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ABSTRACT

Mumps virus (MuV) is a highly contagious human pathogen in the
Paramyxoviridae family. The hallmark symptom of mumps is the swelling of the
parotid glands. Though clinical symptoms of mumps are often mild, severe
neurological complications, such as meningitis and encephalitis, can occur (1).
After the introduction of the mumps vaccine, cases dramatically decreased to less
than 500 per year in the United States. However, there has been a resurgence of
mumps in the last two decades, warranting a better understanding of the disease
and virus (2). There are no approved anti-viral drugs available for mumps. Viral
replication and transcription have become targets for therapeutics in recent years
(3). This work seeks to better understand virus-host interactions and the role
phosphorylation plays in RNA synthesis. It is well established that the MuV
nucleoprotein (NP) and phosphoprotein (P) are highly phosphorylated by host
kinases and that their phosphorylation status regulates viral transcription and
replication (4, 5). However, many host kinase regulators remain unknown. In this
study, we identify a novel virus-host interaction. We show that host kinase,
ribosomal protein S6 kinase beta-1 (RPS6KB1), negatively regulates MuV growth

via phosphorylation of the MuV phosphoprotein. We then provide novel evidence



that the MuV large (L) protein is phosphorylated during in vitro infection and identify
four putative phosphorylation sites within the polyribonucleotidyltransferase
domain of L. Our work provides insight into phosphorylation as a regulator of MuV
growth. MuV outbreaks are occurring in vaccinated populations, and clinical
isolates sequenced from these outbreaks belong to a divergent genotype
(genotype G) compared to the vaccine strain (genotype A), which questions the
efficacy of the mumps component of the measles, mumps, and rubella (MMR)
vaccine. (2). We examine the immunogenicity and longevity of recombinant
genotype G-based vaccines and show that a third dose of a genotype G-based
vaccine increases neutralizing titers toward the circulating outbreak strain of MuV.
We identify a host kinase important for MuV replication, elucidate MuV polymerase
phosphorylation, and seek to advance the development of a next generation MuV

vaccine.
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CHAPTER 1

INTRODUCTION

Mumps virus is a highly contagious human pathogen that causes
inflammation of the parotid glands, fever, and headache. While many cases are
asymptomatic or mild, severe complications can occur, which include meningitis,
encephalitis, and deafness. Prior to mass vaccination in the 1960’s, mumps was
considered a common childhood disease, resulting in seroconversion of >90% of
the population before age 15 (6). In the post-vaccine era, cases in the United
States (U.S.) were reduced by 99% with two doses of the Measles, Mumps, and
Rubella vaccine (MMR). However, in the past two decades, there has been a
resurgence of MuV infections. These infections have occurred primarily in
vaccinated populations, often on college campuses. The largest U.S. outbreak
originated in lowa in 2006 (IA, 06), which resulted in over 6500 diagnosed cases
of MuV. Since 2006, there has been a resurgence of mumps , causing the number
of cases in the U.S. to remain higher than in previous decades (2, 7).

Previously, we created a reverse genetics system based on a MuV virus
from the 1A, 06 outbreak to study it in vitro and in vivo (8). MuV is a member of the
family Paramyxoviridae, in the genus Rubulavirus, and has a non-segmented,

negative-stranded RNA genome of 15,384 nucleotides. The genome contains



seven genes that are transcribed into nine viral proteins (9, 10). The RNA genome
serves as a template for replication of the viral RNA (VRNA) genome and mRNA
synthesis, and it associates with nucleoproteins (NP) to form the helical
ribonucleoprotein (RNP), which protects the genome from degradation. The RNP
associates with the viral RNA-dependent RNA polymerase (VRdARp) complex to
perform viral RNA synthesis. The replication machinery is essential for viral growth
and RNA synthesis (9, 11).

The phosphoproteins (P) of paramyxoviruses are highly phosphorylated,
and their phosphorylation status impacts VRNA and viral mRNA synthesis.
Previous studies, with Parainfluenza Virus 5 (PIV5), Respiratory Syncytial Virus
(RSV), and MuV have shown that mutating phosphorylation residues within P
affects RNA synthesis (4, 12-14). It is thought that phosphorylation of the P protein
is facilitated by host kinases, because paramyxovirus viral proteins lack inherent
kinase enzymatic activity (9, 14). Furthermore, several paramyxovirus P proteins
have been shown to interact with host kinases, including MuV P, which was shown
to interact with human kinase Polo-like kinase 1 (PLK1) (15-18). Additional host
kinases that are important for MuV P phosphorylation and RNA synthesis have yet
to be discovered.

The L protein, or polymerase, is highly conserved amongst negative-sense
RNA viruses (19). The structure of L contains five major conserved domains: RNA-
dependent RNA polymerase (RdRp), polyribonucleotidyltransferase (PRNTase),
connecting domain (CD), methyltransferase (MTase), and the C-terminal domain

(CTD), each of which perform a specific role in RNA synthesis. These regions are



separated by two highly flexible and non-conserved hinge regions (H1 and H2)
(20). L is responsible for initiation, elongation, and termination of RNA synthesis,
in addition to adding the 5’ cap and 3’ poly(A) tail to transcribed viral mRNA (9, 10,
21). Much of the work on L has been with PIV5 or VSV, while identifying
residues/regions in L that affect the growth of MuV has been understudied.

The most widely used MuV vaccine is based on the Jeryl Lynn (JL) strain,
a genotype A virus. Over fifty years ago, the virus was isolated from a patient and
serial passaged in embryonated hen’s eggs and chicken embryo cell culture to
achieve attenuation (22, 23). While genotype A viruses have circulated in the past,
currently, the most common strains in North America and many European
countries are from genotype G (24). The drift away from genotype A MuV strains
has brought into question the efficacy of the MuV vaccine and requires a better
understanding of genotype G viruses. Previously, we generated a vaccine
candidate based on the genotype G MuV IA, 06 virus, which was genetically
modified to delete the SH gene and prevent transcription of the V protein (rMuV-
AVASH). It was shown to be immunogenic in mice and have low neurovirulence
(8, 25). This knowledge can be applied to next generation vaccines that can better
protect against the circulating strains of MuV.

Understanding MuV viral replication and virus-host interactions can lead to
the generation of antiviral treatments, while improving the current MuV vaccine
strategy can lead to a decrease in world-wide cases. Together, this work will
provide insight into MuV growth that will aid in the development of

countermeasures to MuV infection.



SPECIFIC AIMS
Aim 1. Identify and characterize host kinases that affect MuV replication and
growth. A large-scale siRNA screen was used to identify potential kinases that
affect MuV growth. RPS6KB1 was identified to have an effect on MuV growth.
Using siRNA knockdown, inhibitors, and cells lacking RPS6KB1 the kinase’s role
during MuV infection was determined. The hypothesis for this aim is that RPS6KB1
negatively regulates MuV growth through phosphorylation of MuV P.
Aim 1a. Identification of host kinases that affect MuV growth using a large-
scale siRNA screen
Aim 1b. Characterization of the role RPS6KB1 has on MuV replication and
transcription
Aim 1c. Determine the mechanism of regulation on MuV RNA synthesis by
RPS6KB1.
Aim 2. Examine MuV large protein function. To examine MuV L, a functional flag-
tagged recombinant virus was generated. The tagged L was used to identify
phosphorylation sites within MuV L. The working hypothesis for this aim that L is
phosphorylated, and its phosphorylation status plays a role in RNA synthesis.
Aim 2a. Development and characterization of a tagged L protein
Aim 2b. Identification of phosphorylation sites within MuV L
Aim 3. Evaluate MuV genotype G-based vaccine candidates. The vaccine
candidates were assessed for immunogenicity and longevity in a mouse model.
The hypothesis is that a genotype G-based vaccine may protect against the

circulating strain better than the current vaccine.



Aim 3a. Development and in vitro characterization of recombinant Jeryl-
Lynn (rJL) vaccine candidates
Aim 3b. Immunogenicity and longevity of MuV vaccine candidates in mice

Aim 3c. Immunogenicity of a heterologous prime/boost strategy in mice



CHAPTER 2

LITERATURE REVIEW

History and classification

The first description of an illness consistent with MuV symptoms dates to
5t century BCE Greco-Roman times. Hippocrates described it in his first book of
Epidemics as an acute illness that caused parotitis and orchitis in both children
and adults (26). In the late 18" century, a physician outlined the entire disease
progression and first associated MuV with central nervous system (CNS)
complications (27). During this time, the name “mumps” had been given to the
disease, which is thought to mean “to sulk” or “to talk indistinctively” in old English
or Scottish (27, 28). However, it would be another 150 years before the etiological
agent causing mumps was discovered.

In 1934, Johnson and Goodpasture successfully proved that a virus was
responsible for mumps. They first demonstrated that rhesus macaques developed
similar mumps-like symptoms after being injected with filtered saliva from patients
with mumps symptoms. Then they were able to fulfill Koch’s postulates by
transferring infected saliva from rhesus macaques to children back to naive rhesus
macaques who then developed the disease, using bacteria-free conditions. In

doing so, they conclusively showed that the disease agent was a virus, not



bacteria, and the causative agent of mumps (29). These studies, although
unethical today, were critical for our understanding of MuV infection and
pathogenesis and pioneered rhesus macaques as an animal model for mumps.

In 1945, MuV was successfully isolated and propagated in embryonated
chicken eggs allowing researchers to characterize the virus (30, 31). This study
also inadvertently showed that serial passaging MuV in eggs attenuated the virus,
which would ultimately lead to a MuV vaccine, first licensed in 1967 (30-32).
Finally, with the advancement of molecular cloning and sequencing, the MuV
genome including the intergenic, leader, and trailer sequences were determined
using mMRNA isolated from MuV infected Vero cells, which allowed for the reverse
genetics system to be developed (8, 33).

MuV has a nonsegmented, negative-stranded RNA genome of 15,384
nucleotides and is a member of the order Mononegavirales in the family
Paramyxoviridae (9). The virus family includes several important human and
animal pathogens such as measles, rinderpest virus, and canine distemper virus.
As of 2021, MuV belongs to the genus Orthorubulavirus in the subfamily
Rubulavirinae, along with Parainfluenza virus 5 (PIV5), its most closely related
virus and the prototypic virus for the subfamily (9, 34). There are currently 12
different genotypes of MuV, which are assigned letters from A to N (excluding E
and M), but there is only 1 recognized serotype (28). The genotypes are based on
the sequences of the small hydrophobic (SH) gene, the most variable gene, and

the haemagglutinin-neuraminidase (HN) gene (28, 35). As of 2014, 6 of the 12



genotypes (G, H, C, F, K, and D) were actively circulating in the human population
(28).
Mumps virus genome

The MuV viral genome starts at the 3’ end with a 55-nucleotide long leader
sequence and terminates at the 5’ end with a 24-nucleotide trailer region. The
leader and trailer contain initiation and termination signals for the vRdRp. The
genome encodes for all the MuV genes (3'-NP-V/P/I-M-F-SH-HN-L-5’) in
succession using start/stop signals on either side of each gene. Each gene has an
upstream gene start (GS) signal (3’) and a downstream gene end (GE) signal (5’),
which are located in the short untranslated regions (UTRs) of the genome (33).
Additionally, the UTRs contain a cis-acting intergenic (IG) region that is variable in
length. Rubulaviruses typically vary in length and sequence while respiroviruses
and morbilliviruses have more conserved IG sequences (9). Immediately
downstream of the gene end is a poly(U) tract of variable length, which is
responsible for the polyadenylation that occurs in mMRNA synthesis. These regions
are responsible for mMRNA synthesis and polyadenylation signaling but are not
transcribed or translated (9, 36).

The MuV genome consists of seven genes that encode for 9 viral proteins
with RNA synthesis beginning at the 3’ end (10). The V/P/I gene encodes for 3
proteins that are produced via RNA editing. V, P, and | share the same N-terminal
sequence, but have different C-terminal ends due to the frame shift. The V mRNA
is the faithful transcript, while the insertion of 2 non-template guanine (G) residues

at site 155 results in the P mRNA. | mRNA is made via insertion of 1 or 4 G residues



(37, 38). RNA editing occurs by slippage of the viral RNA dependent RNA
polymerase (VRdRp) in a short G-rich coding region within the V open reading
frame (38). Although the most common insertion is +1 G or +2 G for MuV, up to 6
Gs have been observed and do not appear to affect protein function (38, 39).
Paramyxoviruses share RNA editing as a common feature but some viruses within
the family have P as the faithful copy, rather than V (9). It is thought that the
common ancestor to the Paramyxoviridae family had P as the faithful transcript,
and the editing system switched to V at least four times in history to give rise to the
genuses Metaavulavirus, Orthorubulavirus, Salemvirus, and Ferlavirus (40).
Mumps viral proteins

Nucleocapsid protein (NP)

The nucleocapsid protein or nucleoprotein (NP) is the most abundant
protein produced in a MuV infection, it is 549 amino acids in length and roughly 61
kDa in size (41, 42). Initially, NP is found as a soluble monomer within the cell and
P acts as a chaperone by binding to NP to prevent it from encapsidating cellular
RNA in the cytosol (43). In the case of Orthorubulaviruses, it is thought that the
amount of soluble NP bound to P triggers the switch from viral transcription to
replication (38, 44, 45). The main function of NP is to encapsidate the viral RNA
(VRNA), which forms the ribonucleoprotein (RNP). Each NP protein binds six
nucleotides of RNA in a helical fashion for efficient RNA synthesis (46). The
confirmation is effectively known as the “rule of 6” and dictates that all
paramyxovirus genomes must be divisible by six (37, 46, 47). NP binds to both the

viral genome and antigenome RNA during transcription and replication (9, 48, 49).



The RNP structure is nuclease resistant and protects the genome from
degradation and from activation of host cell immune responses (50). NP has an N-
terminal domain and a C-terminal tail. The N-terminal domain of MuV NP is
responsible for RNA encapsidation and P binding, which differs from some other
Paramyxoviruses that have their P binding site in the C-terminal region (41, 42,
51). The viral polymerase associates with NP and in turn the RNA template,
through NP’s interaction with P. The N-terminus of P uncoils the helical RNP that
gives VRARp access to the VRNA temple (50). Phosphorylation of NP has been

shown to play a role in RNA synthesis and genome stability (5, 52).

Phosphoprotein (P)

The phosphoprotein (P) is produced by the insertion of two non-template
guanine residues in the V/P/I ORF. The resulting protein is 391 amino acids long
and 47 kDa in size (10). P is a cofactor in the vVRdRp complex, making it essential
for replication and transcription of the viral genome (9, 10). P interacts with L to
help chaperone the polymerase to the RNP (21). P also interacts with nascent NP
to keep it from encapsidating host RNA rather than viral RNA. Additionally, P acts
as an anchor for NP and L in the vRdRp so that replication and transcription can
occur (21, 50, 53). Although P has no intrinsic enzymatic activity, it is highly
phosphorylated, and its phosphorylation status has been shown to regulate viral
RNA synthesis (4, 16, 54).

The phosphoproteins of paramyxoviruses contain three domains, the N-

terminal, oligomerization, and C-terminal domains. P self-associates via

10



oligomerization, which occurs through a centralized coiled-coil domain (55). MuV
P has a unique structure differing from PIV5, the prototypic virus in the subfamily.
The recent partial crystal structure of MuV P revealed that P is a tetramer with two
pairs of dimers in antiparallel orientation. This unique structure positions two N-
terminal and two C-terminal domains on each end the of oligomerization domain,
instead of all 4 N-terminal or C-terminal ends on each side (21). This unique
confirmation allows NP binding at both the N-terminal and C-terminal domain of

the protein, which differs from other paramyxoviruses (50).

V protein (V)

The V protein is translated from the faithful transcript of the V/P/I gene. It
has 224 amino acid residues and roughly 25 kDa in size (10). V shares the N-
terminal sequence with P and | but has a unique C-term sequence that contains
seven cysteine residues. The C-term domain of V is conserved among
paramyxoviruses and plays a major role in viral pathogenesis and host evasion (9,
56). V is involved in virus and host modulation. The unique C-term of V can bind
to the L protein to inhibit genome replication and transcription. It is thought that this
prevents the virus from over replicating and alerting the immune system of its
presence before it can establish a robust infection (57, 58). The mRNA of L has
been shown to activate MDAS5 (melano- differentiation-associated protein 5) and
RNAse L, both of which activate the innate immune response, so V helps reduce
the amount of viral RNA to prevent this detection (57-59). In addition, V binds to

MDAD5, which disrupts its folding and blocks its activation (60). V ubiquitinates the

11



transcription factors STAT1 and STAT3 causing them to be degraded, thereby
reducing IFN and IL-6 gene expression (61-64). V also interacts with RACK1, a
kinase that mediates the interaction between STAT1 and the IFN reception, to
reduce IFN expression early in infection before it can degrade STAT1 completely
(63).

