFa-1M/10 and #mlIFNg-1M,
respectively) according to the manufacturer’s instructions. Negative control wells contained
unstimulated cells and positive control wells were stimulated with a cocktail of phorbol 12-
myristate 13-acetate (PMA) and ionomycin (Thermo Fisher Scientific #00-4970-03). Experimental
wells were stimulated with 1ug/mL of the indicated reagents in complete RPMI. Cells were
incubated at 37°C for 20-22 hours before plates were developed. Plates were scanned and spot
counts were analyzed by CTL. The number of spots in negative control wells was subtracted from

experimental wells to determine the number of antigen-specific spot-forming cells.

Cells were stimulated with overlapping peptide libraries for influenza A/PR8/1934 HA, SARS-CoV-

2 Spike RBD, and SARS-CoV-2 RdRp (JPT Peptide Technologies GmbH, Berlin, Germany #PM-
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INFA-HAPR, #PM-WCPV-S-RBD-2, and #PM-WCPV-NSP12-2, respectively). Individual peptides
HA-1 (IYSTVASSL) and HA-2 (SFERFEIFPKE) were synthesized by Thermo Fisher Scientific at

over 85% purity.

In vitro depletion of CD4 and CD8 T cells

Splenocytes from biological replicates were pooled and depleted of CD4 or CD8 T cells using the
EasySep Mouse CD4 Positive Selection Kit Il or the EasySep™ Mouse CD8a Positive Selection
Kit 1l (Stemcell Technologies, Vancouver, BC, Canada #18952 and #18953, respectively)

according to the manufacturer’s directions.

Intracellular cytokine stimulation (ICS)

Splenocytes were prepared as described above. Stimulation was performed in 96-well U bottom
plates in the presence of brefeldin A (Biolegend, San Diego, CA #420601) for 6 hours at 37°C.
Cells were then stored at 4°C for up to 16 hours until staining. Cells were stained with anti-
TCRbeta PerCP-Cy5.5 clone H57-597, anti-CD4 PE-Cy7 clone RM4-5, and anti-CD8 PE clone
53-6.7 (Biolegend #109228, #100528, and #100708) at a 1:100 dilution for 15 minutes on ice.
Cells were washed with FACS buffer, then fixed and permeabilized with Cytofix/Cytoperm buffer
(BD #554714) for 20 minutes on ice. Cells were washed with permeabilization buffer, then stained
with anti-IFNy APC clone XMG1.2 and anti-TNFa FITC clone MP6-XT22 (Biolegend #505810 and
#506304) at a 1:50 dilution in permeabilization buffer for 30 minutes on ice. Cells were finally

washed with permeabilization buffer and resuspended in FACS buffer before analysis.

Enzyme-linked immunosorbent assay (ELISA)

ELISA plates (Corning #07-200-721) were prepared by coating each well with 50uL recombinant

WSN HA, CA09 HA, or SARS-CoV-2 Spike S1 (Sino Biological #11692-V08H, #11085-V08H, and
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#40591-VO8H, respectively) at a 1ug/mL concentration in carbonate-bicarbonate buffer (Sigma-
Aldrich, Inc., St. Louis, MO #C3041-50CAP) overnight at 4°C. Coated 96-well plates were blocked
with PBS containing 1% BSA (%w/v) (Fisher Scientific #8P9703100), and 0.05% Tween-20
(%v/v) (Fisher Scientific #BP337-500) at room temperature for 1 hour or overnight at 4°C. All
serum samples and secondary antibodies were diluted in assay buffer consisting of PBS with
0.1% BSA and 0.025% Tween-20. Coated plates were washed with DPBS containing 0.1%
Tween-20 (%v/v) (PBS-T) twice for 3 minutes. Plates were then washed twice quickly with PBS-
T before the addition of 50uL serially diluted immune serum. 6-8 wells per plate were incubated
with assay buffer containing no primary antibody as a background control. Plates were incubated
for 1-2 hours at room temperature on an orbital shaker. Plates were washed with PBS-T twice for
3 minutes, then twice quickly before the addition of 50uL 1:4000 goat anti-mouse HRP secondary
antibody (Thermo Fisher Scientific #62-6520). Secondary antibody was incubated for 1 hour at
room temperature with shaking. Plates were then washed once with PBS-T for 3 minutes, then
four times quickly. After one final wash with PBS (no Tween-20), 100uL 1-Step Ultra TMB ELISA
Substrate (Thermo Fisher Scientific #34028) was added to each well. Plates were covered to
protect them from light and incubated at room temperature for 30 minutes with shaking. Signal
development was stopped by the addition of 100uL 1M sulfuric acid (Sigma-Aldrich
#1603131000) and the optical density at 450nm (OD450) was measured with a ClarioStar plate

reader (BMG Labtech, Cary, NC).
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Abstract

The extension of the SARS-CoV-2 pandemic has been characterized by the continuous
development of novel viral variants capable of escaping antibody immunity. One potential method
to protect against these variants is the development of T cells that target a highly conserved viral
antigen. We previously identified the RNA-dependent RNA polymerase (RdRp) as one such
conserved antigen. Here, we generate an mRNA-LNP vaccine candidate for the development of
RdRp-specific T cells. This mMRNA-LNP is immunogenic and well tolerated in mouse models.
However, no protection was demonstrated by these T cells in a SARS-CoV-2 infection model.
Further studies are required to determine whether any protection can be conferred by RdRp-

specific T cells.
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Introduction

The continual evolution of SARS-CoV-2 variants of concern (VOCs) has allowed the virus to
persist as a public health emergency'?. Many of these variants have consistently displaced
previously dominant strains in a geographic area®->. This displacement can partially be explained
by the evasion of neutralizing antibodies from both infected and vaccinated individuals, allowing
new variants to infect immune individuals®-'°. The dominance of these variants is especially
concerning because the accumulated mutations in the Spike protein allows variants such as
Omicron to evade therapeutic monoclonal antibodies, reducing the ability to stop the development
of severe disease in susceptible individuals''-'4. In addition, repeated infection allows for the
evolution of additional mutations, renewing the cycle of escape variants and continuing the
pandemic'®'6. Thus, new strategies are needed to develop robust immunity to prevent the spread

of novel variants.