The PIV5 and MuV V proteins have both been detected in the virion
allowing for an immediate modulation of host proteins upon entering a cell (58, 61,
65). A full-length MuV virus lacking the V protein was rescued demonstrating that
V is a non-essential protein for MuV growth (61). However, the rMuVAV virus was
shown to be highly attenuated in the neonate neurotoxicity rat model that evaluates
the level of hydrocephalus in infant rats, demonstrating it plays a major role in viral

pathogenesis (25, 61, 66, 67).

| protein (1)

The MuV | protein is translated from a frame shift in the V/P/I gene ORF. It
is 171 amino acid residues and 19 kDa in size. It shares the same N-terminal
sequence as V and P but has a different C-terminus that is much smaller. Although,
it has been detected in virus infected cells, it has not been detected in the virion,

nor has the function been determined (37, 40).

Matrix protein (M)

The matrix protein (M) is 375 amino acids long, 40 kDa in size, and essential

for viral assembly and budding (68, 69). The M protein assembles as a layer

12



beneath the membrane to provide structural support to the new virus particles by
creating a surface of positively charged domains that interact with the negatively
charged cell membrane (68, 70). M has been shown to interact with the
cytoplasmic tail of paramyxovirus glycoproteins and the viral RNP to gather the
viral proteins near the surface for assembly and budding (71-73). In addition, MuV
virus-like particles (VLPs) required M, NP, and F for efficient production. F’s
interaction with M, over HN, was determined to be the major contributor to particle
formation (69, 74). M also interacts with some host proteins, which assists in viral
assembly and budding. The FPVI and FPIV motifs in M are essential for binding

host proteins at the cell surface to assist in budding (69, 71, 74, 75).

Fusion protein (F)

The fusion protein (F) is a type | transmembrane glycoprotein that consists
of 538 amino acids (76). The F protein facilitates virus-to-cell and cell-to-cell
membrane fusion. F is synthesized as an inactive precursor (Fo) which is 74 kDa.
A signal peptide directs the Fo to the rough ER where it undergoes glycosylation
(77). It then travels though the Golgi where the cellular endoprotease furin cleaves
the Fo at amino acid residues 98-102 into the F1 and F2 subunits (76, 78). The
resulting subunits are linked by a disulfide bond forming a heterodimer, which is
the active conformation of the protein. The cleavage of Fo exposes a hydrophobic
domain in the N-terminus of the F1 subunit that comprises the fusion peptide (79).
Hydrophobic residues in the form of heptad repeats are conserved among fusion

proteins of paramyxoviruses. Heptad repeats 1 and 2 (HR1 and HR2) have been

13



found in the MuV F protein and are known to be involved in joining viral and cellular

membranes because of their high affinity for cellular membranes (80-82).

Small hydrophobic protein (SH)

The small hydrophobic protein (SH) is the smallest protein in MuV. It's 57
amino acids long and 6 kDa in size (83). While all the paramyxovirus SH proteins
are a type 1 membrane protein and have several hydrophobic residues, the
sequences and orientations are not conversed within the family Paramyxoviridae.
For example, MuV SH has its C-terminal domain in the cell cytoplasm, while PIV5
SH has its N-terminal domain in the cytoplasm (84). MuV phylogenetics use the
SH protein to distinguish between strains and genotypes because of this
heterogeneity (28, 35, 85). Serendipitously, we know that SH is a non-essential
protein for MuV growth because a point mutation in the |G region before SH in the
classical Enders and Rubini MuV strains prevented expression of the SH protein
(86). Other studies showed that inserting the PIV5 SH into MuV yielded a viable
virus and suggested they share a similar role (87).

Although variable in sequence, the SH protein has a similar role of host-cell
immune modulation and is a non-essential protein for paramyxoviruses (87, 88).
SH blocks TNF-a (tumor necrosis factor alpha) signaling in infected cells, which
would induce apoptosis, increase TNF-a levels, and activate NFkB (a transcription
factor for pro-inflammatory genes). In doing so, it prevents cell death and dampens
immune responses that would control the spread of the virus (8). The RdRp

domain of L has been shown to activate NFkB, but SH is able to down regulate its
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expression and reduce expression of pro-inflammatory genes (89). A MuV virus
lacking SH, rMuVASH, was shown to be partially attenuated using the neonate

rate neurotoxicity model, demonstrating its role in viral pathogenesis (8).

Haemagglutinin-neuraminidase protein (HN)

The hemagglutinin-neuraminidase (HN) protein is 582 amino acids in length
and 80 kDa in size. It is a type Il transmembrane glycoprotein with the N-terminal
containing a 30 amino acid cytoplasmic tail. HN has a hydrophobic transmembrane
domain and a large globular head that makes up the C-terminal domain (84, 90,
91). Once in the membrane of cells, the HN protein first dimerizes by disulfide
bonds and then is thought to form a tetramer by non-covalent interactions (92-94).
Viral attachment is facilitated by the HN protein. HN recognizes sialylated
glycoconjugates allowing it to bind the sialic acid receptor on the cell surface (90,
91). HN also is essential for the activation of F so that fusion of the membranes
can occur (95). HN has neuraminidase activity to neutralize sialic acid receptors
on the progeny virions to minimize viral aggregations during egress that would limit

viral spread (90, 95).

Large protein (L)

The large (L) protein is the largest of the MuV proteins at 2,261 amino acids
in length. It is the last protein to be transcribed and translated, making it the lowest
in abundance (38). L is a multi-functional enzyme that contains the catalytic

centers required to perform both replication and transcription of the genome (Fig
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2.3). L is essential for viral replication and mutations within L can be catastrophic
to its function. P and L minimally make up the vRdRp complex, in which L
transcribes and replicates the viral genome. Without P, L is unable to secure
attachment to the RNP (96-99). L must be packaged into the virion to transcribe
and replicate the negative sense genome (11). L has also been implicated in host
pathogenesis. L mRNA of PIV5 was found to activate IFN-3 through MDAS, a viral
sensor (59). Additionally, in another paramyxovirus, J Paramyxovirus (JPV), three
nucleotide differences in L resulted in attenuation in mice (100).

The L protein was traditionally broken into three large functional domains,
denoted domains I-lll, that were flanked by two flexible hinge regions. The large
domains were conserved between non-segmented negative sense viruses
(NNSVs), but the hinge regions were notably variable (20, 101). Sequence
alignments identified six conserved regions (CRI-CRVI) within these domains,
which were used to assign L’s function in RNA synthesis (102, 103). Technological
advancements allowed the structures of the L protein for parainfluenza virus 5
(PIV5), respiratory syncytial virus (RSV), and vesicular stomatitis virus (VSV) (101,
104, 105) to be solved, however the structure of MuV L remains elusive. With the
structures, five smaller conserved domains were identified across NNSV L proteins
consisting of  the RNA-dependent RNA polymerase (RARp),
polyribonucleotidyltransferase = (PRNTase), connecting domain  (CD),
methyltransferase (MTase), and the C-terminal domain (CTD) (9, 101, 102, 106).

The N-terminal portion of L forms the RdRp domain, which responsible for

oligomerization with P, RNA binding, and phosphodiester bond formation, although
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its entire role is unclear (101-103, 107). The C-terminal portion of the protein
contains the rest of the domains. The PRNTase is responsible for adding the 5’
cap to nascent mRNAs and contains a conversed priming loop that is thought to
facilitate initiation of transcription (101, 108). The PRNTase domain can be split
further into critical regions IV and V. mRNA capping has been associated with
CRYV, while CRIV’s precise role is unknown. A study showed that several mutations
in CRIV resulted defective RNA synthesis, but did not appear to affect vVRdRp
complex formation (109). The CD does not contain enzymatic activity but is
required for proper function, it contains flexible regions that are thought to help in
domain rearrangements (101). A study showed that VSV L could not tolerate any
insertions in this region (106). The MTase domain performs a critical catalytic
reaction by methylating the first nucleotide in the sequence and then methylating
the cap. Its enzymatic activities are essential for efficient viral RNA translation into
proteins (101, 110, 111). The CTD is structurally divergent among NNSVs, but they
all contain a conserved guanylyl transferase (GTase) motif that is unique to viruses
(101). L is a complex protein made up of several domains and its functions have
not been entirely elucidated.
Virus entry

MuV enters the target cell through the interaction between HN and sialic
acid, a receptor found on most host cells. It preferentially binds to a2,3-linked sialic
acid, but can bind the a2,6 formation (112). A mutation in the Urabe AM9 vaccine
in HN(E335K) was found to bind the a2,6-linked sialic acid over the a2,3. This

mutation was originally thought to be involved in neurotoxicity, but it was later
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disproven (113, 114). Binding of HN to sialic acid induces a conformational change
in the F protein, which leads to fusion activity (95, 115). The exact mechanism and
sites of interaction between F and HN are unknown, but fusion occurs in a pH-
independent manor (116). Once fusion with the membrane occurs the MuV viral
proteins, including the helical nucleocapsid containing the genome, is released into
the cytosol (Fig 1) (11). Syncytia can be observed in a variety of cell lines upon
MuV infection due to the F protein causing cell-to-cell fusion (117-119).
Viral transcription and replication

The MuV replication machinery, NP, P, and L, must be packaged into the
virion so that they can initiate primary transcription of the genome. Upon entry into
the host cell, they are delivered to the cytoplasm and start viral RNA synthesis (Fig
2.1). The RNA genome associates with NP to form the RNP. P interacts with the
RNP and shuttles it to L to form the active VRdRp. The vVRdRp uses the RNP as a
template for both replication and transcription (9, 11). Initially, transcription occurs
to produce more viral proteins. The vVRdRp attaches to the leader (Le) sequence
and scans the genome until it reaches the first GS site upstream of the NP protein.
It is thought that the GS site contains the signals for capping and methylation,
which is carried out by the auxiliary domains of the L protein (120-122). After
transcription of NP, polyadenylation occurs by stuttering over the poly(U) tract in
the GE site (33, 38). The final mMRNA product has a methylated and capped 5’ end,
a transcribed NP gene, and a polyadenylated 3’ tail. The transcripts are then

translated by host ribosomes into proteins.
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It this thought that paramyxoviruses use a mechanism called start-stop
transcription, which creates a transcriptional gradient. This model suggests that
after transcribing NP, the vRdRp can either continue scanning the genome for
another GS site or disengage from the genome. If the vVRdRp disengages, it must
restart at the Le sequence, which causes the genes at the 3’ end to be more
abundant the genes at the 5’ end (123-125). A recent study, using high-throughput
sequencing, was able to experimentally show the transcriptional gradient of MuV
(Enders strain). There was a noticeable difference in the number of V/P/l mMRNAs
found in MuV compared to PIV2, PIV5, and PIV3. Unlike the other viruses, the
MuV V/P/I mRNAs did not follow the predicted reduction based on the theoretical
transcriptional gradient, there was substantially more mRNA than expected.
Interestingly, after V/P/I the gradient decreased as expected due to a larger drop
between V/P/l and M mRNAs (38).

The switch from transcription to replication is poorly understood.
Additionally, it is unclear whether a single polymerase complex transitions between
replication and transcription or if different complexes perform each role
independently (126, 127). Although the structure of MuV L is unknown, the
structure of the PIV5 P+L complex was recently solved using cryo-electron
microscopy. In this study, they propose a model for transcription and replication
and show the potential conformational changes that occur to accommodate each.
The major difference between the complexes is the position of the MTase and CTD
domain (Fig 2.3). In transcription, the MTase and CTD domain are positioned

directly above the PRNTase domain so methylation of the cap can occur, while in
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replication it positioned further away (101). While their model is supported by
several earlier hypotheses, more experiments are required to prove the
mechanism. Moreover, although PIV5 and MuV are closely related, their P
structures are different, therefore the polymerase structure may also have key
differences.

For rubulaviruses, it is generally accepted that replication occurs after
sufficient amounts of soluble NP is produced since it is required to encapsidate the
newly formed genomes and anti-genomes (44, 45, 128, 129). During replication,
the VRdRp attaches to the Le and replicates the entire genome, ignoring all UTR
regions. This creates a positive sense antigenome, which then acts as a template
for more viral genome. The VRdRp attaches to the complement of the trailer region
(TrC), which contains an antigenome promoter to initiate synthesis of new
negative-sense viral genomes (33, 126). The newly synthesized genomes are
encapsidated by NP to avoid degradation in the cell.

Virion assembly, budding, and egress

Viral glycoproteins are translated and modified by the cell and then
transported to the plasma membrane, while the newly synthesized genome is
encapsidated by the nucleoprotein. These processes occur simultaneously within
the cell and the M protein functions to gather them together (9). M interacts with
the RNP, which is also associated with P and L, and the cytoplasmic tails of F and
HN to assemble them at the plasma membrane. F has been shown to be the key

contributor to virion egress, while HN is primarily for entry (Fig 2.1) (69, 115, 130).
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However, HN’s neuraminidase activity does prevent self-aggregation of progeny
virions, which is important for efficient spread of the virus (76, 77, 90).
Phosphorylation in transcription and replication

Nucleoprotein phosphorylation

The importance of NP phosphorylation has been shown in several negative
sense non-segmented RNA viruses including measles virus (MeV), rabies virus
(RABV), Marburg virus (MBGV), and MuV. In MeV, NP phosphorylation was
important for genome stability and activation of transcription and replication. It was
also preferentially bound to RNA to form the RNP, rather than the
unphosphorylated form (52, 131, 132). In RABV, phosphorylated NP was found to
increase transcription and replication over unphosphorylated NP in a minigenome
system, suggesting phosphorylation of NP plays a regulatory role (Fig 2.2) (133).
MBGYV virions were found to only incorporate phosphorylated NP suggesting that
only the phosphorylated NP can bind RNA to form the RNP (134).

MuV NP phosphorylation was detected in chick embryo cells in 1989,
however its full role was not understood until several years later (135). A
comprehensive study of MuV NP was performed using liquid chromatography-
mass spectrometry (LC-MS) and mutational analysis. Nine putative
phosphorylation sites in MuV NP were identified by LC-MS or in silico prediction
software. The serine or threonine residues were mutated to alanine and their
minigenome activity was determined. Four of the mutations resulted in lower
minigenome activity, another four had WT-like activity and one mutation (S439A)

had increased activity. A single mutation in MuV NP, S439A, resulted in a 90%
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reduction of phosphorylated NP suggesting it is a major phosphorylation site during
an infection. Since mutating the serine to an alanine resulted in increased
minigenome activity, protein expression, and growth, it was hypothesized that the
site is important for downregulated RNA synthesis. Although residue 439 was
found to be the major phosphorylation site for MuV NP, other residues (25, 298,
520, etc.) were found to play a role in replication and transcription suggesting
phosphorylation of NP can up- or downregulate MuV growth (5). Phosphorylation

of MuV NP by a specific host kinase has yet to be identified.

Phosphoprotein phosphorylation

As the name suggests, the phosphoprotein is highly phosphorylated. In
addition to being an essential cofactor of the vVRARp complex, P regulates RNA
synthesis through its phosphorylation status. Phosphorylation of the P protein of
many paramyxoviruses has been shown to play a role in regulating mRNA
synthesis including, MeV, RSV, PIV5, and MuV. In addition, several host kinases
have been shown to phosphorylate paramyxovirus P proteins such as, cellular
casein kinase Il (CKIll), protein kinase c isoform zeta (PKC-(), protein kinase B
(AKT), and polo-like kinase 1 (PLK1).

A study found that there was an inverse correlation between MeV P
phosphorylation level and virus transcription levels. Increased phosphorylation of
MeV P decreased transcriptional activity in a minigenome system. Specific sites
were identified (S86 and S151) which had strong phosphorylation, but the

phosphorylation could be blocked by RNP binding. MeV P was found to be
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involved in viral RNA synthesis through P’s phosphorylation status (132). CKIl was
later found to phosphorylate residues S86, S151, and S180 in MeV P using P32-
labeling (136). Canine distemper virus, a closely related virus to MeV, was also
found to have its P protein phosphorylated by CKIl and PKC-¢ (137).

RSV P is heavily phosphorylated, and two main clusters (S-116/117/119
and S-232/237) were identified to contain phosphorylated residues, but all were
found to be dispensable for viral replication (18, 138-140). One study observed a
decrease in phosphorylated P and NP-P interactions when the residues were
mutated to an alanine, but it did not ablate virus replication. This supports the
notion that P phosphorylation plays a regulatory role (141). RSV contains an
additional RdRp cofactor, M2-1, and a study found that phosphorylation at T108 in
RSV P mediated the interaction between P and M2-1 in the RdRp in a minigenome
system (12). A recent report mutated all 41 possible serine and threonine residues
in RSV P and observed their outcome in a minigenome assay. Eight mutations
significantly reduced minigenome activity compared to wildtype RSV P, only four
of the mutations (T151A, S156A, T160A, and S23A) were rescuable, suggesting
the other four residues (T210, S203, T188, and T105) are essential for RSV
replication and transcription (142). RSV P residue S237 was found to be
phosphorylated by CKIl (18, 143, 144).

PIV5 P phosphorylation has been found to both upregulate and
downregulate PIV5 gene expression (13, 17, 145). A report that used mass
spectrometry analysis identified residue T286 in PIV5 P as a phosphorylation site.

The mutational analysis found that T286 plays a positive role in PIV5 replication
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and transcription (145). Another study identified PIV5 P residue S157 is an
important phosphorylation site for regulating RNA synthesis. The mutation S157F
elevated viral gene expression suggesting it negatively affects PIV5 growth (13).
A later study identified that PLK1 was responsible for phosphorylating PIV5 P
residue S308 after associating with S157. They found that inhibiting PLK1
increased PIV5 gene expression, while PLK1 overexpression decreased PIV5
gene expression. They observed increased gene expression, induction of cell
death, and cytokine expression in a recombinant PIV5 virus lacking the PLK1
binding site, which suggests PIV5 limits viral RNA synthesis to avoid triggering
host innate responses (17). AKT, another serine/threonine kinase was found to
have the opposite effect on PIV5, it was shown to up-regulate gene expression via
phosphorylation of PIV5 P (15).

A comprehensive analysis of MuV P phosphorylation was performed to
identify potential phosphorylation sites using mass spectrometry and a
minigenome system. All 64 serine and threonine residues within MuV P were
mutated to alanine and examined. A cluster of residues (T145/S146/T147/T150)
was found to reduce minigenome activity compared to the WT control. Another
residue T101 when mutated to alanine significantly enhanced minigenome activity.
A recombinant MuV virus containing T101A was found to have increased growth,
protein expression, and decreased phosphorylation. These results suggest T101
negatively regulates MuV virus RNA synthesis through phosphorylation at this site
(4). MuVv P was found to bind to PLK1 at sites 146-148 and phosphorylate P

residues S292 and S294. The presence of NP induced a band shift of
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phosphorylated P, which indicates it enhances P phosphorylation via PLK1. This

suggests that NP can regulate RNA synthesis through phosphorylation of P (16).

Large protein phosphorylation

The phosphorylation status of L is unknown and highly debated. It remains
possible that no L phosphorylation occurs during RNA synthesis, however there is
a body of evidence indicating otherwise. There are two main hypotheses
concerning the phosphorylation status of NNS L proteins. The first suggests that L
has its own kinase activity, while the second hypothesis suggests that all L-
associated kinase activity comes from host kinases (89). A study using VSV
determined that L contains a serine/threonine kinase domain using chemical
studies involving ATP-binding (146). While another group using VSV, determined
all kinase activity observed during an infection was cellular rather than viral using
fast protein liquid chromatography (FPLC) (147). Sendai virus (SeV) L was found
to phosphorylate both P and NP using chromatography and purified NP, P, and L
proteins (148). But, another report with RSV L demonstrated L could not
phosphorylate P in vitro (140). Several conflicting reports emerged in the 1990’s,
but since then there have been few studies examining the phosphorylation of or by
a NNS L protein.

However, there has been some progress in other virus families. A recent
study using influenza virus, a member of the Orthomyxovirus family, found that a
subunit of its viral polymerase (PB1) contained several phosphorylation sites.

Orthomyxoviruses lack polymerase co-factors, like Paramyxoviruses’ P, which use

25



phosphorylation to regulate RNA synthesis. They found that PB1 contained several
phosphosites capable of regulated RNA synthesis. Another study with norovirus
(NoV), a single-stranded, positive-sense RNA virus, reported that its vVRARp (NS7
protein) was phosphorylated by host kinase AKT (149). AKT has been implicated
in several viral infections (15, 89, 149-152) PIV5 L, specifically the RdRp domain,
was shown to activate the phosphorylation of AKT through a direct interaction
suggesting it contains intrinsic kinase activity (89).

Phosphorylation of MuV L has not been formally examined. The lack of
immunological reagents for L and low abundance during an infection has made the
detection of L phosphorylation an on-going challenge.

Transmission, pathogenesis, and treatment

MuV is transmitted though inhalation or oral contact of infected respiratory
droplets (29, 153). It is assumed, but not formally confirmed, that MuV first infects
the upper respiratory tract before disseminating to other tissues (1). MuV has an
incubation period of 12 to 25 days with an average of 16-18 days, where upon the
hallmark symptom of parotitis typically occurs and lasts for 2-5 days (2, 153).
However, asymptomatic infections are thought to occur in one-third to one-half of
infections, so many cases go undiagnosed. Humans have been shown to secrete
virus in their saliva one week prior to symptoms and up to one week after. Virus
has also been detected in saliva of asymptomatic carriers (1, 153-155). Parotitis
(swelling of parotid gland), orchitis (swelling of male testis), and deafness were the
primary symptoms for diagnosis before laboratory diagnostics became available

(26, 27, 29). RT-PCR and IgM ELISA assays are now typically used to detect MuV
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in samples, especially in atypical or mild manifestations of the disease (28, 156,
157). In humans with symptoms, virus can be isolated from saliva, cerebrospinal
fluid, urine, and on rare occasions blood (154, 155).

Humans are thought to be the only natural host of MuV, however a recent
study identified a “mumps-like” virus in bats (158). Original pathogenesis studies
were performed in non-human primates using an unnatural route of infection, so
the full scope of its pathogenesis is still unknown (29, 153). A study from 2013,
was able to show a more relevant disease progression using Rhesus Macaques.
The non-human primates were infected via intranasal or intratracheal route, rather
than the original study in which injection to the Stetson’s duct was used. Swelling
of the parotid glands occurred 2-3 weeks post infection simulated disease
progression in humans, however no signs of fever or neurological symptoms were
observed (159). MuV is thought to be a mild and self-limiting disease with the most
common symptoms being headache, fever, malaise, and parotitis (153). However,
more severe complications can occur as the virus spreads. Virus readily
disseminates to the kidney, but rarely causes disease in the organ. Yet, there have
been some reported cases of severe interstitial nephritis (160-162). MuV has also
been reported to cause pancreatitis and carditis in some cases (163, 164). Mastitis
and oophoritis has been reported in post-pubertal woman and can use premature
menopause or infertility (165-167). Orchitis occurs in 10-20% of post-pubertal
males and virus has been recovered from semen and testis suggesting it's a direct
site of replication. Orchitis can cause temporary sterility or a decrease in fertility,

but itis rarely permanent (168-170). Transplacental transmission of MuV has been
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shown in non-human primates and supported by the detection of virus from
spontaneous abortions during maternal mumps (171-174). The full pathogenesis
of MuV in the reproductive tract and in pregnancy is still being investigated.

The most severe symptoms can occur when MuV invades the central
nervous system (CNS), which is thought to be in as many as half of cases based
on cerebrospinal fluid samples. Symptomatic CNS infection occurs in 5-10% of
cases that manifest with meningitis and <0.5% with encephalitis. Almost all MuV
related deaths are due to encephalitis (175-178). Deafness is reported in 4% of
MuV cases. Loss of hearing typically occurs in one ear, but it can occur in both. In
the pre-vaccine era, MuV was the most frequent cause of acquired unilateral
hearing loss in children (179-182). MuV can cause a wide variety of symptoms,
both mild and severe, which ultimately leads to a case fatality ratio of 1.6-
3.8/10,000 people (1, 2).

Currently there is no approved antiviral treatment for MuV. In some cases,
treatment can be administered to help alleviate symptoms. MuV-specific
immunoglobulins have been administered in the past, but had little to no success
(183). There are several anti-paramyxovirus therapeutics in pre-clinical studies
that may show to be effective in the future (3). Until then, the best preventative of
mumps is through vaccination.

Vaccination and epidemics

Prior to mass vaccination in the 1960’s, mumps was considered a common

childhood disease, resulting in seroconversion of >90% of the population before

age 15 (6). In the U.S., mumps is part of the childhood vaccination program as a
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component of the measles, mumps, and rubella (MMR) or measles, mumps,
rubella, and varicella (MMRV) vaccine (2). Children are initially immunized
between 12-15 months of age and then boosted between ages 4-6 (178). This
immunization schedule has reduced MuV cases in the U.S. by 99% (Fig 2.4) (2).
Similarly, MuV immunization programs have been implanted in roughly 60% of
countries belonging to the WHO (28).

All currently approved mumps vaccines are live attenuated vaccines from
various origins. The most commonly used strain of mumps vaccines is Jeryl Lynn
(JL) (or a JL- derived strain), which was isolated from a virologist’s daughter
(named Jeryl Lynn) and belongs to genotype A. The virus was attenuated through
serial passage in embryonated hen’s eggs and chick embryo cell culture. It was
licensed for human use in 1967 and became part of the MMR vaccine in 1971 (Fig
2.4) (23). The JL component of the MMR vaccine is comprised of at least two
closely related viruses, the major component (JL°) and the minor component (JL?)
ata 5:1 ratio (184, 185). Other vaccines, outside of the U.S., have been attenuated
in the same fashion with limited success. The Leningrad-3 and L-Zagreb were
created by the former Soviet Union and belong to genotype N (28, 186). Urabe
AM9 was developed into a vaccine in Japan in 1967 and belongs to genotype B
(28, 187). These vaccines had a high incidence of aseptic meningitis of 20-100
cases per 100,000 people, while JL has a rate of <1 per 100,000 people (188-191).
Today, the Leningrad-3 and L-Zagreb strains have limited or no use and the Urabe

AM9 vaccine was pulled from the market in the early 1990’s (28). Other vaccines,
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such as the Rubini strain from genotype A, were removed from market for having
low vaccine efficacy (192).

After the introduction of the vaccine there was a dramatic decrease in the
number of MuV cases, but in the last 15 years the number of mumps cases have
significantly increased. In 2006, many large outbreaks occurred, the first of which
was on a college campus in lowa, resulting in the resurgence of mumps in the U.S.
This resurgence has lead to several years of numerous mumps cases including:
2010, 2016, 2017, and 2019 (2). These outbreaks typically occur in young adults
living in confined quarters (college campuses, detention centers, sports teams),
rather than children. Additionally, they often occur in areas of high vaccine
coverage. The outbreak-associated strain isolated in 2006 was found to be from
genotype G, while the vaccine strain is from genotype A (Table 2.1). Genotype G
viruses primarily circulate in North America and much of Europe, and they have
been the cause of several outbreaks since the early 2000s (24, 28). Outbreaks
have been observed in several other countries where the circulating strain does
not match the vaccine strain. For example, Argentina, who uses JL (A) has
outbreaks from genotype K and D viruses (24, 193). South Korea used Urabe AM9
(B) until 1997, then switched to JL (A), but the current outbreak strain(s) are from
genotype H and | (24, 194). China did not introduce a vaccine program for MuV
until 2008 and continues to have endemic mumps. There vaccine strategy
administers 1 dose at 18-24 months, rather than the typical 2 dose regiment. They

currently use S79 (A) but have primarily genotype F outbreaks (24, 195, 196).
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These worldwide outbreaks have raised concerns about the efficacy of the
available mumps vaccines.

Measuring the MuV vaccine efficacy is challenge because of the lack of
correlates between immune response and level of protection (1, 24). The Centers
for Disease and Prevention (CDC) estimates the mumps component of the MMR
reduces risk of mumps by 78% with one dose and 88% after 2 doses. A measure
of IgG antibodies post vaccination is the typical serological measure used to
determine efficacy, a >2-fold increase in IgG titers is considered a positive
seroconversion (2, 197). However, there is a poor correlation between IgG
concentrations and neutralization titers, inferring that 1gG titers do not accurately
measure immunity (198). A study using human samples after a third dose of the
MMR found a poor correlation between MuV specific NP and HN IgG antibody
titers and plaque reduction neutralization (PRN) titers, meaning antibody titers
could not be used to infer a predictive PRN titer. Although more labor-intensive
than an ELISA, PRN assays are thought to be a better indicator of immunity
because they show levels of neutralizing antibodies rather than total antibody titers
(199, 200). Neutralizing antibodies are thought to be essential for protection
against mumps, but still there is no predictive neutralization titer that confers
protection. There is limited data on mumps-specific cellular immunity and the
degree to which T-cell immunity protects against mumps is unknown. A study
compared T-cell responses in individuals who were fully vaccinated versus
individuals who had naturally acquired immunity and found similar levels of mumps

specific CD4* T cells, but the naturally acquired group produced more IFN-y when
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stimulated with mumps antigens. However, this study was able to detect a T-cell
response ten years post vaccination (201). Another study measured the mumps
antigen-specific IFN-y response from fully vaccinated individuals 21 years after
their second dose of MMR. They found that the individuals who were seronegative
for mumps antibodies had a detectable T-cell response, suggesting the vaccine-
induced T-cell memory response is more long-lived than the B-cell memory (202).
In recent years, studies looking at mumps specific CD4* and CD8* epitopes have
found that there may be differences between epitope affinity in naturally acquired
and vaccinated individuals (203, 204). More research is required to fully
understand the mumps T-cell response after infection and immunization.

There are thought to be four main causes of mumps outbreaks in vaccinated
populations. Primary vaccine failure due to lack of vaccination or a sufficient
antibody response following vaccination is thought to contribute to outbreaks. This
was observed in Ireland in the late 1990s, so they adjusted the timing of the second
dose of MMR, from 10-14 years to 4-5 years (2, 205). Another probable cause is
waning immunity, which is a decline in protection over time. This has been
observed in numerous outbreaks across the globe (194, 206-209). A mathematical
model estimated that the MuV vaccine efficacy declines by 25% starting 7.9 years
post vaccination and continues to decline over time (210). Immune escape is
another factor, variation between the vaccine strain and outbreak strains result in
reduced cross-neutralization leading to lower vaccine efficacy. Studies have
provided evidence that immunization with JL results in lower neutralizing titers

against other MuV genotypes (211, 212). One study showed that serum from
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children immunized with 2 doses of the MMR had lower neutralizing titers against
non-genotype A viruses, such as genotype G and H. However, this study argued
against immune escape because all serum samples were able to neutralize the
heterologous viruses to some degree (208, 213). In addition, mouse studies have
shown that immunizing with JL results in lower neutralizing titers to a genotype G
virus (22, 25). The last contributor to mumps outbreaks is thought to be a lack of
natural boosting, which has only become a factor in the post-vaccine era. As herd
immunity increases, the incidence of mumps decreases, and individuals are not
exposed to low levels of circulating virus as they would be, which would act to
boost their memory response (2, 24). With a large spread of neutralizing titers
found within individuals considered to be immune and no correlates for protection,
determining the cause of MuV outbreaks continues to be a challenge.

Although breakthrough infections are occurring worldwide, one study found
that patients infected with MuV after two doses of MMR had milder symptoms and
lower viral shedding. They performed a large-scale study comparing confirmed
mumps patients who were unvaccinated to patients who had previously received
two doses of the MMR vaccine. The vaccinated patients had a higher incidence of
asymptomatic infection or a mild localized infection and shed lower amounts of
virus in their saliva. The unvaccinated patients typically had detectable virus in
their urine, an indicator of systemic viremia, and shed virus for longer. This study
suggests that although the MMR may not provide sterilizing immunity it may

prevent severe life-threatening mumps cases (214).
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Figure 2.1. Schematic illustration of the life cycle of paramyxoviruses. The
virion enters the cell via attachment by the haemagglutinin-neuraminidase (HN)
protein, which causes a conformational change in the fusion (F) protein. Once
fusion with the host membrane occurs the viral proteins and RNA genome are
released into the cytoplasm. The RNA genome is encapsidated by the
nucleoprotein (NP) to form the helical ribonucleoprotein (RNP) and acts as a
template for replication of the viral genome and mRNA synthesis. The RNP
associates with the phosphoprotein (P) and large protein (L) to form the viral RNA-

dependent RNA polymerase (VRARp) complex. Transcription occurs using the
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genome as a template for mRNA production. In replication, the VRdRp first
synthesizes an antigenome to use as a template for more viral genomes (11). The
matrix (M) protein associates with the replication machinery and glycoproteins near
the cell surface before budding from the cellular membrane. Adapted from Najjar

et al. 2014. (215).
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Figure 2.2. MuV minigenome system. Minigenome systems are used to examine
the effects of the MuV replication machinery, NP, P, and L, on MuV RNA synthesis.
Mutations can made and tested in any of the proteins to examine the effect on
replication. The minigenome plasmid contains the MuV 3’ leader and 5’ trailer
sequences flanking a Renilla luciferase open reading frame (ORF) under a T7
promoter. When transfected into BSRT7 cells the T7 polymerase will generate an
RNA template that can be recognized by the mumps replication machinery.
Plasmids containing MuV NP, P, and L are co-transfected with the minigenome
plasmid to produce the viral proteins. NP, P, L recognize the leader sequence of
the RNA template and transcribe the Renilla luciferase ORF, which can be
translated by host machinery. Firefly luciferase is used as a transfection control.

The amount of each luciferase produced it quantified using a luminometer (4).
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Adapted from the Dissertation of Zengel, J., The roles of phosphorylation in mumps

virus RNA synthesis and replication, 2017. (216).
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Figure 2.3. L structure and model of transcription and genome replication
rearrangement. Proposed model of L domain rearrangement during transcription
and replication based on VSV and PIV5 L structures (101, 217). L is comprised of
five conserved domains: RNA-dependent RNA polymerase (RdRp),
polyribonucleotidyltransferase = (PRNTase), connecting  domain  (CD),
methyltransferase (MTase), and C-terminal domain (CTD). The vRdRp cofactor,
P, has three domains: N-terminal domain (not pictured), the central oligomerization
domain (P OD), and C-terminal X domain (P XD). The VRNA is encapsidated by
NP before and after elongation. P shuttles monomers of NP from the original VRNA
to nascent RNAs. (A) Transcription. The MTase and CTD are located directly
above the PRNTase domain so efficient capping and methylation can occur. (B)
Replication. MTase and CTD are positioned further away from PRNTase.