Antibody escape variants are characterized by mutations in the viral Spike protein, which
mediates entry into host cells and is the target of neutralizing antibodies'’-?°. However, these
mutations that evade antibody responses do not necessarily escape T cells, which can cross-
react to epitopes in other regions of the Spike protein?'-24. Thus, T cells represent a potential
pathway toward protective immunity in the face of constant viral evolution. Unlike antibodies,
which can prevent viral infection, T cells kill infected cells to halt the production of new viral
particles. T cells have also been identified as contributors to cross-protective immunity to different
influenza strains?®. Ideally, T cells that target a conserved protein could provide long-term
immunity, as opposed to the Spike protein, which is under constant evolutionary pressure from
antibodies. One such T cell target is the nucleocapsid (N) protein, which is present at high levels
in infected cells and is a major target for T cell responses in infected individuals?®-2°. An
adenovirus-based vaccine encoding the N protein can generate N-specific T cells that protect

hamsters from lethal infection®®. When combined with a Spike-encoding adenovirus vector, N-
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encoding adenoviruses can also induce T cells that control infection of the brain in a murine model
of SARS-CoV-2 neuroinvasion®'. This combination has also been used in mRNA vaccines and
was shown to provide additional protection superior to Spike only immunization against viral
replication in animal models32. We previously identified another highly conserved viral protein, the
viral RNA-dependent RNA polymerase (RdRp), also known as non-structural protein 12 (nsp12)33.
RdRp is more highly conserved between pandemic and common cold human coronaviruses
compared to nucleocapsid and we demonstrated that SARS-CoV-2 naive individuals possessed
SARS-CoV-2 RdRp-specific T cells®. These individuals possessed T cell receptors that cross-
reacted with epitopes from other human coronaviruses, suggesting that these T cells were
developed during a previous infection®3. RdRp-specific T cells have also been identified in SARS-
CoV-2 convalescent patients, suggesting that epitopes are presented as T cell targets during the
course of infection?®2°, Importantly, preexisting RdRp-specific T cells have been implicated in the
development of an abortive infection instead of a symptomatic one in a close contact cohort34,
suggesting that they may possess some protective effect, at least in the cases of healthcare
workers with personal protective equipment exposed to small amounts of virus in a patient care
setting. Thus, the generation of RdRp-specific T cells could be a goal for T cell immunity against

multiple future coronavirus variants.

Messenger RNA-containing lipid nanoparticles (MRNA-LNP) have emerged as powerful tools for
prophylactic viral vaccines, as demonstrated by the Spike-encoding mMRNA-LNP produced by
Pfizer and Moderna3®%¢. Uptake of mMRNA-LNP allows for translation of the mRNA cargo and
direct presentation of antigenic peptides on major histocompatibility complex (MHC) molecules
by antigen presenting cells®’. In contrast to protein-based vaccines, this activity allows mRNA
vaccines to efficiently prime CD8 T cells, an attribute that has been exploited for use in cancer
immunotherapy?83°, In addition to de novo antigen synthesis for presentation, mMRNA-LNP also

provide their own adjuvant activity, potentially by stimulating inflammatory cytokines such as
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interleukin-1 (IL-1) and interferons (IFNs)*-42. As a result, the commercial Spike mMRNA vaccines
have been demonstrated to generate long-term B and T cell responses after immunization4344,
Thus, mRNA-LNP provide a strong platform for the induction of long-lasting T cell responses

toward conserved viral proteins.

Here, we investigate the use of MRNA-LNP encoding the SARS-CoV-2 Spike receptor binding
domain (RBD) and RdRp. We demonstrate the immunogenicity of these mRNA-LNP to generate
antigen-specific antibody and T cell responses in mice. Finally, we assess the protection afforded

by these mMRNA vaccines in a mouse model of SARS-CoV-2 infection.

Results

Detection of RBD and RdRp-specific T cells from infected patients

We confirmed that RBD and RdRp-specific T cells could be detected from SARS-CoV-2 infected
individuals. We obtained peripheral blood mononuclear cells (PBMCs) from patients one month
after SARS-CoV-2 infection or healthy immunized SARS-CoV-2 naive healthcare workers. We
polyclonally expanded CD8 T cells from these PBMCs and stimulated them with overlapping
peptide libraries for the RBD or RdRp and assessed T cell responses by interferon gamma (IFNy)
ELISpot (Fig. 4-1). Vaccinated individuals had significantly more RBD-specific T cells compared
to infected patients. However, RdRp-specific T cell responses were weak and similar between the
two groups, suggesting that infection does not necessarily expand RdRp-specific T cells in this

cohort.

Immunogenicity of RBD and RdRp mRNA-LNP

To test a vaccine strategy targeting the conserved RdRp protein, we generated two mRNA

constructs for SARS-CoV-2 antigens (Fig. 4-2a). The RBD sequence was generated using amino
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acids 319-541 from the Spike protein of the original Wuhan strain. It fused with the murine IgK
signal sequence at the N-terminus to improve protein secretion and the foldon trimerization
domain of bacteriophage T4 at the C-terminus to improve antibody responses*®>#6. The RdRp
sequence was generated using the N-terminal 611 amino acids from the Wuhan strain. It was
fused with an N-terminal MHC class | signal peptide and a C-terminal MHC-I trafficking domain
(MITD) to enhance presentation to T cells®4’. These sequences were generated by in vitro
transcription with silica membrane purification and encapsulated into LNP. We confirmed antigen

expression from these mMRNA-LNP by transfection into HEK293T cells (Fig. 4-2b).

To determine whether the RdRp mMRNA-LNP was immunogenic, we immunized mice
intramuscularly and analyzed T cells after a boosting immunization (Fig. 4-2c). We found that
wildtype C57BI/6 mice develop robust T cell immunity in the lungs and spleen against RdRp, as
demonstrated by the production of IFNy after stimulation with an RdRp overlapping peptide library
(Fig. 4-2d). We also immunized mice transgenic for the human HLA-A2.1 molecule, which express
a chimera of the extracellular domain of the human HLA-A2.1 molecule and the transmembrane
and intracellular domain of the murine H-2D9 molecule. This mouse strain has been used to model
immune responses to epitopes presented on HLA-A2 and provide a fuller T cell repertoire
compared to unmodified HLA-A2.1 due to improved positive selection of murine T cells*.. We
found that HLA-A2.1 transgenic mice developed T cells that responded to two of three previously
identified HLA-A2.1 restricted RdRp epitopes (Fig. 4-2e)%. We also performed a dose-escalation
study to determine whether mice could tolerate large doses of mMRNA-LNP and whether T cell
responses could be further increased (Fig. 4-2f). We found that mMRNA-LNP immunization resulted
in transitory weight loss in C57BI/6 mice with larger doses resulting in more pronounced and
prolonged weight loss, especially after the boosting immunization (Fig. 4-2g). Surprisingly, there
was no difference in RdRp-specific T cells at the endpoint, with higher doses actually trending