Adapted from Abdella et al. 2020. (101).
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Figure 2.4. Mumps incidence in the United States after vaccine licensure. The
number of mumps cases per 100,000 people from 1967 to 2006. Cases declined
following the licensure of the monovalent MumpsVax in 1967 and continued to
decrease after the licensure of the trivalent measles, mumps, and rubella (MMR)
vaccine in 1971. MMR vaccination became routine in 1977 and in 1989 a second
dose was added to the regiment. Cases remained below 500 a year in the United

States until 2005-2006. Adapted from Dayan et al., 2008 (218).

39



Patients | Patients | Patients
Number Mumps
who who who :
Outbreak . of . . . virus
car(s) & Location reported received | received | received genotype
¢ stud cases Lagees | ZEDSEE | & aoees recovered
y of MMR* | of MMR* | of MMR**

2006- lowa & ?OSth‘r 62.5%

2007 midwestern hi he:s,t total; G, H({
Marin et states: inci%ence 24.8% 84% in N/A imported
al. (7) & : total 18-24 case from
Dayan et college 18-24 age Bulgaria)

campuses age
al. (219) group
group
. 17% (1
22%2% Guam; igg 'g)t:ls, 3.0%in | 95.8%in | outof6
community 9 9-14 age | 9-14 age | school- G
Nelson et & schools 9-14 group* group age
al. (220) years students)
0
2009- New York & 3502 14% ,[70 ?zﬁ
2010 New . total; 8% !
) total; 884 | . 89% in
Barskey Jersey; in 13-17 NR G
et al Jewish ages 13- age 13-17
(2215 communit 17 years rou age
y group group
Fove owa; | P31 079601 | 6w or | 120 of
University : . university | university | university G
Shah et o university
affiliates students | students | students
al. (222) students
2954 0 , 63%

22%1167 Arkansas; total; 20//(:) ti?]tgl_’ total;

. Marshallese 1676 92% in 5- NR G
Fields et . 17 age
al. (223) community | ages 5- group 17 age

' 17 group

62 total,

Dc?r?;r?ue Nebraska; rar(;1 gg 6-
guests at a 9 8% 61% 5% G

et al. weddin 59 years

(224) 9 | (Ave. 33

years)

Table 2.1. Mumps resurgence in the United States after 2006. Some of the
major outbreaks that have occurred in the U.S. from 2006-2020. Several patients
(confirmed or suspected cases) received greater than 1 dose of the measles,

mumps, and rubella (MMR) vaccine. *; Only verified vaccination status presented
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in table. #; When administered in outbreak setting. NR; not reported. N/A; not

applicable.
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CHAPTER 3

REGULATION OF MUMPS VIRUS REPLICATION AND TRANSCRIPTION BY

KINASE RPS6KB1

Briggs K, Wang L, Nagashima K, Zengel J, Tripp RA, He B. 2020. Regulation of
Mumps Virus Replication and Transcription by Kinase RPS6KB1. Journal of
Virology 94:e00387-20. Reprinted here with permission of the publisher.
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ABSTRACT

Mumps virus (MuV) caused the most viral meningitis before mass
immunization. Unfortunately, MuV has re-emerged in the United States in the past
several years. MuV is a member of the family Paramyxoviridae, in the genus
Rubulavirus, and has a non-segmented, negative-stranded RNA genome. The
viral RNA-dependent RNA polymerase (VRdARps) of MuV consists of the large
protein (L) and the phosphoprotein (P), while the nucleocapsid protein (NP)
encapsulates the viral RNA genome. These proteins make up the replication and
transcription machinery of MuV. The P protein is phosphorylated by host kinases,
and its phosphorylation is important for its function. In this study, we performed a
large-scale siRNA screen targeting host kinases that regulated MuV replication.
The human kinase RPS6KB1 was identified to play a role in MuV replication and
transcription. We have validated the role of RPS6KBL1 in regulating MuV using
SsiRNA knockdown, an inhibitor, and RPS6KB1 knockout cells. We found that MuV
grows better in cells lacking RPS6KB1, indicating that it downregulates viral
growth. Furthermore, we detected an interaction between the MuV P protein and
RPS6KB1, suggesting that RPS6KB1 directly regulates MuV replication and

transcription.

IMPORTANCE
Mumps virus is an important human pathogen. In recent years, MuV has
reemerged in the United States with outbreaks occurring in young adults who have

been vaccinated. Our work provides insight into a previously unknown Mumps
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virus-host interaction. RPS6KB1 negatively regulates MuV replication, likely
through its interaction with the P protein. Understanding viral-host interactions can

lead to novel antiviral drugs and enhanced vaccine production.

INTRODUCTION

Mumps virus (MuV) is a human pathogen that causes an acute infection
resulting in symptoms like parotitis, fever, and nausea. Additionally, it is highly
neurotropic and has been shown to invade the central nervous system (CNS) Prior
to mass vaccination in the late 1960s, MuV was the leading cause of aseptic
meningitis, encephalitis, and deafness in children (10). Mass vaccination
dramatically reduced MuV infections across the United States. However, there has
been a recent resurgence in MuV infections that has occurred mostly in vaccinated
populations. In 2006, there was an outbreak within college campuses in lowa (IA)
that resulted in over 6500 diagnosed cases of MuV. Since 2006, there have been
several years with over 1000 diagnosed cases in the U.S. In 2016 and 2017, there
were over 6000 cases, rivaling that of the 1A outbreak (2, 7). Currently, there are
no antiviral drugs approved for MuV infections. Understanding the interactions of
host and viral proteins, using the currently circulating 2006 MuV lowa outbreak
strain, will aid in developing new treatments.

MuV is a member of the family Paramyxoviridae, in the genus Rubulavirus,
and has a non-segmented, negative-stranded RNA genome of 15,384 nucleotides
(9, 10). The genome contains seven genes that are transcribed into nine viral

proteins in the order 3’-NP-V/I/P-M-F-SH-HN-L-5’, with RNA synthesis beginning
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at the 3’ end. The RNA genome serves as a template for replication of the vVRNA
genome and mRNA synthesis, and it associates with nucleoproteins (NP) to form
the helical ribonucleoprotein (RNP), which protects the genome from degradation.
The RNP associates with the phosphoprotein (P) and the large protein (L) to form
the viral RNA-dependent RNA polymerase (VRdARp) complex. The L protein is
responsible for initiation, elongation, and termination of RNA synthesis, in addition
to adding the 5’ cap and 3’ poly(A) tail to transcribed viral mMRNA. The P protein
interacts with NP in the RNP, as well as free NP, and is essential for the formation
of the vRdRp (9, 10, 21).

The P proteins of paramyxoviruses are highly phosphorylated, and their
phosphorylation status impacts VRNA and viral mMRNA synthesis. Previous studies,
with parainfluenza virus 5 (PIV5), respiratory syncytial virus (RSV), and MuV have
shown that mutating residues within P affects RNA synthesis (4, 12-14). It is
thought that phosphorylation of the P protein is achieved by host kinases, because
paramyxovirus viral proteins lack inherent kinase enzymatic activity (9, 14).
Furthermore, several paramyxovirus P proteins have been shown to interact with
host kinases, including MuV P, which was shown to interact with human kinase
Polo-like kinase 1 (PLK1) (15-18). Additional host kinases that are important for
MuV P phosphorylation and RNA synthesis have yet to be discovered.

In this work, we used a siRNA screen to identify host kinases that are
involved in MuV replication and examined the effect of one specific kinase,

RPS6KB1, on MuV replication.
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MATERIALS AND METHODS
Cells.

293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
with 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) (Mediatech
Inc., Manassas, VA). Vero and Hela cells were maintained in DMEM
supplemented with 5% FBS and 1% P/S. BSR-T7 cells were maintained in DMEM
supplemented with 5% FBS, 1% P/S, 10% tryptose phosphate broth (TPB), and
400 pg/ml G418 sulfate antibiotic (Mediatech Inc.). Hapl cells (Horizon Discovery,
Cambridge, United Kingdom) were maintained in Iscove's Modified Dulbecco's
Medium (IMDM) supplemented with 10% FBS and 1% P/S. All cell lines were
incubated at 37°C with 5% CO2.Cells were passed at an appropriate dilution 1-2
days prior to use in order to achieve 80% - 90% confluence upon infection or 60%
- 80% confluence upon transfection. 293T and BSR-T7 cells were used for
transfection experiments, Hela cells were used for transfection and then infection
experiments, and Hapl and Vero cells were used for infection experiments.
Plasmids and Transfections.

Plasmids were constructed using standard molecular cloning techniques
and are available upon request (8). A flag tag was added to the 3’ end of
recombinant RPS6KB1, which was cloned into the pCAGGS expression vector,
along with MuV NP, P, and L genes. Plasmids containing firefly luciferase (pFF-
luc) and the MuV minigenome (pBH526/pMG-Rluc) containing Renilla luciferase

under the T7 promoter were used in the MuV minigenome assays (4).
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JetPRIME was used to transfect cells with plasmids and INTERFERIn was
used to transfect cells with siRNA according to the manufacturer's protocols
(Polyplus Transfection Inc., New York, NY).

Viruses and Infections.

As previously described, Wild-type MuV (WT MuV) and a recombinant MuV
virus expressing Renilla luciferase (rMuV-rLuc) were propagated from an early
passage and sequenced to confirm that no mutations occurred (5, 8). In brief, a
T150 flask of 90-100% confluent Vero cells was infected at a MOI of 0.01 for 1
hour. The inoculums were then replaced with fresh DMEM supplemented with 2%
FBS and 1% P/S and virus was propagated for 2-3 days. The viruses were
collected after syncytia formed, and plaque assays were performed to determine
titer (4, 5). Viral infections were performed at a multiplicity of infection (MOI) of
0.01, 0.1, 1, or 3. Inoculums were prepared in DMEM supplemented with 2% FBS
and 1% P/S and incubated on cells for 1-2 hours. The inoculums were then
replaced with fresh DMEM supplemented with 2% FBS and 1% P/S. Hap1 cells
were inoculated with IMDM supplemented with 10% FBS and 1% P/S.

SiRNA screen and Cytotoxicity assay.

A library of 720 siRNA pools targeting protein kinase families (Dharmacon
SIARRAY siRNA Library; Human Genome, G-003505, Thermo Fisher Scientific,
Lafayette, CO) were utilized. Using DharmaFECT 1 transfection reagent
(Dharmacon) and following the manufacturer’s instructions, Vero-E6 cells (96-well
format) were reversely transfected with siRNAs at a 50nM final concentration.

Each 96-well plate had additional control wells with a non-target control SIRNA
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(SICONTROL non-target siRNA, Dharmacon), siRNA targeting AKT1, TOX control
SiRNA, and wells without any siRNA. At 2 days post-transfection, cells were
infected with rMuV-rluc or rPIV5-rLuc virus at a MOI of 1 or 2, respectively. The
transfected/infected cells were lysed for renilla luciferase assay at 1-day post-
infection.

Cytotoxic effects of sSiRNAs on cells were determined using ToxiLight®
BioAssay Kit (Lonza). Supernatants of gene-silenced cells were harvested at 2
days post-transfection and before infection and assayed for adenylate kinase (AK)
release according to the manufacturer’s protocol.

Renilla luciferase and cytotoxicity assays.

Two different MISSION predesigned siRNAs (Sigma-Aldrich, St. Louis, MO)
were transfected into 60-80% confluent HelLa cells using INTERFERIn (Polyplus
Transfection Inc.) to a final concentration of 5 nM. Non-target control (NT), also
purchased from Sigma-Aldrich, was used as the control. The catalog numbers for
the predesigned siRNAs are as follows: RPS6KB1 (NM_003161), MAP3K6
(NM_004672), MYO3B (NM_001083615), UMPK (NM_016308), and AK7
(NM_152327). Individual sequences are available upon request. Twenty-four
hours later, cells were infected with a recombinant MuV expressing Renilla
luciferase protein (rMuV-rluc) at a MOI of 0.1. After another 24 hours, cells were
lysed in 100 ul of 5X Renilla luciferase lysis buffer (Promega, Madison, WI) by
vigorous shaking. 40 pl of lysate from each well was used to run the Renilla
luciferase assay according to the manufacturer’s protocol, and light intensity was

detected using a GloMax 96 Microplate Luminometer (Promega). Three replicates
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of each sample were compared to the non-target control, which was used to
normalize the activities. The lysates of each replicate were combined and collected
for western blot analysis.

LY2584702 Tosylate Inhibitor (Selleck Chemicals, Houston TX), a
RPS6KBL1 inhibitor, was dissolved in DMSO to make a 10 mM stock solution. HeLa
cells were infected in triplicate with rMuV-rluc for 1 hour in a 12-well plate. During
this time, the inhibitor was diluted 2-fold starting at 10 uM. After infection, the
diluted inhibitor, plus media, was added back to the cells for 24 hours. The Renilla
luciferase assay was performed as described above.

To determine if the sSiRNAs and RPS6KBL1 inhibitor had any negative effects
on Hela cells, the CellTiter-Glo Luminescent Cell Viability Assay (Promega) was
used. siRNAs were transfected, and the inhibitor was added as described above.
After 24 or 48 hours, cells were lysed with 100 ul of CellTiter-Glo reagent
(Promega) according to the manufacturer’s protocol. Sample lysates were ran
straight and diluted 10-fold in triplicate. Either the non-target control NON-TARGET
CONTROL or 0.1% DMSO was used as the control, and values were normalized
to these values.

Multi-step and single-step growth curve.

Wild-type (WT) or RPS6KB1-knockout (RPS6KB1-KO) Hapl cells were
seeded in a 6-well plate in triplicate. Upon confluency, cells were either infected
with a MOI of 0.01 (multi-step) or a MOI of 5 (single-step). Media was collected

from each well at 0, 24, 48, 72, 96, 120, 144, and 168 HPI for the multi-step, and
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at 0, 12, 24, 36, 48, 60 for the single-step growth curves. Virus titers were
determined in Vero cells by plague assays as previously described (61).
Immunoblotting.

Cell lysates were mixed with 2X Laemmli sample buffer with -
mercaptoethanol (Bio-Rad Laboratories, Inc., Hercules, CA) and heated at 95°C
for 5 min. Samples were resolved in 10% SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (GE Healthcare, Piscataway, NJ).
Immunoblotting, using monoclonal MuV protein-specific antibodies, was
performed as previously described (8). The membrane was incubated with mouse
anti-MuV-NP antibody (1:2500 dilution) and mouse anti-MuV-P antibody (1:2000
dilution), followed by incubation with Cy3-conjugated goat anti-mouse IgG
secondary antibody (1:2500 dilution) (Jackson ImmunoResearch, West Grove,
PA), and imaged using a Typhoon 9700 imager (GE Healthcare Life Sciences,
Piscataway, NJ).

To compare the viral protein expression levels in infected cells, Hap1l cells
were mock infected or infected with WT MuV (IA, 06) at a MOI of 0.01. At O, 12,
24, 36, 48, 60, 72, and 96 HPI, cells were prepared and resolved as described
above. Immunoblotting was performed with primary antibodies mouse anti-MuV-
NP and rabbit anti-Actin antibody at a 1:2500 dilution (Sigma-Aldrich, St. Louis,
MO), followed by Cy3-conjugated goat anti-mouse IgG secondary antibody and
Cy3-conjugated goat anti-rabbit IgG secondary antibody at 1:2500 dilutions

(Jackson Immuno-Research).
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Minigenome and dual-luciferase assays.

BSR-T7 and Hapl cells in 24-well plates were transfected with pCAGGS-
NP (25 ng), pCAGGS-L (500 ng), pMG-RLuc (100 ng), pFF-Luc (1 ng), and various
amounts (20, 40, 80, or 160 ng) of pPCAGGS-P. For inhibition of RPS6KB1, BSR-
T7 cells were either treated with 1 pM of the RPS6KB1 inhibitor (Selleck
Chemicals), or 0.1% DMSO. For over-expression of RPS6KB1, BSR-T7 cells were
transfected with a vector control or a plasmid containing RPS6KB1 at 100 ng per
well. pCAGGS vector with GFP was used to confirm the transfection. After 24
hours, cells were lysed in 100 pl passive lysis buffer (Promega, Madison, WI) and
vigorously shaken for 20 min to permit full lysis. Clear lysate (40 ul) from each well
was used to carry out the dual-luciferase assay according to the manufacturer’'s
protocol (Promega), and light intensity was detected using a GloMax 96 Microplate
Luminometer (Promega). Relative luciferase activity was defined as the ratio of
Renilla luciferase (R-Luc) to firefly luciferase (FF-Luc) activity. Three replicates of
each sample were used to compare the peak activity of each P concentration with
or without RPS6KB1.
Flow Cytometry.

WT and RPS6KB1-KO Hapl cells in 10-cm dishes were infected with WT
MuV at a MOI of 0.1 in quadruplicate. At 24 HPI, cells were trypsinized and
resuspended in 1% formaldehyde in PBS for 1 hour at 4°C. They were then
washed with PBS, resuspended in 70% ETOH, and incubated overnight at 4°C.
Cells were stained with anti-mouse MuV-NP antibody at 1:100 dilution in 1% BSA

PBS for 1 hour at 4°C. Cells were then washed 3X with PBS and resuspended in
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APC goat anti-mouse IgG secondary antibody (BioLegend, San Diego, CA) at
1:100. Cells were washed with PBS another 3X and resuspended in 1 mL PBS.
Flow cytometry was performed using a LSRII flow cytometer (BD Biosciences, San
Jose, CA) and analyzed using BD FACSDiva Software Version 8.0.1 (BD
Biosciences). The mean fluorescence intensity of MuV NP was calculated for each
replicate of infected and uninfected cells.
qRT-PCR.

WT and RPS6KB1-KO Hapl cells were infected with WT MuV at a MOI of
5 in triplicate in a 12 well plate. Total RNA was collected at 2 and 24 HPI using the
RNeasy mini kit (Qiagen, Waltham, MA). cDNA was generated via reverse
transcription with Super Script Ill reverse transcriptase (Invitrogen, Frederick, MD).
MRNA was generated with Oligo(dT)15 (Invitrogen), and genomic RNA was
generated with a VRNA-specific primer flanking the MuV-F gene. Synthesized
cDNAs were used as templates for quantitative real-time PCR (qRT-PCR). A MuV-
HN specific FAM-tagged probe (Applied Biosystems, South San Francisco, CA)
and TagMan Gene Expression Master Mix (Applied Biosystems) were used
according to the manufacturer’s protocol. Real-time PCR was completed using a
StepOnePlus RT PCR system (AB Biosciences, Foster City, CA). Threshold cycle
(Ct) values were normalized to the genomic RNA values when the inoculum was
removed at 2 HPI.
Radiolabeled IP.

To examine the phosphorylation status of MuV-P, HeLa andHap1cells were

used. HelLa cells were transfected with siRNA and then infected as described
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above. Hap1l cells were infected or mock infected when confluent at a MOI of 0.1
and 3. 24 HPI, cells were starved in DMEM lacking cysteine-methionine and then
labeled with 72.7 puCi/ml 35S-EasyTag Express 3°S protein label (PerkinElmer,
Waltham, MA) for 6 to 8 hours or starved with DMEM lacking sodium phosphate
and then labeled with 100 pCi 33P-radionuclide orthophosphoric acid
(PerkinElmer, Waltham, MA) for 6-8 hours. The cells were then lysed with whole-
cell extraction buffer (WCEB) (50 mM Tris-HCI [pH 8.0], 280 mM NacCl, 0.5% NP-
40, 0.2 mM EDTA, 2mM EGTA, and 10% glycerol) with a mixture of protease
inhibitors as previously described (89).The lysate was split into two tubes and
immunoprecipitated (IP) using recombinant protein G-Sepharose 4B conjugated
beads and either a mouse monoclonal anti-MuV-P or anti-MuV-NP antibody. After
washing 3X with WCEB, the beads were mixed with 2X Laemmli sample buffer
with B-mercaptoethanol (Bio-Rad Laboratories, Inc., Hercules, CA) and heated at
95°C for 5 min. Samples were resolved with 10% SDS-PAGE. Phosphorylation of
the P protein was calculated by densitometry analysis of the 33P/35S ratio using
ImageQuant TL software (GE Healthcare Life Sciences).

IP.

To detect the interaction between MuV-P and RPS6KB1, 293T cells were
transfected with 4 pg of pCAGGS-P, 4 pg of pPCAGGS-RPS6KB1-Flag (pKB25),
and 2 pg of pCAGGS-NP. pCAGGS-GFP was used to normalize the amount of
DNA per 10-cm dish. 24 hours post-transfection, cells were lysed in 1 ml WCEB
with a mixture of protease inhibitors. The lysates were immunoprecipitated

overnight at 4°C using recombinant protein G-Sepharose 4B conjugated beads
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and either mouse monoclonal anti-MuV-P or anti-Flag (M2 clone; Sigma-Aldrich,
St. Louis, MO) antibodies. After washing 3X with WCEB, samples were
resuspended in 2X Laemmli sample buffer with B-mercaptoethanol (Bio-Rad
Laboratories, Inc., Hercules, CA) and heated at 95°C for 5 min. Immunoblotting
was performed as described above. The membrane was blotted with anti-MuV-P
or anti-Flag, followed by incubation with a conjugated HRP rat anti-mouse IgG
antibody (Abcam, Cambridge, MA). After extensive washing, the blot was
incubated with SuperSignal West Pico PLUS Chemiluminescent Substrate
(ThermoFisher Scientific, Waltham, MA) for 5 minutes and then exposed on a Gel
Doc RX+ imaging system with Image Lab for analysis (Bio-Rad Laboratories, Inc.).
Statistical analysis.

Statistical analyses were performed using GraphPad Prism version 6.00 for
Windows (GraphPad Software, San Diego, CA). Student t test and One-way
ANOVA were used to calculate P values when comparing two groups. When
performing multiple comparisons, the Holm-Sidak method, with an alpha of 5%,

was used to determine statistical significance.

RESULTS
Identification of host kinases that are important for MuV replication.

To identify host kinases that are important for MuV replication, a siRNA
screen was performed using a library of 720 different siRNAs targeting human
protein kinases. Vero-E6 cells were reverse transfected with 4 different sSiRNAs

per kinase in 96-well plates that also contained a positive, negative, and TOX

54



control. Using a Z-score analysis, we found several candidates that upregulated or
downregulated viral replication. In addition to MuV, a closely related virus in the
same genus, Parainfluenza virus 5 (PIV5), was also screened. Interestingly, there
were many differences in the kinases that play a role in their replication. Of the top
50 repressors, only 5 were similar between PIV5 and MuV, all of which were
chosen for further study. Of the top 50 enhancers, 18 were similar between PIV5
and MuV, but only 4 were chosen for further study and are not discussed in this
work. The candidates were chosen for further study because of their observed role
in MuV, PIV5, or both. Notably, many of these candidates have been previously
implicated in interacting with other viruses (15). To validate the siRNA screen, new
SiRNAs targeting different sequences of the kinase mRNA transcripts from the
screen were used. UMPK and AK7, upon further validation, had no significant
effect on MuV replication. A few candidates were shown to significantly increase
MuV luciferase activity when knocked down including MYO3B, MAP3K6, and
RPS6KBL1. siRPS6KBL1 consistently increased MuV activity the most compared to
the other siRNA-inhibited kinases (Fig. 3.1A). A western blot was performed to
examine the amount of RPS6KB1 siRNA-knockdown compared to the non-target
control (NT). It was found that the siRNA-knockdown was approximately 40%
percent of the control (Fig. 3.1B). The cellular toxicity of all the siRNA-inhibited
kinases were assayed by measuring the amount of ATP produced. RPS6KB1
reduced cellular viability less than 10% compared to the non-target control and
was not found to be significant (data not shown). siRNA-inhibited RPS6KB1 was

not cytotoxic to HelLa cells and increased MuV-luciferase activity compared to the
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non-target control. Upon further investigation, RPS6KB1 had no significant effect
on PIV5 growth, despite the screening results, and no further testing occurred
(data not shown).

MuV grew to a higher titer in cells lacking RPS6KB1.

To examine the growth rates of MuV in cells lacking RPS6KB1, siRNAs
against RPS6KB1 were used. MuV grew to a higher titer in RPS6KB1 siRNA-
treated cells compared to the non-target control at 24 HPI (Fig. 3.2A). To examine
MuV growth over a longer period, Hapl cells lacking RPS6KB1 (RPS6KB1-KO)
were infected with MuV at a low (0.1) and high (3) MOI. MuV consistently grew to
a higher titer in the RPS6KB1-KO cells compared to WT Hapl cells (WT) at both
MOls, suggesting RPS6KB1 has a negative effect on MuV growth (Fig. 3.2B,
3.2C).

Viral protein expression is increased in cells lacking RPS6KB1.

RPS6KB1-specific siRNAs were used to examine MuV viral protein
expression in cells. Lysates were collected and immunoblotted with monoclonal
anti-MuV-NP (Fig. 3.3A). At 24 HPI, the NP protein density was greater in the
siRPS6KB1-transfected cells than the non-target control (Fig. 3.3B). Cells were
subjected to various concentrations of a RPS6KB1-specific inhibitor and then
infected with rMuV-rluc to measure the luciferase production 24 HPI. Luciferase
activity was increased using as little as 0.3 puM of the inhibitor at both a low (0.1)
and high (3) MOI (Fig. 3.3C,D). To examine viral protein expression in cells lacking
RPS6KB1, WT and RPS6KB1-KO Hapl cells were infected at a low MOI. Lysates

from infected cells were taken at various time points and immunoblotted for anti-
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MuV-NP and anti-actin as a loading control (Fig. 3.3E). The relative NP densities
were calculated, and MuV protein expression was slightly higher in the RPS6KB1-
KO Hap1 cells starting at 24 HPI and gradually increased over time (Fig. 3.3F). To
confirm that the Hap1l cells lacking RPS6KB1 caused an increase in MuV protein
expression at an early timepoint, flow cytometry was performed. WT and
RPS6KB1-KO Hapl cells were infected with MuV and then stained for anti-MuV-
NP. MuV grown in RPS6KB1-KO Hapl cells had a greater mean fluorescence
intensity (MFI) than MuV grown in WT Hapl cells (Fig. 3.3G). MuV viral protein
expression is increased in cells with inhibited or knocked out RPS6KB1.

MuV minigenome activity is increased in the absence of RPS6KB1.

To determine if RPS6KB1 plays a role in viral RNA synthesis, a minigenome
system was used. BSR-T7 cells were transfected with the minigenome plasmids
with varying concentrations of MuV-P plasmid. Multiple concentrations of MuV-P
plasmid were transfected to find the optimal minigenome activity in the presence
of the inhibitor and to examine if different amounts of MuV-P plasmid would affect
the phenotype. The cells were then either mock treated or treated with the
RPS6KBL1 inhibitor. MuV minigenome activity was significantly increased at all
concentrations of transfected MuV-P plasmid in the presence of the RPS6KB1
inhibitor (Fig 3.4A). A minigenome assay was also performed in Hapl cells. The
transfection efficiency of the Hapl cells was much lower than the BSR-T7 cells,
causing the overall minigenome activity to be lower. Regardless, the same trend
was observed, and MuV minigenome activity was significantly increased in

RPS6KB1-KO cells compared to WT Hapl cells (Fig 3.4B). To determine if over-
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expression of RPS6KB1 would diminish minigenome activity, varying amounts of
MuV-P plasmid and a plasmid containing RPS6KB1 (pRPS6KB1) were transfected
into BSR-T7 cells. MuV minigenome activity was reduced in the cells over-
expressing RPS6KB1, suggesting RPS6KB1 plays a negative role in MuV RNA
synthesis (Fig 3.4C).

Viral replication and transcription are increased in cells lacking RPS6KB1.

To investigate the role RPS6KB1 has on viral RNA synthesis, real-time PCR
was used to compare levels of viral mMRNA and genomic RNA (VRNA) in Hapl
cells. The cells were infected with MuV at high MOI to measure a single round of
MuV RNA synthesis. Total RNA was extracted from infected WT and RPS6KB1-
KO Hapl cells. MuV genomic VRNA was increased in RPS6KB1-KO cells
compared with WT Hapl cells (Fig 3.5A). In addition, MuV mRNA was increased,
which is consistent with increased protein expression (Fig 3.5B, 3.3). There was
an increased viral mRNA-to-genomic VRNA ratio in the RPS6KB1-KO cells
compared to WT Hapl cells (Fig 3.5C). This suggests that RPS6KB1 plays a role
in transcription by negatively regulating the viral RNA synthesis machinery.

MuV has reduced P phosphorylation in cells lacking RPS6KB1.

To determine if RPS6KB1 plays a role in MuV-P phosphorylation, cells were
transfected with siRNA and then infected with MuV. Cells were labeled with S or
33p, and then immunoprecipitated with monoclonal anti-MuV-P or monoclonal anti-
MuV-NP. 3S-labeled P protein was increased in the RPS6KB1 siRNA-transfected
cells compared to the non-target control. Interestingly, MuV-NP was

coimmunoprecipitated with MuV-P in the RPS6KB1 siRNA transfected cells, which
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was not observed in the non-target control. Additionally, more MuV-P was
coimmunoprecipitated in the RPS6KB1 siRNA treated cells with the anti-MuV-NP
antibody (Fig 3.6A). These results are consistent with the previous findings that
MuV protein expression is increased in cells lacking RPS6KB1 (Fig 3.6B). MuV-P
phosphorylation was significantly decreased in the RPS6KB1 siRNA-transfected
cells, which suggests RPS6KB1 phosphorylates MuV-P (Fig 3.6C). The slight
reduction in phosphorylation is feasible because MuV-P has several
phosphorylation sites that all undergo phosphorylation changes during an infection
and proteins were only radio-labeled for 6-8 hrs (4). The results indicate that
RPS6KB1 phosphorylates MuV-P, which interferes with transcription and
replication, causing a negative effect on MuV growth.

RPS6KB1 interacts with MuV P.

To examine if RPS6KB1 has a direct effect on MuV-P, cells were
transfected with different combinations of MuV-P, MuV-NP, pCAGGS-GFP, and a
plasmid encoding RPS6KB1 with a Flag-tag (pKB25). Lysates were
immunoprecipitated with either a monoclonal anti-MuV-P or monoclonal anti-Flag
antibody and then immunoblotted. The cells that were transfected with MuV-P +
MuV-NP + pKB25 and immunoprecipitated/immunoblotted with their reciprocal
antibody each showed a band at the corresponding size (Fig. 3.7A, 3.7B). For
example, when an anti-MuV-P antibody was used for immunoprecipitation, the
RPS6KB1-flag protein was detected with an anti-flag antibody in the immunoblot
(Fig. 3.7A). The cells transfected with MuV-P + pKB25 alone also showed the

correct corresponding bands, suggesting that MuV-P and RPS6KBL1 interact
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independently of MuV-NP (Fig. 3.7A, 3.7B). Interestingly, compared to lysate from
cells transfected with P+pKB25+NP, lysate from cells transfected with P + pKB25
immunoblotted for less MuV-P when immunoprecipitated with anti-flag (Fig 3.7B).
However, this was not seen when anti-MuV-P antibody was used for the
immunoprecipitation and anti-flag was immunoblotted for (Fig. 3.7A).

To confirm that the interaction was not due to the presence of the
recombinant protein with a flag-tag, another immunoprecipitation was performed
using cellular RPS6KB1. Cells were transfected with MuV-P and MuV-NP and
immunoprecipitated/immunoblotted for MuV-P or RPS6KB1. When anti-RPS6KB1
was immunoprecipitated, MuV-P was coimmunoprecipitated in samples containing
MuV-P + MuV-NP and MuV-P + vector suggesting the proteins are interacting,
while the MuV-NP + Vector did not show the interaction. The immunoprecipitation
of RPS6KB1 was able to pull down MuV-P, however the reciprocal
immunoprecipitation (IP: MuV-P, IB: RPS6KB1) did not pull down RPS6KB1 (Fig.
3.7C). Lastly, we confirmed that the interaction occurs during a MuV infection. Vero
cells were infected with MuV and after 1 hr, the media was replaced with media
containing 1 uM of LY2584702 (tosylate) inhibitor or fresh media. The cells were
lysed and immunoprecipitated/immunoblotted for either MuV-P or RPS6KBL1.
MuV-P was coimmunoprecipitated when RPS6KB1 was immunoprecipitated,
while the reciprocal did not appear on the blot (Fig. 3.7D). The inhibitor did enhance
the amount of MuV-P and decrease the amount of RPS6KB1 on the immunoblots

but did not enhance the interaction as predicted. These results show that
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RPS6KB1 and MuV-P interact during transfection and infection, suggesting that

RPS6KBL1 negatively regulates MuV-P through a direct interaction.

DISCUSSION

In this study, we performed a large-scale siRNA screen to identify host
kinases that affect MuV growth. We found several candidates that enhanced the
growth of MuV using a recombinant MuV expressing Renilla Luciferase. After
assessing the top fifty candidates from the screen, some candidates were chosen
for further analysis. Validation of the screen with some of the candidates showed
that while the results were not consistent between different cell types or pools of
SiRNA, RPS6KB1 was consistent throughout these validation steps. Interestingly,
in the initial SIRNA screen, siRPS6KB1 had a much larger effect on PIV5 than it
did on MuV. Upon further investigation with new siRNA against RPS6KB1 and
Hapl cells lacking RPS6KB1, the impact of RPS6KB1 on PIV5 was not consistent.
This indicates the importance of validating initial screening results. Although PIV5
and MuV are closely related viruses, the host kinase mechanisms in which they
use to replicate within a cell differ somewhat. This was different from previously
two other kinases, PLK1 and AKT, which were found to regulate both PIV5 and
MuV through similar mechanisms (15-17).