toward lower T cell responses in our ELISpot assay, suggesting that the 2.5ug dose is sufficient
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for robust T cell responses (Fig. 4-2h). Finally, we immunized mice that express the human
angiotensin converting enzyme 2 (hACE2) from the keratin 18 promoter (K18-hACE2), which
recapitulates severe COVID-19 infection in a mouse model*®-5'. We immunized these mice with
both RBD and RdRp mRNA-LNP, with a two-week space between each immunization (Fig. 4-2i).
This spacing eliminates interference between the two mRNA-LNP that occurs during co-
immunization (Fig. 3-7). These mice developed IgG antibodies that bound to the Spike S1 protein,
and there was no difference between mice immunized with RBD and those immunized with RBD
and RdRp (Fig. 4-2j). These mice also developed RBD and RdRp-specific T cells after mRNA
vaccination, with no difference between single and double-immunization groups (Fig. 4-2k). Thus,
this data demonstrates that the RBD and RdRp-encoding mRNA-LNP are immunogenic in mouse

models.

Challenge studies of RBD and RdRp-immunized mice

The K18-hACE2 mouse model allows for SARS-CoV-2 infection in a murine model that would
otherwise not be infected. Due to the expression of hACE2 in multiple tissues, intranasal
administration of the virus initiates viral replication in the lung, with neuroinvasion of the central
nervous system later in the course of infection®*%'. This model has been used to demonstrate the
contribution of nucleocapsid-specific T cells to the protection of distal tissues such as the brain
that is not provided by Spike-specific immunity3'. In order to assay the protection afforded by RBD
and RdRp immunization, we immunized K18-hACE2 mice and challenged them with 1x104 plaque
forming units (PFU) of plaque-isolated WA1 strain SARS-CoV-2 intranasally 20 days after the last
immunization (Fig. 4-3a). We tracked weight loss in these mice and observed that 1/5 RdRp-
immunized, 2/5 RBD-immunized, and 2/5-RBD+RdRp-immunized mice had not experienced a
loss from the initial weight at the endpoint of 5 days post infection (dpi) (Fig. 4-3b). We harvested

the lungs and brains from these mice and quantified viral genome copies in these tissues by RT-
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PCR. There was no significant difference between mice immunized with RBD or RdRp and mice
immunized with a negative control mMRNA-LNP encoding for influenza hemagglutinin (Fig. 4-3c).
In each group, we observed 1-2 mice that had much lower viral genome copies than their
counterparts. We compared the viral genome data against the final weight data of these mice and
observed that mice with lower viral genome copies in either the lung or brain demonstrated the
highest relative weight (Fig 4-3d). This was expected, as viral replication would lead to disease
evidenced as weight loss. Higher viral genome copies in the brain or lung also correlated with
higher genome copies in the other site, but was not as obvious. Overall, this experiment did not

demonstrate the RBD or RdRp immunization could provide protection in this model.

Because the first immunization experiment did not demonstrate protection against SARS-CoV-2
infection, we questioned whether higher levels of T cells could confer a more substantial impact.
Therefore, we boosted immunized mice with an additional dose of RBD and/or RARp mRNA-LNP
and challenged them 9 days post boost (Fig. 4-3e), near the peak of the recall T cell response®2.
This third immunization also likely boosted neutralizing antibody levels, which are not detected
after two immunizations in C57BI/6 mice, the genetic background of the K18-hACE2 model (Fig.
3-5¢). Mice were monitored until they reached a humane endpoint. All mice in the HA and RdRp
only groups lost weight and were eventually euthanized, while all mice in the RBD only and
RBD+RdRp groups did not exhibit any weight loss (Fig. 4-3f). There was a modest difference in
survival between HA and RdRp only groups, with RdRp immunization conferring slightly longer
survival than HA immunization (Fig. 4-3g). In order to assess whether RdRp co-immunization
conferred any advantage over RBD immunization alone, we euthanized the mice from the RBD
and RBD+RdRp groups at 12dpi, a timepoint when residual virus can still be found in the brains
of infected nonimmunized mice®'. We found minimal viral copies in the brain (Fig. 4-3h),
suggesting that the infection was largely controlled at this time point in our immunized mice. Thus,

it is unclear what advantage the RdRp immunization provided in this experimental model.
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Discussion

The persistent emergence of SARS-CoV-2 variants with mutations that evade antibody immunity
has resulted in multiple waves of infection. This immune evasion allows for infected and
immunized individuals to be infected with new variants, prolonging the global pandemic and
providing the opportunity for even more variants to develop. One strategy to combat this immune
evasion is the development of T cells that can target a highly conserved viral antigen. Here, we
investigated the potential for T cells generated by mRNA vaccination that target the viral RdRp to

protect against SARS-CoV-2 infection.

We first confirmed that RdRp-specific T cells could be detected in infected individuals (Fig. 4-1).
While we observed a range of responses toward RBD peptides in infected individuals, they were
lower than those from individuals immunized with Spike mRNA vaccines. The responses toward
RdRp peptides were lower than RBD peptides in both populations, with a significant fraction
showing no response. This is consistent with published data showing that while RdRp is one of
the viral antigens that contributes to a majority of T cell responses in infected individuals, it
contributes a small amount to this majority compared to more dominant Spike and N-targeting
responses?®2°, Surprisingly, we also observed that two of three vaccinated samples showed T
cell responses to RdRp despite lack of infection. This is likely due to cross-reactive T cell
responses elicited by common cold coronaviruses and agreeing with our previous detection of

RdRp-specific T cells in pre-pandemic samples33:53,

In order to test whether RdRp would be an effective target for a T cell-based vaccine, we
generated MRNA-LNP encoding for the N terminus of RdRp and optimized it for T cell responses
(Fig. 4-2a)%847, We found that this mMRNA-LNP was immunogenic in mice. Importantly, it was able
to generate epitope-specific T cells in HLA-A2.1 transgenic mice, suggesting that humans

immunized with this mRNA-LNP would also generate or expand T cells against previously
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identified epitopes that share a high degree of similarity to those found in other coronaviruses.
This result support the use of RdARp mMRNA-LNP to elicit a broad protection for SARS-CoV2
variants and potentially future related pandemic coronaviruses. In addition, we found that the
RdRp mRNA-LNP generated much higher levels of IFNy-secreting T cells compared to an RBD
MRNA-LNP (Fig. 4-2k). This may be due to the differences in timing of the second dose and the
experimental endpoint, as the RARp mRNA-LNP was given 8 days before the endpoint, while the
RBD mRNA-LNP was given 22 days before the endpoint. Thus, while RdRp-specific T cells could
be at the peak of the immune response, the RBD-specific T cells have started to decay to the
memory phase of the response®2. However, this could also be a result of the difference in antigen
design, as the RdARp mRNA was selected to enhance presentation to T cells on MHC molecules,
while the RBD mRNA was designed for secretion to facilitate B cell receptor activation.
Alternatively, this could be due to an intrinsic difference in the antigenicity of these two antigens
or their ability to be expressed after immunization. Overall, we found that both mMRNA-LNP were

immunogenic and could be potentially combined for a new generation of mRNA vaccines.

The key test for the efficacy of an RdRp-based T cell vaccine is the protection from disease after
SARS-CoV-2 infection. We confirmed that the mRNA-LNP were immunogenic in the K18-hACE2
transgenic mouse model that can be infected with SARS-CoV-2 and exhibits severe disease that
includes neuroinvasion at later timepoints (Figs. 4-2i to 4-2k)**-5'. However, when we infected
mice immunized with RdARp mRNA-LNP and/or RBD mRNA-LNP, we did not observe significant
protection, with only 1 or 2 mice in each group exhibiting lower viral genomes in the lung or brain
at 5 dpi, and failed to show any separation from a negative control group immunized with HA
MRNA-LNP (Fig. 4-3c). We attempted to increase the immune response by boosting the mice
with a third dose of mMRNA-LNP 9 days before challenge. While there was complete protection in
the RBD only and RBD+RdRp groups, we only observed a minor delay in disease in mice that

only received RdRp mRNA (Fig. 4-3g). In the groups with full protection from disease, we found
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no difference in viral copies in the brain between the RBD and RBD+RdRp groups at 12dpi. Our
data suggests that neuroinvasion was controlled after the virus reached the brain, as one mouse
in the RBD only group had much higher viral copies than the others in the RBD only and
RBD+RdRp groups. This contrasts with a previous report that found that Spike-specific immunity
elicited by an adenovirus-based vaccine was unable to prevent brain infection®'. However, due to
the small group size, it is unclear whether RdRp-specific T cells contribute any additional

protection to RBD-specific immunity.

The inability of RdRp T cells to protect transgenic K18-hACE2 mice from SARS-CoV-2 disease
is an important topic for future studies. Vaccine-generated CD8 T cells against dominant T cell
targets such as SARS-CoV-2 Spike or Zika virus NS3 have been shown to reduce viral burden
during infection%. In the case of SARS-CoV-2, rhesus macaques were immunized with the
adenovirus-based vaccine expression Spike and developed neutralizing antibodies as well as
Spike-specific CD8 T cells. The immunization effectively reduced viral replication in macaques
after challenge, but this reduction was impaired by depletion of CD8 T cells, demonstrating that
Spike-specific CD8 T cells can contribute to protection even in the presence of neutralizing
antibodies®*. Moreover, despite the presence of few neutralizing antibodies against Omicron
variants after two doses of the Pfizer BNT162b2 Spike mRNA vaccine®, protection against
hospital admission for COVID-19 was maintained during the Omicron wave in South Africa®’. This
observation supports the role of cellular immunity in protection afforded by the Spike-based
vaccines. In addition, in health workers who remained seronegative after putative abortive
infection, preferential expansion of RdRp-specific T cells was observed compared to those who

had laboratory confirmed infection, indicating a protective role of these T cells34.

In our study, two doses of RBD mRNA-LNP immunization in C57BI/6 mice, elicited no neutralizing

antibodies but T cell responses were detected. However, neither these RBD-specific T cells nor
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the RdRp-specific T cells afforded any protection in the K18-ACE2 mouse challenge infection
model. Even when mice were immunized with both mMRNA-LNP to generate T cells targeting both
RBD and RdRp, no protection was observed. Protection by CD8 T cells occurs through eliminating
infected cells to reduce virion production. It is possible that the dose used in this study (10,000
PFU or >100 50% lethal dose (LDso) in our hands) overwhelmed the immune system with a quickly
replicating virus in a host that overexpresses the viral entry receptor. This is especially relevant
as our two-dose immunization did not generate neutralizing antibodies unlike in Spike adenovirus
studies®'%4, which may reduce the initial infectious dose for the first round of viral replication. As
a result, this K18-ACE2 transgenic mouse model exhibited lethal disease, mimicking more severe
SARS-CoV-2 infection in humans. However, humans, especially heath care workers, are more
likely to be exposed to a much lower number of virions due to personal protective equipment. In

those situations, T cells could play a more impactful role in stopping infection from progressing.

T cell-focused vaccines using adenovirus or mMRNA-LNP to induce immunity targeting the highly
expressed and immunodominant N protein have been described in the literature3°-32, Generating
T cells only against the N protein by an adenovirus-based vaccine resulted in an almost 4 log
decrease in lung viral titers resulting in 12/16 mice surviving challenge from 300 PFU%, a dose
that is almost 2 orders of magnitude lower than the 1x10* PFU used in our study. This lower dose
may also be more relevant, as infectious doses as low as 10 50% tissue culture infectious dose
units (TCIDsg), approximately 7 PFU, have been shown to cause mild-to-moderate disease in
young adult humans®. In studies where an inoculum dose closer to our study was used as a
challenge infection, N-specific T cells alone had modest or no effects®!32. However, these T cells
can help Spike-specific immunity control viral replication in the brains of mice or in a hamster
model. Taken together, this suggests that RdRp-specific T cells may be more effective in mice

challenged with a lower inoculum dose and in coordination with RBD-specific immunity.

155



Another aspect of concern is whether a sufficient number of peptide-MHCI complexes derived
from RdRp are present on the surface of infected cells to activate T cell killing. While RdRp-
specific T cells can be detected in individuals and RdRp is one of six main T cell targets, a
significant portion of infected individuals do not have detectable CD8 T cells against RdRp (Fig.
4-1 and refs 2934), suggesting that it may not be efficiently presented in all individuals. RdRp is not
expressed to a high level during viral replication, especially compared to structural proteins such
as Spike and N. This relatively lower level of RdRp expression has been confirmed by mass
spectrometry proteomics in infected cells?. In addition, HLA-based proteomic studies have not
detected RdRp-specific epitopes bound to MHC-I molecules, despite the presence of RdRp in the
infected cellular proteome?6:2”. Thus, although the RdRp mRNA-LNP has been designed to
optimize priming to T cells, the low level of RARp expression in infected cells might hinder the
recognition and killing by vaccine-generated T cells. Nevertheless, it remains possible that T cells
with high affinity TCRs to peptide-MHC complexes derived from RdRp could provide some

protective effects, especially earlier in infection.