Ribosomal protein S6 kinase beta-1 (RPS6KB1 (referred to in this work),
S6K1, p70S6K1) is a member of the AGC subfamily of serine/threonine protein
kinases and is encoded by the human gene Rps6kbl. The gene mainly encodes

two isoforms of the protein, p70 and p85, p70 which localizes to the cytoplasm, is
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considered the major isoform and essential for cell cycle progression. RPS6KB1
promotes protein synthesis, cell survival, and growth, and regulates the DNA
damage response (225-228). Recently, it has been observed that
hyperphosphorylation and/or overexpression of RPS6KB1 is common in many
types of cancer, and therefore it has become a target for anti-cancer treatments
(229, 230). RPS6KB1 was shown to be essential for optimal viral infection in CD4+
T cells by CCR5-tropic human immunodeficiency virus 1 (HIV1), but a direct
phosphorylation of an HIV1 protein was not tested (231). Interestingly, Kaposi’s
sarcoma-associated herpesvirus (KSHV) encodes a viral protein kinase that is
homologous to cellular RPS6KB1, and it was shown that deleting the kinase
inhibited the virus lytic replication (232). Lastly, one study found that using
Rapamycin, an inhibitor against the mammalian target of rapamycin (mTOR)
kinase, which has been shown to phosphorylate RPS6KB1, reduced Rift Valley
Fever Virus (RVFV) titers in vitro and increased survivability of mice in vivo (233).
To the best of our knowledge, this is the first time that RPS6KB1 has been shown
to interact with MuV P protein and act as a negative regulator of viral replication
and transcription.

We examined the effect of RPS6KB1 on MuV growth rates and protein
expression using siRNA and an inhibitor. We found that using either mechanism
of inhibition was sufficient to increase protein expression and growth rates in a
variety of cell lines. Confirmation of this phenotype was performed using a
RPS6KB1 knockout Hapl cell line. While siRNA and inhibitors lose their efficiency

over a few days, the cell line has the advantage to allow us to examine the growth
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effect for up to seven days post-infection. Furthermore, the modest effect of
inhibiting or knocking-out RPS6KB1 was likely due to phosphorylation of P by
additional kinases.

The role of RPS6KB1 on replication and transcription was confirmed using
a minigenome system, in which viral RNA synthesis could be dissected without
involving viral entry and egress. Minigenome activity was increased in the
presence of the RPS6KB1-specific inhibitor and in cells lacking RPS6KB1, and
both viral vVRNA and mRNA synthesis was increased in cells lacking RPS6KBL1.
Our findings suggest RPS6KB1 negatively regulates the production of new
genomic RNA and viral mMRNAs causing a decrease in titer and protein expression.

Next, we examined the role of phosphorylation on MuV and found that
RPS6KB1 phosphorylates MuV-P. Cells transfected with RPS6KB1-specific
SiRNA showed a significant decrease in MuV-P phosphorylation, while MuV-NP
phosphorylation seemed unaffected. Similar results were observed when the
RPS6KB1-specific inhibitor was used (data not shown). Radiolabeling experiments
were also performed in the Hapl cells, but not enough viral protein was produced
in the labeling period to produce quantifiable data (data not shown). However, we
expect a greater effect would have been seen in the RPS6KB1 knockout cells.
Interestingly, cells with reduced RPS6KB1 seem to have increased MuV-P and
MuV-NP interactions suggesting that RPS6KB1 may interfere with MuV viral RNA
polymerase complex formation or binding of MuV-P to MuV-NP, although this

needs to be further explored.
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Lastly, we examined the interaction between RPS6KB1 and MuV and found
that it binds to the MuV-P protein. The P-RPS6KB1 interaction was examined in
three different systems to ensure the validity of the interaction. First, a recombinant
RPS6KB1 protein containing a flag tag was transfected into cells along with MuV-
P and NP, and the interaction was observed using either anti-MuV P or anti-Flag.
To confirm that MuV-P was binding to RPS6KB1 and not the Flag tag, we
performed another immunoprecipitation using cellular RPS6KB1. Since most cell
culture lines are cancer cell lines, RPS6KBL1 is naturally upregulated and highly
expressed in many lines making it easy to detect by western blot (225). One pitfall
of using cellular RPS6KB1 is that the anti-MuV-P antibody does not
coimmunoprecipitate the cellular RPS6KB1form, but the anti-RPS6KB1 antibody
does coimmunoprecipitate MuV-P. Although MuV-NP is not required for the P-
RPS6KB1 interaction, it appears to enhance the interaction. This also occurs with
another kinase that negatively regulates MuV growth, PLK1 (11). Lastly, we
confirmed the interaction occurs during a viral infection in cell culture. In our
previous work, it was noted that the addition of a kinase inhibitor may help prolong
the interaction with its counterpart, so the RPS6KB1-specific inhibitor was added
post-infection to determine whether it enhanced the interaction (16). The presence
of the inhibitor, however, did not seem to have any effect on the RPS6KB1-P
interaction. Taken together, we speculate that RPS6KB1 negatively regulates MuV
growth by binding to MuV-P and effecting subsequent phosphorylation.

We speculate that RPS6KB1 phosphorylates MuV by binding to the P

protein. However, the site(s) of the interaction has not yet identified. Since
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RPS6KB1 is an AGC kinase it has conserved binding motif, R/L-X-R-X-X-S/T,
which is found in MuV-P in two locations in the MuV-P N terminal domain (NTD)
and partially found (R-X-X-S/T) once in the C terminal domain (CTD) (234). Future
studies will focus on elucidating interactions between RPS6KB1 and P, as well as
the role of NP in this interaction.

Understanding the mechanism by which a host kinase can regulate viral
replication is a useful tool and has translational applications. Kinases that positively
regulate viruses can be used as potential antiviral drugs, many of which are
already FDA approved and used as cancer treatments, while kinases that
negatively regulate viral replication can be used to enhance viral vaccine yields in
cell culture. To the best of our knowledge, this is the first time RPS6KB1 has been
shown to negatively regulate a virus. We speculate that MuV uses RPS6KBL1 to
downregulate its viral transcription and replication to prevent overproduction of
viral proteins and progeny virions within a host, which would activate the innate
immune system and eventually clear of the infection. MuV uses the MuV-V protein
in tandem with host kinase phosphorylation to balance its replication within a host.
Since RPS6KB1 could be knocked-out in a Hap1l cell line, it suggests that other
cell lines could also have RPS6KB1 knocked-out. As MuV growth is highly
regulated by type | IFNs, developing a RPS6KB1 knockout in an IFN-deficient cell
line, such as Vero cells, would be beneficial (235). A cell line lacking RPS6KB1

may enhance the growth of MuV for vaccine production.
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Figure 3.1. Examination of kinases on MuV replication. (A) Effects of SIRNA
targeting kinases on MuV replication. HelLa cells were transfected with 2 different
siRNAs targeting different sequences of each kinase mRNA transcript. The next
day, cells were infected with rMuV-rluc at a MOI of 0.1. 24 HPI, cells were lysed,
and luciferase was measured. Values were normalized to the non-target control
(NT). (B) Detection of RPS6KB1 using western blot analysis. Lysates from the
luciferase assay were collected, replicates were combined, and mixed with loading
buffer before being resolved by SDS-PAGE and immunoblotted using an anti-
RPS6KB1 and anti-actin antibody. The values were normalized to the non-target
control. Error bars represent standard error (SEM) with 3 replicates each,
individual experiments were performed 3 independent times. P values were
calculated by one-way ANOVA* P < 0.05, ** P < 0.01, *** P < 0.001, **** P <0

0.0001
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Figure 3.2. Growth rates of MuV in cells with a RPS6KB1 deficiency. (A)
Growth of MuV in siRNA-knocked down RPS6KB1 Hela cells. Cells were
transfected with RPS6KB1 specific sSiRNAs, as previously described, and then
infected with MuV at a MOI of 0.1. Media was collected 24 HPI, and plaque assays
were performed to determine viral titers. (B) Multi-step growth curve of MuV in
wildtype (WT) and RPS6KB1 knockout (RPS6KB1-KO) Hapl cells. Cells were
infected at a MOI of 0.1, and media was collected every 24 hrs for plaque assay.
(C) Single-step growth curve of MuV in WT and RPS6KB1-KO Hapl cells. Cells
were infected at a MOI of 3, and media was collected every 12 hrs for plague
assay. P values were calculated using Multiple T tests. * P < 0.05, ** P < 0.01, ***
P <0.001. Error bars represent SEM of data from 3 replicates. Individual

experiments were performed 3 times.
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Figure 3.3. Effects of inhibiting RPS6KB1 on MuV protein expression. (A)

Detection of MuV NP protein expression in siRNA-transfected HelLa cells at 24
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HPI. HelLa cells were transfected with siRNA, then infected at MOI 0.1 with MuV
24 hours post-transfection in triplicate. Lysates were resolved by SDS-PAGE and
immunoblotted using a monoclonal anti-MuV-NP antibody. A representative blot is
shown. (B) Summary of quantified NP protein density from WB. (C,D) Luciferase
activity of MuV using LY2584702 Tosylate Inhibitor, a RPS6KB1 specific inhibitor,
in HeLa cells at a MOI of 0.1 (low) and 3 (high) respectively. Cells were infected,
1 HPI the media was replaced with differing concentrations of the inhibitor. At 24
HPI, cell lysate luciferase activity was quantified and normalized to the luciferase
activity of cells treated with O uM inhibitor. Error bars represent SEM of data from
4 replicates. (E) Detection of MuV NP expression in WT and RPS6KB1-KO Hapl
cells. Cells were infected MuV at a MOI of 0.1 Lysates were collected at each
timepoint, resolved by SDS-PAGE and both MuV NP and actin were
immunoblotted for. Actin served as a loading control. A representative blot is
shown. (F) Summary of quantified NP protein density from WB. The relative NP
protein density was calculated by taking the ratio of NP to actin, and the graphed
to compare protein expression between WT and RPS6KB1-KO Hapl cells. Values
represent one experiment of three independent experiments. (G) Flow cytometry
analysis of WT and RPS6KB1-KO Hapl cells infected with MuV at a MOI of 0.1.
24 HPI, cells were fixed and stained with an anti-MuV-NP antibody to measure the
mean fluorescence intensity (MFI) of infected cells. Values were standardized to
the infected WT Hapl cell values. Error bars represent SEM of data from 4
replicates. P values were calculated by one-way ANOVA or Student t test. * P <

0.05, * P <0.01, *** P < 0.001. Individual experiments were performed 3 times.
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Figure 3.4. MuV Minigenome activity in the absence of RPS6KB1. (A) MuV
minigenome activity in the presence of an RPS6KBL1 inhibitor. BSR-T7 cells were
either mock treated or treated with 1 uM of a RPS6KB1 specific inhibitor,
LY2584702 Tosylate. (B) MuV minigenome activity in RPS6KB1-KO Hapl cells
compared to WT Hap1l cells. (C) MuV minigenome activity with over-expressed
RPS6KB1. 100 ng of a vector control or plasmid containing RPS6KB1 were
transfected into BSR-T7 cells. The ratio of Renilla luciferase to firefly luciferase
activity was calculated and graphed. Multiple concentrations of the MuV-P plasmid
were transfected (20, 40, 80, and 160 ng/well) to obtain optimal minigenome
activity. P values were calculated using Multiple T tests. * P < 0.05, ** P < 0.01, ***
P < 0.001. Error bars represent SEM of data from 3 replicates. Individual

experiments were performed 3 times.
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Figure 3.5. Viral RNA synthesis in cells with RPS6KB1 deficiency. Cells were
infected at a MOI of 5 and total RNA was collected from 4 independent samples at
2 and 24 HPI. (A) Genome replication of MuV (VRNA) in WT and RPS6KB1-KO
cells. Genome-specific primers were used to detect genomic RNA. (B) MuV viral
MRNA. Oligo(dT) primers were used to generate mRNAs. (C) Relative vmRNA to
genomic RNA. The ratio of vmRNA to genomic VRNA was calculated and then
normalized to the WT Hap1 control. A MuV-F specific probe was used for real-time

PCR after cDNA synthesis. Values were calculated after normalization to genomic
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RNA levels at 2 HPI. P values were calculated using Multiple T tests. * P < 0.5, **
P < 0.01. Error bars represent SEM of data from 4 replicates from 3 individual

experiments.
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Figure 3.6. MuV-P and -NP Phosphorylation in cells with a RPS6KB1
deficiency. (A) Representative radio blot. HeLa cells were transfected with SiRNA,
infected with MuV at a MOI of 0.1, and then labeled with 3°S or 3P for 6-8 hrs. Cell
lysates were immunoprecipitated with monoclonal anti-MuV-P or anti-MuV-NP
antibody and resolved by SDS-PAGE gel. (B) Total P protein quantification. 3°S
labeled P protein from infected HelLa cells. Values were standardized to the non-
target control. (C) Relative phosphorylation level of P in infected cells. The relative
level was calculated as a ratio of phosphorylated protein (*3P) to total protein (*°S)
and standardized to the non-target control. P values were calculated using

Student’s t test. * P < 0.5, ** P < 0.01. Error bars represent SEM of data from 3

individual experiments.
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Figure 3.7. MuV P and RPS6KB1 interact. (A-B) 293T cells were transfected with
plasmids containing MuV-P, MuV-NP, and RPS6KB1-Flag (pKB25). The cells
were lysed and then immunoprecipitated with either monoclonal anti-MuV-P or
monoclonal anti-Flag. (A) Lysates were blotted for anti-flag. (B) Lysates were

blotted for anti-MuV-P. (C) 293T cells were transfected with plasmids containing
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MuV-P and/or MuV-NP. The cells were lysed and then immunoprecipitated and
immunoblotted with either monoclonal anti-MuV-P or monoclonal anti-RPS6KBL1.
(D) Vero cells were infected with MuV at a MOI of 0.1, after 1 hr the inoculum was
replaced with media containing 1 uM of LY2584702 Tosylate Inhibitor or fresh
media. 24 HPI, cells were lysed and immunoprecipitated and immunoblotted with
either monoclonal anti-MuV-P or monoclonal anti-RPS6KB1. Each experiment

was performed 3 independent times, a representative blot is shown for each.
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CHAPTER 4

IDENTIFICATION OF PHOSPHORYLATION SITES IN THE LARGE PROTEIN

OF MUMPS VIRUS
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ABSTRACT

Mumps virus (MuV) is a human pathogen that causes an acute infection
with the hallmark symptom as the enlargement of the parotid gland. Mumps is
highly neurotropic, therefore, severe complications including meningitis and
encephalitis, can occur. While vaccination against mumps effectively reduces
cases, outbreaks still occur. MuV is a paramyxovirus with a negative-sense
nonsegmented RNA genome. The viral RNA genome is encapsidated by the
nucleoprotein (NP) to form the helical ribonucleoprotein (RNP), which serves as a
template for transcription and replication. The viral RNA-dependent RNA
polymerase (VRdRp) minimally made up of the phosphoprotein (P) and large (L)
protein, is responsible for transcription and replication of the viral genome. To
investigate the function of MuV L, we developed a tool to study the protein during
an infection. Using an internal flag tag in MuV L, we identified four putative
phosphorylation sites using liquid chromatography mass spectrometry (LC-
MS/MS). We mutated the sites to alanine and examined L-S1087A,T1088A in a
minigenome system. We found that L-S1087A,T1088A had decreased

minigenome activity, suggesting they play an important role in MuV RNA synthesis.

INTRODUCTION

Mumps virus (MuV) is a highly contagious human pathogen. The hallmark
symptom of MuV is the enlargement of the parotid gland, however severe
complications can occur (6, 10). Symptoms range from asymptomatic to severe

encephalitis, but the most common symptoms include fever, headache, and
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muscle aches. Symptoms typically appear 16-18 days after infection and can last
for up to two weeks (2). In the pre-vaccine era, MuV was the leading cause of viral
meningitis and encephalitis due to its highly neurotropic nature. After the
introduction of the MuV vaccine in the late 1960’s, cases dramatically decreased
(6). Currently, the best prevention for MuV is the Measles, Mumps, and Rubella
(MMR) vaccine, which is given in early childhood. Unfortunately, MuV has
reemerged in the last few decades. Several outbreaks have occurred worldwide,
with a large proportion of them occurring in vaccinated populations (2, 213). There
is no approved treatment for mumps beyond supportive care (2). Understanding
MuV replication is critical for developing antiviral treatments.

MuV is a non-segmented, single-stranded negative-sense (NNS) RNA virus
in the family Paramyxoviridae and order Mononegavirales. The genome has 7
genes that encode for 9 viral proteins (3’-NP-V/P/I-M-F-SH-HN-L-5’) with RNA
synthesis beginning at the 3’ end. Paramyxoviruses use a mechanism known as
start-stop transcription, which creates a transcriptional gradient of the viral MRNAs
produced, therefore genes near the 3’ end of the genome are transcribed more
frequently than the genes at the 5’ end (9, 38). The RNA genome serves as a
template for both viral genomic RNA and viral mRNA synthesis and is
encapsulated by nucleoprotein (NP), creating the helical ribonucleoprotein (RNP),
which protects the genome from degradation. The phosphoprotein (P) helps
shuttle the RNP to the RNA-dependent RNA polymerase (VRARp), which minimally
consists of the P and large (L) proteins. The complex can than initiate transcription

using the viral genome as a template to produce more viral protein. For
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paramyxoviruses, it is hypothesized that the switch from transcription to genome
replication is driven by the accumulation of NP protein because large amounts are
required to protect the viral genome (3, 101, 236, 237). During genome replication,
an antigenome copy of the genome is generated, which serves as a template for
more genomic RNA (11). While it is known that transcription and replication are
two distinct processes, the initiation and regulatory mechanisms are poorly
understood.