Our strategy of targeting the conserved RdRp of SARS-CoV-2 is not a completely new avenue of
research. The inclusion of a small section of the RdRp has been tested as part of an intranasally
administered adenovirus vectored vaccine candidate®®. However, it is unclear how much
protection is conferred by RdRp epitopes compared to the Spike and N proteins that were also
delivered by this platform, especially because only about 200 bases of the RdRp sequence were
included and an RdRp-only adenovirus was not tested. In addition, the conservation of the RdRp
sequence between betacoronaviruses has enabled the use of a nucleoside analog, remdesivir,
which inhibits viral replication by inhibiting viral RNA synthesis®. Remdesivir was first developed
to treat infection by SARS-CoV-1 and MERS-CoV®', but has now been shown to inhibit replication
by SARS-CoV-2 with outcome benefits in clinical trials®2-%4. Importantly, while remdesivir-

resistance mutations have been characterized, they remain rare®¢, allowing for continued use
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of this drug to minimize the risk of severe disease in vulnerable populations. Remdesivir is also
effective against Omicron variants of SARS-CoV-27-68 which have developed mutations in the
Spike glycoprotein to evade antibody immunity. Thus, the conservation of the RdRp not only
within SARS-CoV-2 lineages but also with other betacoronaviruses make it an attractive target

for therapeutics and for future vaccines.

157



Figures and Figure Legends

Figure 4-1
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Figure 4-1: Detection of RdRp-specific T cells in SARS-CoV-2 convalescent patients

IFNy ELISpot results from CD8 T cells expanded from human PBMC samples that were
stimulated with overlapping peptide libraries from the SARS-CoV-2 Spike RBD or RdRp.
Statistical analysis: Two way ANOVA with Sidak’s test for multiple comparisons. ****p<0.0001.

Mean and standard deviation are displayed. N=3 vaccinated and 13 infected patients
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Figure 4-2
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Figure 4-2: Inmunogenic mMRNA-LNPs encoding the SARS-CoV-2 RBD and RdRp

(a) Diagrams showing the design of RBD and RdRp mRNA

(b) Western blots showing in vitro expression of RBD and RdRp mRNA-LNPs

(c) Immunization scheme to test immunogenicity of RARp mRNA-LNP used in (d) and (e)

(d-e) ELISpot and ICS results from WT C57BI/6 mouse lung and spleen cells (d) or HLA-A2.1
mouse spleen cells (e) stimulated with overlapping RdRp peptides. LOD=limit of detection

(f) Immunization scheme to test dose escalation of RARp mMRNA-LNP used in (g) and (h)

(g) Weight loss caused by RdRp mRNA-LNP immunization

(h) ICS and ELISpot results from splenocytes stimulated with overlapping RdRp peptides

(i) Immunization scheme to test immunogenicity of RBD and RdRp double immunization in K18-
hACE2 mice used in (j) and (k)

(j) ELISA results of serum IgG antibodies against recombinant Spike S1 protein

(k) ICS and ELISpot results from splenocytes stimulated with overlapping RBD or RdRp peptides
Statistical analysis: Unpaired t test (d), two way ANOVA with Sidak’s test for multiple comparisons
(e), or one way ANOVA with Dunnett’s test for multiple comparisons (k). *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. Mean and standard deviation are displayed. N=6 (c-e) or 4 (f-k) mice

per group.
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Figure 4-3
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Figure 4-3: SARS-CoV-2 challenge of RBD and RdRp immunized mice

(a) Immunization scheme for protection generated by RBD and RdRp immunization used in (b-d)

(b) Weight loss data from immunized mice challenged with SARS-CoV-2
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(c) Viral genome RNA copies in the lung and brain of mice 5 days post infection

(d) Correlation plots between viral genome copies in the lung or brain and final relative weight
(e) Immunization scheme for protection with a final immunization boost before infection used in
(-h)

(f) Weight loss data from infected mice

(g) Survival curves for mice reaching humane endpoint after infection

(h) Viral copies in the brain at 12dpi

Statistical analysis: unpaired t test (h). Mean and standard deviation are shown. N=5 mice per

group.
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Materials and Methods

Mice and Immunizations

All mouse experiments were conducted with the approval of the UCLA and USC Institutional
Animal Care and Use Committees and the UCLA Chancellor's Animal Research Committee.
C57BI/6J, HLA-A2.1, and K18-hACE2 mice were purchased from the Jackson Laboratory (Bar
Harbor, ME #000664, #004191, and #034860, respectively). For immunizations, mice were
restrained with a tailvein restrainer (Braintree Scientific, Braintree, MA #TV-RED 150-STD),
cleaned with isopropanol wipes, and injected in the hindleg with 50uL with insulin syringes

(Becton, Dickinson, and Company (BD), Franklin Lakes, NJ #329461).

mRNA-LNP

MRNA sequences described in the text were optimized to minimize uridine content with Geneious
software (Biomatters, Inc., San Diego, CA) and synthesized with y and a 5’ CleanCap by TriLink
Biotechnologies (San Diego, CA). Lipid nanoparticles were prepared using a self-assembly
process as previously described®; the ionizable cationic lipid and LNP composition are described

in the patent application WO 2017/004143.

Detection of antigen-specific T cells from human samples

Polyclonally expanded CD8 T cells were a gift from Ellie Taus and Otto Yang and were generated
as previously described’. Briefly, cryopreserved PBMCs were stimulated with 50U/mL IL-2 and
a CD3:CD4 bi-specific monoclonal antibody in RPMI for 14 days and the polyclonally expanded
CD8 T cells were cryopreserved until use. T cells were stimulated with overlapping peptides for
the RBD and RdRp (JPT Peptide Technologies GmbH, Berlin, Germany #PM-WCPV-S-RBD-2,

and #PM-WCPV-NSP12-2, respectively) in RPMI (Corning, Corning, NY #10-040-CV) containing
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10% fetal bovine serum (FBS) (Corning #35010CV) and 1X Penicillin/Streptomycin (Corning
#30002Cl) (complete RPMI). Unstimulated cells and cells stimulated with a cocktail of phorbol 12-
myristate 13-acetate (PMA) and ionomycin (Thermo Fisher Scientific, Waltham, MA #00-4970-
03) were used as controls. IFNy-secreting T cells were detected with the Human IFN-y Single-
Color ELISPOT kit (Cellular Technology Limited (CTL), Shaker Heights, OH #hIFNg-1M-red)
according to the manufacturer’s instructions. Plates were scanned and analyzed by CTL and
antigen-specific cells were calculated by subtracting spots from unstimulated controls from

stimulated wells and normalizing to IFNy-secreting cells per million.

In vitro antigen expression

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning
#10017CV) supplemented with 10% fetal bovine serum (FBS) and 1X Penicillin/Streptomycin
(complete DMEM) at 37°C and 5% CO,. 150,000 293T cells were seeded overnight in 0.5mL
culture medium in a 24-well plate (VWR, Radnor, PA #10062-896). The next day, culture medium
was changed to culture medium containing 0.5ug mMRNA-LNP. 24 hours post transfection, cells
were lysed in RIPA buffer containing 1mM phenylmethylsulfonyl fluoride (PMSF) for 30 minutes
at 4°C. 4X Laemmli buffer (Bio-Rad, Hercules, CA #1610747) with 10% beta-mercaptoethanol
was added to lysates and samples were boiled at 95°C for 15 minutes. Lysates were run on a
homemade 10% SDS-PAGE gel alongside a 10-250kDa molecular weight ladder (Thermo Fisher
Scientific #26619). After proteins were transferred to a polyvinylidene difluoride membrane with
semi-dry transfer (Bio-Rad #1704272), the membrane was blocked with 10% milk in phosphate
buffered saline with 0.1% Tween-20 (PBS-T) for one hour at room temperature. The membrane
was cut and probed with primary antibodies at a 1:1000 dilution in 2% milk in PBS-T overnight at
4°C. The next day, the membrane was washed thrice with PBS-T for 10 minutes, incubated with

secondary antibody at a 1:10000 dilution for 2 hours at room temperature, and washed again
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thrice with PBS-T for 10 minutes. Chemiluminescent signal was detected with SuperSignal West
Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific #34580) using a Chemidoc

XRS+ System (Bio-Rad #1708265).

Primary antibodies were used to detect the following proteins: SARS-CoV-2 Spike (Sino
Biological, Wayne, PA #40591-T62), SARS-CoV-2 RdRp (Genetex #GTX135467), and GAPDH
(Thermo Fisher Scientific #MA5-15738). Horseradish peroxidase (HRP)-conjugated secondary
antibodies were used to detect mouse and rabbit primary antibodies (Thermo Fisher Scientific,

#62-6520 and #31460, respectively).

Enzyme linked immunospot (ELISpot) assay

Cells were obtained from spleens by passage through a 70um cell strainer (Fisher Scientific,
Waltham, MA, #22-363-548) using a 3mL syringe plunger (Fisher Scientific #14-823-435). Red
blood cells were lysed with ACK lysing buffer (Thermo Fisher Scientific #A1049201) and cells
were resuspended in complete RPMI. Cells from lungs were obtained by mincing the tissue with
surgical scissors and digesting it with 2-5mg/mL collagenase A (Sigma-Aldrich #10103586001) in
complete RPMI at 37°C for 60-80 minutes with mixing every 10 minutes. The digested tissue was

processed in a manner identical to spleen samples to obtain lung cells.

ELISpot was performed using a mouse IFNy/TNFa or mouse IFNy ELISpot kit (CTL
#mIFNgTNFa-1M/10 and #mIFNg-1M, respectively) according to the manufacturer’s instructions.
Negative control wells contained unstimulated cells and positive control wells were stimulated
with a cocktail of phorbol 12-myristate 13-acetate (PMA) and ionomycin. Experimental wells were
stimulated with 1ug/mL RBD or RdRp Pepmix in complete RPMI. Cells were incubated at 37°C

for 20-22 hours before plates were developed. Plates were scanned and spot counts were
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analyzed by CTL. The number of spots in negative control wells was subtracted from experimental

wells to determine the number of antigen-specific spot-forming cells.

Intracellular cytokine staining (ICS)

Splenocytes were prepared as described above. Stimulation was performed in 96-well U bottom
plates in the presence of brefeldin A (Biolegend, San Diego, CA #420601) for 6 hours at 37°C.
Cells were then stored at 4°C for up to 16 hours until staining. Cells were stained with anti-
TCRbeta PerCP-Cy5.5 clone H57-597, anti-CD4 PE-Cy7 clone RM4-5, and anti-CD8 PE clone
53-6.7 (Biolegend #109228, #100528, and #100708) at a 1:100 dilution for 15 minutes on ice.
Cells were washed with FACS buffer, then fixed and permeabilized with Cytofix/Cytoperm buffer
(BD #554714) for 20 minutes on ice. Cells were washed with permeabilization buffer, then stained
with anti-IFNy APC clone XMG1.2 and anti-TNFa FITC clone MP6-XT22 (Biolegend #505810 and
#506304) at a 1:50 dilution in permeabilization buffer for 30 minutes on ice. Cells were finally

washed with permeabilization buffer and resuspended in FACS buffer before analysis.

Enzyme-linked immunosorbent assay (ELISA)

ELISA plates (Corning #07-200-721) were prepared by coating each well with 50uL recombinant
SARS-CoV-2 Spike S1 (Sino Biological #40591-V08H) at a 1ug/mL concentration in carbonate-
bicarbonate buffer (Sigma-Aldrich, Inc., St. Louis, MO #C3041-50CAP) overnight at 40C. Coated
96-well plates were blocked with PBS containing 1% BSA (%w/v) (Fisher Scientific #8P9703100),
and 0.05% Tween-20 (%v/v) (Fisher Scientific #8P337-500) at room temperature for 1 hour or
overnight at 4°C. All serum samples and secondary antibodies were diluted in assay buffer
consisting of PBS with 0.1% BSA and 0.025% Tween-20. Coated plates were washed with DPBS
containing 0.1% Tween-20 (%v/v) (PBS-T) twice for 3 minutes. Plates were then washed twice

quickly with PBS-T before the addition of 50uL serially diluted immune serum. 6-8 wells per plate
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were incubated with assay buffer containing no primary antibody as a background control. Plates
were incubated for 1-2 hours at room temperature on an orbital shaker. Plates were washed with
PBS-T twice for 3 minutes, then twice quickly before the addition of 50uL 1:4000 goat anti-mouse
HRP secondary antibody (Thermo Fisher Scientific #62-6520). Secondary antibody was
incubated for 1 hour at room temperature with shaking. Plates were then washed once with PBS-
T for 3 minutes, then four times quickly. After one final wash with PBS (no Tween-20), 100uL 1-
Step Ultra TMB ELISA Substrate (Thermo Fisher Scientific #34028) was added to each well.
Plates were covered to protect them from light and incubated at room temperature for 30 minutes
with shaking. Signal development was stopped by the addition of 100uL 1M sulfuric acid (Sigma-
Aldrich #1603131000) and the optical density at 450nm (OD450) was measured with a ClarioStar

plate reader (BMG Labtech, Cary, NC).
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Summary