The polymerase, or L protein, in the order Mononegavirales is highly
conserved. It is a multi-functional enzyme that contains catalytic centers required
to perform both replication and transcription of the viral genome and has auxiliary
functions like mRNA capping and methylation (10, 238). Its enzymatic activities
are essential for virus replication and have recently become a large target of anti-
viral drugs (101, 110, 111). Early studies using sequence alignment identified six
conserved regions (CR), which contain critical motifs for NNS polymerases (19,
102, 103). CRI mainly contains hydrophobic regions and has been shown to be
involved in oligomerization of P and L (96, 97, 102). CRIl is rich in charged, basic
amino acids and forms a KEKE-K motif (102). CRIIl has several charged amino
acids and a conserved GDN motif (101, 102, 239). CRIV is conserved with
invariant proline residues but does not have a known function (102). CRV contains
the motif, GXXTnHR, which mediates the unique viral capping of mMRNA (101, 217,
240). CRVI has a methyltransferase motif, K-D-K-E, which is responsible for

methylating the first nucleotide product and residue N7 of the cap (102, 241, 242).
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Although the structure of MuV L is unknown, L structures have been solved
for respiratory syncytial virus (RSV), vesicular stomatitis virus (VSV), and
parainfluenza virus 5 (PIV5) allowing for a more thorough examination of the
protein and its function. More recent structural studies had identified five conserved
domains (Figure 4.1). They are the RNA-dependent RNA polymerase domain
(RdRp), which contains CRI-Ill, and is responsible for P/L oligomerization, RNA
binding, and phosphodiester bond formation. This domain makes up the N-terminal
portion of the protein and is responsible for the polymerase activity (101, 217, 239).
The polyribonucleotidyltransferase domain (PRNTase) contains region CRIV and
CRV and is responsible for addition of the 5’ cap to nascent viral mMRNAs (101,
240). The connecting domain (CD) is not known to have any enzymatic activity but
is critical for proper function. Although is it less conserved than the other domains,
mutational studies have shown that insertions in this region result in no L activity
(106). The methyltransferase domain (MTase) contains CRVI and is responsible
for methylating the cap (101, 102). While the last domain, the C-terminal domain
(CTD), contains a conserved guanylyl transferase (GTase) motif, it is the least
conversed domain and structurally divergent (241).

Structural analyses of multiple NNS polymerases have shed light on L’s role
in RNA synthesis, but other functions have not been thoroughly investigated. plays
arole in pathogenesis in New Castle Virus (NCV) and J paramyxovirus (JPV) (100,
243, 244). Additionally, we previously found that PIV5 L mRNA can activate IFN-3
through MDAJ5, a viral sensor (59). These studies suggest that in addition to RNA

synthesis, L has other unknown functions.
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In vitro studies of L with full-length viruses have traditionally been
challenging because of its low abundance and lack of immunological reagents
(101, 104, 245). Different methods have been employed to study the function of L.
For example, Matsumoto et al., used a minigenome system to identify four key
amino acids in L that are involved in nucleotidyl transfer using a PIV5 minigenome,
while Munday et al. used enhanced green fluorescent protein (EGFP)-tagged L
and P proteins to identify RSV-host interactions via in vitro transfections (238, 246).
Other studies have mutated different regions of L and observed the growth
phenotype in a full-length MuV virus but lack protein-based studies of L (111).
Attempts at adding an N-terminal or C-terminal to MuV L have failed to produce a
functional L protein (unpublished data). Two different morbilliviruses, measles
virus (MeV) and rinderpest virus (RPV), tolerate a tag or GFP protein in a flexible
region upstream of the MTase domain within L. Both viruses were rescued using
with an internal tag/protein and had detectable L protein by western blot analysis
and immunofluorescence (20, 247).

While much of the work on L has been with PIV5 or VSV, identifying
residues/regions in L that affect the growth of MuV has been largely neglected.
This work emulates the internal tag strategy and rescues a full-length MuV virus to
examine L function. Additionally, this work identifies 4 putative phosphorylation

sites within MuV L and tests their function in a minigenome system.
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MATERIALS AND METHODS
Cells

293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
with 5% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) (Mediatech
Inc). Vero cells were maintained in DMEM supplemented with 5% FBS and 1%
P/S. BSR-T7 cells were maintained in DMEM supplemented with 5% FBS, 1% P/S,
10% tryptose phosphate broth (TPB), and 400 pg/ml G418 sulfate antibiotic
(Mediatech Inc.). Cells were passed at an appropriate dilution 1-2 days prior to use
in order to achieve 80% - 90% confluence upon infection or 60% - 80% confluence
upon transfection. 293T and BSR-T7 cells were used for transfection experiments,
Vero cells were used for infection experiments.
Construction of L-H2(flag) construct

The insertion of an internal flag tag was adapted from Duprex et al., who
inserted a tag into the flexible hinge two (H2) region of measles virus (20). The
placement of the flag tag was determined using sequence alignments of various
negative sense RNA polymerases to determine the hinge region of each, including
Measles virus, mumps virus, PIV5, and VSV. The flag tag was inserted after amino
acid 1723 in the H2 region of MuV L using PCR and Gibson assembly. The
fragments were subsequently cloned into the pCAGGS expression vector, and a
full-length plasmid contained the MuV genome.
Rescue of virus

To produce the recombinant viruses, the MuV-specific reverse genetics

system previously established in the lab was used (8, 25, 61). In brief, the full-
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length genome plasmid and plasmids encoding for the MuV replication machinery
(PCAGGS containing NP, P, L, or T7) was transfected into 293T cells using
lipofectamine 3000 reagents (Thermo Fisher Scientific). At 24 hours post
transfection (HPT), the 293T’s were co-cultured with fresh Vero cells at a 1:2 ratio.
The rescue was monitored until syncytia formed, and the media was collected, and
plague purified. A large stock of each virus was propagated in Vero cells and
sequenced to verify the viruses.
Minigenome assay

BSR-T7 cells in 24-well plates were transfected with pCAGGS-NP (25 ng),
pPpCAGGS-P (40 ng) pMG-rLuc (100 ng), pFLuc (1 ng), and the various pCAGGS-
L constructs (500 ng). A AL negative control was used and pCAGGS-GFP was
used instead of pPCAGGS-L. After 24 or 48 hours, cells were lysed in 100 pl passive
lysis buffer (Promega) and vigorously shaken for 10 min to permit full lysis. Lysates
(50 pl) from each well were used to carry out the dual-luciferase assay according
to the manufacturer’s protocol (Promega), and light intensity was detected using a
GloMax 96 Microplate Luminometer (Promega). Relative luciferase activity was
defined as the ratio of Renilla luciferase (R-Luc) to firefly luciferase (FF-Luc)
activity. Three replicates of each sample were used to compare the peak activity
of WT-L with each of the mutant Ls. JetPRIME was used to transfect cells with
plasmids according to the manufacturer’s protocols (Polyplus Transfection Inc.)
Growth curves

Vero cells were infected in triplicate with the MuV L constructs at a low

(0.01) and high MOI (1). Low MOI timepoints were taken every 24 hours for 7 days
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and high MOI timepoints were taken every 12 hours for 60 hours. At each timepoint
samples were mixed with 10X sucrose phosphate glutamate (SPG), and flash
frozen to preserve titers. Plaque assays were performed on all samples in Vero
cells to determine viral titers. After 7 or 8 days, cells were fixed with 2%
formaldehyde and stained with crystal violet to count the plaques.
gPCR

Vero cells were infected at a high MOI with the L-H2(flag)-L1759S or L-
H2(flag) virus, and a mock-infection was used as a negative control. RNA
extractions on the cells were performed at 2, 24 and 48 HPI for each virus. cDNA
was generated via reverse transcription using Super Script Il reverse transcriptase
(Invitrogen). mMRNA cDNA was be generated using Oligo(dT)15 (Invitrogen) to
amplify all mRNA sequences in the sample, and genomic RNA cDNA was
generated using a VRNA-specific primer for the MuV F gene. Synthesized cDNAs
were used for quantitative real-time PCR (qPCR), and a MuV HN primer/probe
was used to assess viral mRNA and vRNA. Values were normalized to the
genomic VRNA at 2 HPI. The ratio of mRNA to vVRNA at 24 HPI was calculated.
Immunoblot

Cell lysates were mixed with 2X Laemmli sample buffer with (-
mercaptoethanol (Bio-Rad Laboratories, Inc) and heated at 95°C for 5 min.
Samples were resolved in 10% SDS-PAGE and transferred to a polyvinylidene
difluoride  membrane (Bio-Rad Laboratories, Inc). Immunoblotting, using
monoclonal MuV protein-specific antibodies, was performed as previously

described (8). The membrane was incubated with mouse anti-MuV-NP antibody
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(1:2500 dilution), mouse anti-MuV-P antibody (1:2000 dilution), or mouse anti-
Flag™ antibody (1:2000) Flag (M2 clone; Sigma-Aldrich, St. Louis, MO), followed
by incubation with Cy3-conjugated goat anti-mouse IgG secondary antibody
(2:2500 dilution) (Jackson ImmunoResearch, West Grove, PA), and imaged using
a Typhoon 9700 imager (GE Healthcare Life Sciences). Rabbit anti-Actin (1:2500)
(Sigma-Aldrich) was used to blot for actin as a loading control.
Immunoprecipitation & LC-MS/MS

Immunoprecipitation of MuV L was performed by infected Vero cells at a
high MOI with rMuV-L-H2(flag). At 48 HPI, cells were lysed in 1 ml WCEB with a
mixture of protease inhibitors. The lysates were immunoprecipitated overnight at
4°C using recombinant protein G-Sepharose 4B conjugated beads with mouse
anti-Flag™ Flag (M2 clone; Sigma-Aldrich). Lysates were washed 3X with WCEB
buffer and 2X with PBS to remove excess buffer than resuspended with 2X
Laemmli sample buffer with B-mercaptoethanol (Bio-Rad Laboratories) and heated
at 95°C for 5 min. The samples were run on a 10% acrylamide gel by SDS-PAGE
and stained using Coomassie blue G250 following the manufacturer’s instructions.
The L band was excised and frozen at -80°C until use.

The excised L band was sent to the Mass Spectrometry and Proteomics
W.M. Keck Foundation Biotechnology (Yale University, New Haven, CT) for
processing and analysis. In brief, the protein was digested with trypsin (71%
coverage), enriched for phosphoproteins on a TiO2 column (11% coverage), both
the enrichment and flow through were analyzed using liquid chromatography-

tandem mass spectrometry (LC-MS/MS). Analysis was performed using a
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MASCOT search (Matrix Science) against the NCBInr database and the MuV L-
H2(flag) sequence provided. Phosphorylated peptides were considered significant
with a random probability score of less than 5%, when possible, the PhosphorRS
score was used to determine which residue (if multiple S/T) was phosphorylated.
The phosphorylation sites were confimed wusing NetPhos 3.1

(https://services.healthtech.dtu.dk/service.php?NetPhos-3.1).

Immunofluorescence

Colocalization of MuV P and L during an infection was observed by infected
12-well Vero plates with either WT MuV, rMuV-L-H2(flag) and rMuV-L-H2(flag)-
L1759S. A mock infected was used as a negative control. Cells were infected at a
high MOI for 24 and 48 hours. Each well contained a microscope coverslips. They
were fixed with 2% formaldehyde and permeabilized with 0.1% triton for 20 min
each. Blocking was performed using 3% BSA in PBS for 20 minutes. A mouse anti-
MuV-P antibody and rabbit anti-Flag antibody were incubated on each sample for
1 hour in 1% BSA in PBS. Cells were washed with 3% BSA in PBS to remove
excess primary antibody and incubated with Cy3-conjugated goat anti-rabbit IgG
and FITC-conjugated goat anti-mouse for 1 hour. After the secondary incubation,
the cells were washed 3X with 3% BSA in PBS and 2X with PBS. The coverslips
were removed and mounted onto microscope slides using ProLong® Diamond
Antifade Mountant with DAPI (Life technologies) and left to dry overnight. The next

day the slides were imaged using a Nikon Al confocal microscope.
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RESULTS
Development and expression of MuV L containing an internal flag tag

MuV L is a 2,261 amino acid long protein. Traditional methods to develop
an L antibody were unsuccessful. Additionally, epitope tags on the amino-terminal
or carboxy-terminal end of the protein sequence resulted in a nonfunctional L
protein (data not shown). To study MuV L function, we inserted a 1X flag tag
(DYKDDDDK) into the H2 region of the L protein (Fig 4.1). Two Notl sites were
introduced on each side of the tag for cloning purposes. An extra nucleotide (T)
was added to the 3’ end of the insert to follow ‘rule of six’ (Fig 4.2A) (248). To
determine the optimal location for the insert, the MuV L protein sequence was
aligned with MeV L (with and without internal tag) and the insert was placed after
MuV L residue S1723 (20). Alignments were performed using tree-based
consistency objective function for alignment evaluation (T-coffee) alignment and a
sequence alignment by Sidhu et al. 1992 (19). Gibson cloning was used to
assemble the L protein in a pCAGGS expression vector. Plasmids were confirmed
by sequencing (Fig 4.2B).

To test the expression of the L-H2(flag) construct, an IFA and western blot
were performed. 293T cells were transfected with either a plasmid containing WT
L, L-H2(flag) or RPS6KB1-flag as a positive control. After 48 hours, cells were
lysed and resolved by SDS-PAGE. A mouse anti-flag antibody was used to detect
L protein expression. L, by way of the flag tag, was detected in the L-H2(flag)
sample, but it was not detected in WT L or the mock (Fig 4.3A). 293T cells were

transfected with either WT L or L-H2(flag), and at 48 hours post transfection, cells
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were fixed and stained with a mouse anti-flag antibody and a CY3-conjugated anti-
mouse secondary to detect L expression. L positive cells were observed by
microscopy (Fig 4.3B). To ensure the flag tag did not disrupt L function, a
previously-developed minigenome system was used (4). BSRT7 cells were
transfected with pCAGGS-NP, pCAGGS-P, pMG-rLuc under T7, pCAGGS-fLuc,
and either pPCAGGS-WT L, pCAGGS-L-H2(flag) or no L (AL). The ratio of Renilla
luciferase to firefly luciferase (transfection control) was calculated and graphed. L-
H2(flag) had similar luciferase activity to WT L, suggesting the inserted flag tag did
not hinder L function (Fig 4.3C).
PIV5 L containing an internal flag tag has no minigenome activity

The same strategy that was used to develop a MuV L containing an internal
flag tag was used for PIV5 L. To test expression of the PIV5 L-H2(flag), 293T cells
were transfected with either empty pCAGGS or two different L-H2(flag) plasmids
(pPKB33-4 and pKB33-8), and at 48 hours post transfection, cells were fixed and
stained with a mouse anti-flag antibody and a CY3-conjugated anti-mouse
secondary to detect L expression. L positive cells were observed by microscopy
(Fig 4.4A). To test that the flag tag did not disrupt L function, a minigenome assay
was performed. The ratio of Renilla luciferase to firefly luciferase (transfection
control) was calculated and graphed. Transfection of either PIV5 L-H2(flag)
plasmid resulted in no minigenome activity, suggesting the flag tag hinders proper

L function (Fig 4.4B).
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Generation and characterization of recombinant MuV

After confirming L-H2(flag) was expressed and functional, a plasmid
containing the full-length MuV genome with L-H2(flag) was generated. The reverse
genetics system previously developed by our lab was used to rescue the
recombinant virus (8). The MuV-L-H2(flag) virus was plaque purified, sequenced,
and propagated as described in the Materials and Methods. To determine if the
MuV-L-H2(flag) virus had a growth defect, single-cycle and multi-cycle growth
curves were performed. Vero cells were infected with WT MuV or MuV-L-H2(flag)
at a low (0.01) and high (1) multiplicity of infection (MOI) and viral production was
monitored overtime at the indicated time points (Figure 4.5). At a low MOI, MuV-L-
H2(flag) lagged slightly in growth until 72 HPI (Fig 4.5A). At a high MOI, MuV-L-
H2(flag had decreased viral titers at 24, 36, and 60 HPI (Fig 4.5B). While the
growth was slightly decreased at a high MOI, the MuV-L-H2(flag) virus had a
similar growth phenotype to WT MuV, and therefore can be used for downstream
MuV L analysis.