The SARS-CoV-2 pandemic has launched lipid nanoparticle (LNP) technology into the scientific
spotlight. Despite the many tragedies that have occurred because of the pandemic, one silver
lining is the opportunities it has afforded for the study of this new vaccine technology. This
dissertation examines the applications of LNP as both an adjuvant and an antigen delivery
platform to provide insights on their future roles in society. First, we examined the ability of LNP
to act as an adjuvant for KSHV VLVs to improve the immunogenicity of this multi-antigen vaccine
platform. We showed that LNP are potent adjuvants for inducing both antibody and T cell
responses after VLV immunization in mice. This strong antibody response led to our novel
observation that antibodies specific for ORF4 can serve as a target for complement-mediated
neutralization of KSHV, a response that may be beneficial to induce in a future KSHV vaccine.
We also observed that encapsulation of a TLR agonist, polyUs, in LNP can enhance T cell
responses against viral antigens compared to empty LNP, suggesting a method to further improve

an already strong adjuvant platform.

We next examined the role of IFN-I in the immunogenicity of antigens delivered as mRNA LNP.
Using three model viral antigens with different structural modifications, we found that the impact
of IFN-I was antigen-dependent. Antibodies against HA were largely unaffected by IFN-I, but
antibodies against RBD were markedly increased in C57BI/6 mice in the absence of IFN-I
signaling. We also demonstrated opposing impacts on T cells, with T cells against HA and RBD
inhibited in the absence of IFN-I, while RdRp-specific T cells are unaffected or increased. Overall,
this study indicated that the induction of IFN-I in future mMRNA vaccines should be carefully

considered in an antigen-dependent manner.

Finally, we investigated the use of mMRNA LNP encoding the SARS-CoV-2 RdRp to generate T

cell responses toward a conserved viral antigen. We found that RdARp mRNA LNP were highly
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immunogenic, generating strong T cell responses toward the epitope rich N-terminus of RdRp.
However, these T cells were unable to control viral replication in a transgenic mouse infection
model. This could be due to poor presentation of RdRp epitopes by infected cells, a notion
supported by low levels of RdRp-specific T cells found in SARS-CoV-2 convalescent patients.
However, this could also be a result of a large challenge dose that could be remedied in future
investigations. Overall, the goal of generating T cells against a conserved viral antigen was

achieved, but the impact these T cells may have on disease is still unclear.

Towards a clinical KSHV vaccine

The road towards a KSHV vaccine is still quite long. The work described in chapter 2 of this
dissertation provides an additional step toward the goal of stopping KSHV-associated diseases.
We demonstrated that activating the complement system via antibodies specific for viral ORF4
may be a beneficial component of a future KSHV vaccine. To that end, we have filed an invention
report describing our KSHV VLV vaccine platform, the adjuvant effect of polyUs-LNP, and the role
of complement in KSHV neutralization in future vaccine development. However, this vaccine
target and those currently under preclinical investigation still require validation in a challenge
model of KSHV infection. Due to the restricted host range of KSHV, common small animal models
cannot be used. Instead, mice can be infected with MHV-68, a rodent homolog of KSHV which
has a lifecycle with pronounced lytic replication at early timepoints, and does not recapitulate what
is expected in humans infected with KSHV'. This infection could still be useful using MHV-68
engineered to express KSHV glycoproteins, a project that is reportedly in development.
Alternatively, KSHV can infect mice with humanized immune systems. However, this model
requires high infectious doses?® and immune responses to vaccines may not be ideal in
humanized mice. Lastly, KSHV can infect non-human primates (NHPs) and cause KS-like

disease*. This is likely the most relevant preclinical model to validate vaccine efficacy, but the
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cost and scalability of NHP studies will likely restrict these studies to the most likely clinical

candidates.

Even if a KSHV vaccine platform is shown to provide high levels of protection in preclinical studies,
there will still be challenges that arise before it reaches the clinic. One such question is the target
population for KSHV vaccination. One potential goal is to prevent KSHV acquisition by immunizing
children in KSHV endemic regions where seropositivity is low in early childhood®. However, it is
still unclear what immune responses are needed to prevent KSHV acquisition and how long
protection would last after vaccination. Another route to pursue is preventing KSHV transmission,
which occurs largely through saliva. Studies with KSHV, EBV, and hCMV have linked antibody
levels to lack of infection in mother-child pairs®2. Thus, it could be possible to immunize KSHV-
infected individuals to enhance control of viral replication to reduce or prevent viral shedding.
Natural KSHV infection does not induce robust neutralizing antibody or cellular immunity but
remains largely asymptomatic in immunocompetent individuals®''. This suggests that the
seemingly “weak” natural KSHV immunity is sufficient to limit the virus but leaves room for
vaccines to enhance immune control. One final option is for therapeutic vaccination against KSHV
to suppress viral replication and minimize the number of latently infected cells in infected
individuals. This will likely require the induction of virus-specific T cells that can recognize both
lytic and latent antigens. However, it is unclear how much viral control will be needed to prevent
KSHV-associated diseases and the development of such a T cell vaccine with demonstrated

efficacy is still a while away.

Other challenges for a KSHV vaccine will come from the process of commercialization. Cell lines,
such as iSLK cells used to make KSHV VLVs or CHO cells used for producing VLPs, must be
validated and good manufacturing practice (GMP) standards must be developed to ensure

consistency in vaccine production. Products must be tested for stability in areas without cold
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storage chains and must be easily administered. Moreover, the vaccine will need to be produced
at large scales, requiring huge investment from industry, government, or non-governmental
organizations. As KSHV and KSHV-associated diseases are most prevalent in resource-limited
areas such as sub-Saharan Africa and not in the Western world'2, there is little economic incentive
for large vaccine manufacturers to invest in a KSHV vaccine. Thus, it may be on the backs of
charitable and philanthropic organizations to bring a KSHV vaccine to the world. While large,
these challenges are not insurmountable, and a widely used KSHYV vaccine could be possible in

the future.

The broad horizons of mMRNA-LNP vaccinology

The work presented in this dissertation has demonstrated the power of LNP to generate strong
adaptive immune responses. However, there is still much to be learned about this technology and
its applications in vaccinology. Others have widely described LNP as inflammatory, potentially
through IL-1 and IL-6 signaling'®'4, but preliminary studies from our lab also indicate that they can
also generate IFN responses even in the absence of RNA cargo. Importantly, even commercial
mRNA vaccines such as the one produced by Pfizer/BioNTech generate strong IFN-I
responses'®. This may appear in contrast with years of effort spent devising methods to reduce
IFN-I signaling for improved antigen expression'®-'®, However, the discovery of modified
nucleosides that reduce RNA sensing and diminish IFN-I induction has been a critical
advancement for mRNA vaccines, because the very high level of IFN-I induced by unmodified
MRNA severely undermines their safety and immunogenicity. What should be kept in mind are
the potential negative effects of IFN-I induced by dsRNA byproducts and the LNP itself on the
immunogenicity of mRNA vaccines and whether purification or different antigen designs can
evade this interference. Thus, there is more to be learned about the role of innate immunity in the

immunogenicity of MRNA-LNP vaccines.
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It is clear from this work and published studies that innate immunity plays an important role in
developing adaptive immune responses to mRNA vaccines. Increasing IL-1 signaling by
genetically removing the IL-1 antagonist IL-1ra increases T cell responses to the Pfizer/BioNTech
vaccine'3. As shown in chapter 3, inhibition of IFN-I signaling through antibody blockade or genetic
ablation can alter T cell responses in an antigen-dependent manner. However, it is still unclear
what specific conditions are needed for these alterations to occur. For example, which cell types
are required to respond to IL-1 and/or IFN-I for robust T cell responses? Cell type-specific removal
of IL-1 receptor or IFNAR1 can be achieved in mice using the Cre-Lox system, allowing for
discrimination of the roles of these innate cytokines on antigen presenting cells, T cells, and B
cells. Timing should also be considered, as current mRNA vaccine regimes require at least two
immunizations before individuals are considered protected. It could be possible that innate
cytokines are more important in only the priming or boosting immunization instead of both. Further
understanding of these cell type and temporal dynamics could help in the development of next-

generation mRNA vaccines to properly use innate immunity to empower adaptive responses.

This dissection of IFN-I could be expanded to how individual IFN-I responses can impact the
immunogenicity of an mRNA vaccine. In chapter 3, we noted that antibody responses to RBD
were impacted by IFN-I in C57BI/6 mice, but not in Balb/c mice. Pfizer's full-length Spike
BNT162b2 did not demonstrate this difference in IFNAR KO mice and there were only minor
differences when the two mouse strains were compared with Moderna’s mRNA-1273202', In
addition, humans immunized with BNT162b1 (RBD only) or BNT162b2 (full length Spike)
demonstrated up to a 1 log range in binding and neutralizing antibody titers??. This suggests that
genetic background or individual-specific contexts, including sensitivity to IFN-I, may impact the
immunogenicity of an mRNA vaccine. One such modulator of a person’s IFN-I sensitivity is the
presence of anti-IFN antibodies. Anti-IFN antibodies can neutralize IFN activity, preventing the

induction of antiviral gene programs and potentially leading to severe COVID-19%324, These anti-
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IFN antibodies can be found before SARS-CoV-2 infection, suggesting that they were not
generated because of the infection and that they could impact IFN responses to prophylactic
vaccines. While the role of IFN neutralizing antibodies on vaccine efficacy has not been widely
studied, a recent report indicated that IFN-I deficiency from loss-of-function mutations in IFNAR
or anti-IFN antibodies could result in severe adverse reactions to the live attenuated yellow fever
vaccine®>. Thus, it would reasonable to expect that anti-IFN antibodies would impact the
immunogenicity of an mRNA vaccine, especially because commercial vaccines can trigger IFN-I
gene signatures'®20. However, it is unclear if this modification in IFN-I signaling will be beneficial
or detrimental for adaptive immune responses. With multiple mRNA vaccines in the commercial
pipeline, time will soon tell whether the impacts of these IFN neutralizing antibodies are antigen-

dependent as we demonstrated in mice.

One advantage of mMRNA vaccines over traditional protein-based vaccines is the ability to quickly
design new immunogens without the need to optimize the protein production for each antigen.
The process of in vitro transcription is nearly identical for all mMRNA sequences (assuming no
issues arise in the secondary structure) with the exact same procedure for encapsulating them
into LNP. This format also gives the opportunity for mRNA-encoded antigens to be modified to
include other domains or to add on epitopes from other antigens. In chapter 3, we described
antigen-specific impacts of IFN-I on mMRNA-LNP immunogenicity. However, it is unclear whether
these differences arise from the antigens themselves or from the modifications made to them.
Additional work is needed to elucidate these differences, such as the ability of an MHC-I signal
sequence and MITD domain to enhance T cell responses in the absence of IFN-I. The ease of
mMRNA transcription allows for the generation of antigens with swapped domains, such as RBD
with the MHC-I signal sequence and a secreted RdRp, which will allow for the testing the impact

of IFN-I on the antigens and their modifications.
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The ease of generating new mRNA constructs for LNP formulations also facilitates the rapid
production and testing of novel viral antigens. In chapter 4, we described the immunogenicity of
an mRNA vaccine expressing the highly conserved SARS-CoV-2 RdRp. The immunogenicity of
this RdARp mRNA-LNP has been described in an invention report for prophylactic immunization
against SARS-CoV-2. While a robust RdRp-specific T cell response was generated, it was not
protective. We discussed potential pitfalls and proposed a different challenge regime to confirm
their role in preventing disease progression, since other studies have suggested that RdRp-
specific T cells might play a role in protection?. Others have worked on the development of N
specific T cell vaccines, which have shown efficacy in mice challenged with low infectious
doses?’28, One potential benefit of RARp is its earlier expression in the lifecycle, since it is needed
to generate viral genomes. This is in contrast to N, which is a structural protein that is produced
later when virions need to be formed. N is also subjected to antibody responses through display
on the cell surface?®, potentially generating selective pressure that can result in T cell-evading
mutations. However, RdRp is disadvantaged by its relatively lower expression level3°, which could
reduce presentation on MHC-I to cytotoxic T cells. Overall, this study demonstrated the ability to
test a new viral antigen for vaccine studies using mMRNA-LNP technology, but the application of

RdRp as a target for SARS-CoV-2 vaccination remains to be clarified.

Conclusions

The work described in the dissertation has utilized LNP technology for new and exciting purposes.
It sets a foundation for an adjuvanted multivalent KSHV vaccine that generates antibodies with
neutralizing and effector functions in addition to robust T cell responses. It demonstrates the
effects of IFN-I on mRNA-LNP immunogenicity are not generalizable to all antigens. Finally, it

describes a potential target for future SARS-CoV-2 mRNA vaccines that could provide broad
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protection against current and future viral variants. Overall, it demonstrates the power and

flexibility of LNP which will cement this technology into the future of vaccinology.
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