To confirm MuV L could be detected during an infection, western blotting
and IFA were performed. Vero cells were infected with WT MuV and MuV-L-
H2(flag) at a high MOI. Cells were lysed at 48 HPI, and lysates were resolved by
SDS-PAGE or fixed at 48 HPI and incubated with antibodies. A mouse anti-MuV
P antibody and rabbit anti-Flag antibody were used for protein detection. Both WT
MuV and MuV-L-H2(flag) expressed MuV P, but only the MuV-L-H2(flag) had

detectable L protein (Fig 4.6A,B). This data confirms that the insertion of a flag tag
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in the H2 region of MuV L results in a functional virus and expresses detectable L
protein.
Determination of phosphorylation sites in L by mass spectrometry and in
silico modeling

To identify phosphorylation sites within MuV L during an infection, Vero cells
were infected with MuV-L-H2(flag). Immunoprecipitation with an anti-flag antibody
was performed as described in the Materials and Methods. The samples were
resolved by SDS-PAGE and stained with Coomassie blue G250. The labeled L
band was excised from the gel, subjected to trypsin digestion and TiO>
phosphopeptide enrichment, and analyzed by LC-MS/MS. The total trypsin
coverage was 71% and after enrichment, the coverage was 11% (Fig 4.7A). Four
residues were identified as likely phosphorylated: S1087, T1088, T1090, and
S1102, all of which are located within the PRNTase domain. Phosphosite analysis
could not determine which residue, S1087 or T1088, was phosphorylated, resulting
in the same probability score. Residue T1090 was identified in the trypsin
flowthrough, but not in the enrichment flowthrough. S1102 was identified with
100% confidence in the enrichment sample (Fig 4.7B). These putative
phosphorylation sites were confirmed using NetPhos 3.1 as described in the
Materials and Methods. The values were ranked from 0-1, only residue S1087 was
below the general cutoff value of 0.5 (Table 1). These results suggest that MuV L

is phosphorylated during an infection.
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Assessment of L residues with a MuV minigenome system

To examine the role of the putative serine and threonine L residues in
replication and transcription, each residue was mutated to an alanine and cloned
into a pCAGGS vector. The S1087 and T1088 residues were mutated together
since the analysis could not discern which residue was phosphorylated.
Additionally, since the sites are close together in the genome, another plasmid was
constructed which includes all four sites mutated (Fig 4.7 & Table 4.1).
Minigenome assays were performed to compare transcriptional activity. Only the
L-S1087A,T1088A mutant could be assessed. All other mutations were under
construction. BSRT7 cells were transfected with the necessary minigenome
plasmids along with plasmids containing WT L or L-S1087A/T1088A. Luciferase
activity was compared to WT L. The L-S1087A/T1088A mutations had significantly
lower minigenome activity compared to the control. There was a 70-80% reduction
in activity indicating these residues are important for efficient replication and

transcription (Fig 4.8 & Table 4.1).

DISCUSSION

In this study, we developed an immunological tool to study the function of L
during MuV infection in vitro. We employed a strategy first used by Duprex et al.,
to insert a flag tag into the flexible hinge region of MuV L (Fig 4.2) (20). The H2
region of several L proteins have been shown to be highly flexible in structure and
variable in sequence suggesting the region doesn’t contain critical motifs (19). It is

thought that the H2 region acts as a linker between major functional domains,
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which is why it tolerates large insertions (19, 20). The H1 region, located between
CRII and CRIII, did not tolerate any insertions for MeV, so we did not attempt to
insert a flag tag into this region (20). Similar to Duprex et al., we inserted the
mCherry gene into the H2 region and were able to generate a recombinant virus.
It did not appear to have any major defects and expressed mCherry protein
supporting the conclusion that the H2 region of MuV is also a flexible linker region
(data not shown).

The same strategy was employed to insert a flag tag in the H2 region of
PIV5, the prototypical virus in the genus. The flag tag was expressed in the protein
by IFA and WB, however there was no minigenome activity (Fig 4.4). The tag was
inserted in the same location (middle of H2 region) of L as MuV, but it appears to
have disrupted function. It is possible that adjusting the insertion location may
result in a functional L, however the PIV5 H2 region is only 25 amino acids in length
which hinders available cloning sites. MuV H2 region is 23 amino acids, and it was
able to support an insertion. This data suggests that there is a structural difference
between PIV5 and MuV L. We are currently investigating the differences between
the C-terminal ends of both proteins. We plan to switch the H2-MTase-CTD of PIV5
with MuV (and vice versa) and determine if L is functional in a minigenome system.
While we have an L structure for PIV5, we do not have one for MuV, and more
investigation into the differences between them is required.

The L protein is challenging to investigate because it typically lacks
immunological reagents, has multiple functional domains, is unstable without viral

co-factors, and there is low expression during infection (10, 20, 21, 38, 101, 238,
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246, 249). It is estimated that 1-2% of viral mMRNA transcripts are L, which is very
low by comparison to the other viral mMRNAs (38). We showed that L could be
detected, via flag tag, after transfection and infection, however protein expression
was very low (Fig 4.3A, 4.6A). Western blotting for L was a challenge. Transfecting
the maximum amount of plasmid per well was sufficient to detect L, but it appeared
less stable than during an infection. We observed that L was detected by western
blot more consistently after infection than transfection (Fig 4.6A). L protein was
more readily observed by IFA, but only after 48 HPI (Fig 4.6B) (38). Further
optimization of L detection by western blot will be beneficial for downstream
experiments. Additionally, S35-labeled L protein was detected during an infection,
but we could not detect phosphorylated L using P33 isotopes (data not shown).
This is likely due to the low amounts of L protein labeled during the incubation
period and the very few likely phosphosites within the protein. Optimization will be
required to prove L is phosphorylated during an infection. A possible solution for
better detection may be to use a 3X flag tag, rather than a 1X, since we know the
L structure can accommodate larger insertions.

Since MuV L expression is low during an infection, we were surprised to
find that it was detectable by LC-MS/MS (Fig 4.7A). The anti-flag antibody
sufficiently immunoprecipitated enough MuV L for detection; however, some off-
target proteins were detected in the excised band. This is likely due to the anti-flag
antibody or protein G beads binding to other proteins since it also occurred in the
mock infected cells (data not shown). It may be beneficial to remove off-target

proteins from the sample and reanalyze L by LC-MS/MS to increase coverage.
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MuV P and NP coverage was >90%, while MuV L coverage was only 71% (4, 5).
Regardless of the lower coverage, we were confident the phosphopeptide
enrichment would be successful.

To the best of our knowledge this is the first time an L protein has been
subjected to LC-MS/MS analysis to identify phosphorylation sites within the
protein. Excitingly, four putative residues within MuV L were identified (Fig 4.7B).
Residues S1087/T1088, T1090, and S1102 are all located in the PRNTase domain
of L. Residues S1087/T1088, T1090 are located at the end of CRIV, while S1102
is in between CRIV and CRV. Representative MuV viruses from multiple
genotypes (G, A, F, C, and B) were aligned and the residues were 100% conserved
between the virus strains (data not shown). Additionally, these sites are highly
conserved between other non-segmented, negative sense RNA virus Ls indicating
they may have a critical function for L (19, 101).

The phosphorylation status of MuV P and NP have been shown to regulate
viral RNA synthesis (4, 5, 54). L is a multifunctional enzyme responsible for RNA
synthesis, however its phosphorylation status is unknown. There are two main
hypotheses concerning the phosphorylation status of L proteins. The first suggests
that L has its own kinase activity, while the second hypothesis suggests that all L-
associated kinase activity comes from host kinases, similar to NP and P
phosphorylation (89). There are reports demonstrating that VSV L contains a
protein kinase domain, and that Sendai virus (SeV) L phosphorylates both P and

NP in vitro (146, 148). But another VSV L report suggested that all kinase activity
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observed was cellular rather than viral (147). Yet another report with RSV L
demonstrated L could not phosphorylate P in vitro (140).

Previous work in our lab demonstrated that PIV5 L was able to activate the
phosphorylation of AKT1 through a direct interaction. AKT1 has also been
implicated in MuV growth, inhibition of AKT1 led to decreased MuV titers, but the
mechanism remains unknown (15). We found that the RdRp domain of PIV5 L
containing CRI-CRIII was able to enhance the phosphorylation of AKT1. Our
results lead us to hypothesize that PIV5 L encodes for an intrinsic kinase. It was
hypothesized that L phosphorylates AKT1, which phosphorylates P, which is
essential for efficient replication and transcription, however this could not be
proven (89). CRII of PIV5 L was essential for phosphorylation of AKT1, which
differs from the location observed in MuV L (Fig 4.7B). It is possible more
phosphorylation sites are in MuV L than what was detected by mass spectrometry.
NetPhos 3.1 predicted 30+ residues with greater than >0.9 confidence throughout
the MuV L protein. It is also possible that the AKT1 binding and phosphorylation
site in L are different as seen in other viral-host interactions, like PLK1 (16, 17).

While this work starts to examine the putative phosphorylation residues in
L, much work is needed to determine if they play a major role in MuV growth. We
suspect the L residues are phosphorylated during a MuV infection, however
detecting phosphorylation of L by radiolabeling has thus far been unsuccessful and
will need to be addressed. We are currently optimizing and exploring new
technologies to help detect L phosphorylation. In this work, we mutated the

putative sites to an alanine to examine the effect on a MuV minigenome system.

97



Only the L mutant containing S1087A,T1088A could confidently be examined
using a minigenome assay. The mutation had significantly decreased minigenome
activity compared to the control. The other L mutants will still need to be assessed.
We suspect that they will result in significantly increased or decreased activity. The
WT L backbone was used; these experiments should be repeated in the L-H2(flag)
backbone so that L expression can be examined. Additionally, recombinant
viruses, containing WT L and L-H2(flag) should be rescued with the single or
multiple mutations to examine their effect on MuV growth. It is possible that if these
sites are critical for virus function, the recombinant viruses will not rescue. This has
been observed before with mutations in MuV P and NP (4, 5). Lastly, determining
whether L contains intrinsic kinase activity or is phosphorylated by a host kinase
will be crucial to our understanding of MuV L. NetPhos 3.1 predicted
phosphorylation by cyclin dependent kinases could be responsible for the
phosphorylation of T1088, while a protein kinase C kinase may be responsible or
either T1090 or S1102. S1102 also had predicted phosphorylation by a protein
kinase A or a S6 kinase. These families of kinases could be tested using the L
mutants, but NP and P phosphorylation may also be affected, which may cloud the
results. Lastly, to examine if L phosphorylates P and NP as reported in SeV, we
could examine the effect of the L mutants on P and NP phosphorylation either by
transfection or infection (148).

The function of CRIV in the PRNTase domain, which contains the putative
phosphorylation sites, is currently unknown. Future work on these sites may

elucidate the function of this conserved region. Taken together, this work provides

98



a necessary tool to study the function of MuV L during an infection and provides

the first evidence that MuV L is phosphorylated during in vitro infection.
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L ERI & SRl

RdRp PRNTase cD MTase CTD

L-HZ(fIag) CRIl | CR CRIV RV

RdRp PRNTase cD MTase CTD

Figure 4.1. Schematic of MuV L domains and location of flag insertion.
Construction of recombinant MuV virus and domains of MuV L. RNA-dependent
RNA polymerase (RdRp) in blue contains the conserved regions (CR) CRI-III.
Polyribonucleotidyltransferase (PRNTase) in green contains the CRIV and CRV.
Connecting domain (CD) in yellow. Methyltransferase (MTase) in orange contains
the CRVI. C-terminal domain (CTD) in red. A 1X flag tag (purple) was inserted into
the H2 flexible region (dotted line), located between the CD and MTase domains
of MuV L. L-H2(flag) was cloned into a pCAGGS expression vector and then a

plasmid containing the full-length MuV genome.
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1 918 1403 1705 2066 2261
RdRp PRNTase cD MTase CTD

DYKDDDDK - (Flag tag)

GCGGCCGCGATTACAAGGATGACGACGATAAGGCGGCCGCT
CGCCGGCGCTAATGTTCCTACTGCTGCTATTCCGCCGGCGA

Notl \ / Not!
1 918 1403 170\5- / 2080 2275
RdRp PRNTase cD MTase CTD

CTAATGGAATCTAGCGGCCGCGATTACAAGGATGACGACGATAAGGCGGCCGCTAAAATATTCAAT

L-H2(flag)| /.,

CTAATGGAAT T A s s s s e s e e e e e e e e e e e e e m e == = = ~AAATATTCAAT

WTL ﬁ | "
LAY VY VIV

Figure 4.2. Construction of flag tag in MuV L. A 1X flag tag was inserted into

the H2 region of MuV. The insertion was placed after the amino acid 1723 in the

flexible region between the CD and MTase domains. Notl sites were added to both

sides of the flag tag for cloning purposes and an additional nucleotide (T) was

added to the end of the insert to follow rule of six. The L-H2(flag) was inserted into

a pCAGGS expression vector and then a plasmid containing the full-length

genome of MuV. (A) Schematic of whole insert in H2 region. The insert extended

the L protein length by 14 amino acids resulting in a protein that is 2,275 amino

acids long. (B) Sequencing of the plasmids containing WT L and L-H2(flag).
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Figure 4.3. Confirmation of functional L-H2(flag) protein. (A) Detection of MuV
L after transfection by western blot. 293T cells were transfected with pCAGGS-WT
L, pCAGGS-RPS6KB1-flag, and pCAGGS-L-H2(flag). Cells were lysed and
resolved by SDS-PAGE. The immunoblot was stained with an anti-flag antibody to
detect L. Mock transfected cells and pCAGGS-RPS6KB1-flag were used as a
negative and positive control. (B) Detection of MuV L after transfection by IFA.
293T transfected cells were fixed and stained with an anti-flag antibody and a CY 3-
conjugated secondary (red) and then observed by fluorescence microscopy. (C)
Minigenome activity of L-H2(flag). The mini genome assay was performed using
plasmids that encode WT L and L-H2(flag). AL was used as a negative control.
n=4; ANOVA with Dunnett’'s multiple comparison test; ns = non-significant, p >

0.05. Individual experiments were performed 3 times.
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Figure 4.4. PIV5 L containing internal flag tag is not functional. (A) Detection
of PIV5 L after transfection by IFA. 293T transfected cells were fixed and stained
with an anti-flag antibody and a CY3-conjugated secondary (red) and then
observed by fluorescence microscopy. (B) Minigenome activity of PIV5 L-H2(flag).
The mini genome assay was performed using plasmids that encode WT L and two

different PIV5 L-H2(flag) plasmids (pKB33-4 and pKB33-8).
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Figure 4.5. Growth kinetics of recombinant MuV virus. Vero cells were infected
with WT MuV or MuV-L-H2(flag). Media was collected at various time points and
titers were determined by plaque assay using Vero cells. (A) Multi-cycle growth
curve, cells were infected at an MOI of 0.01 (B) Single-cycle growth curve, cells
were infected at an MOI of 1. n=3; ANOVA with Dunnett’'s multiple comparison

test; *, p < 0.05; **, p < 0.01.
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Figure 4.6. Detection of MuV L in recombinant virus. (A) MuV L expression
during an infection was assessed by western blot. Vero cells were infected at a
high MOI with either WT MuV or MuV-L-H2(flag). At 48 HPI, cells were lysed and
resolved by SDS-PAGE. MuV P expression was used a control. An anti-flag
antibody was used to detect L expression in the MuV-L-H2(flag) infected cells. (B)

MuV L expression during an infection was assessed by IFA. Vero cells were
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infected at a high MOI with either WT MuV or MuV-L-H2(flag). At 48 HPI, cells
were fixed and stained with an anti-MuV P (green) and anti-flag antibody (red). An
overlay of P and L protein expression (yellow) can be seen in the right bottom

panel.
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MAGLNEILLPEVHLNSPIVR¥KEFAHHGOQEPNDLERDBEGREANONWKAIRAEESQVHAREKQIRVEHARIPSLRWRSQREIAILIWPRIL
PILQAYDLRQSMQLPTVWEKLTQSTVNLISDGLERVVLHISNQLTGKPNLFTRSRFGQBFKBYSIPSTRELSQIWFNNEWSGSVKTWLMIKY
RMRQLITNQKTGELTDLVTIVDTRSTLCHTPELVALYSNEHKAERAHEMVEMVFDIMEEGRLNVSSLCTASHY LSPLKKRHEHEFVBBEALEM
GBKWGWWSSLESPAAQLQYGBPVAVDHIKGTRYGHENEH-DHTEDNIFFEEEANKVLLDLTSQFDNLSPDLTAELLCIMRLWGHPTLTASQAA
SKMRESMCAPKVLDFQTIMKTLAFFHAILINGYRRSHNGIWPPTTLHGNAPKSHEMRHDNSELKYEYVLKNWAKSISMLRIHKCFDASPDED
LSIFMKBKAISCPKQDWMGVFRRSHKQRYRDANRPLPQPFNRRLLLNFLEDDRFDPIKEEEAASGEHRDPEFCASYSLKEKEHATGRIFAK
MIKRMRSCQVIAESLLANHAGKEMRENGVVLDQLKEKSLLTMNQIGHSEHSRRSTADNMTLAHSGSNKHRINNSQFKKNKDNKHEMP
DDGFEIAACFLTTDLTKYCLNWRYQVIIPFARTLNSMYGIPHLFEWIHLREMRSTLYVGDPFNPPSDPTQLDLDTALNDDIFIVSPRGGIEGLCQ
KLWTMISISTIILSATEANTRVMSMVQGDNQAIAITTRVWRSLSHSEKKEQAY KASKEFFERERANNHGIGHHLKEQETILSSDFFIYSKRVFHK
GRILTQALKNYSKMCLTADILGDCSQASCSNLATTVMRLTENGVEKDLCYFLNAFMTIRQLCYDLVFPQTKSLSQDITNAYLNHPILISRLCLLP
SQLGGLNFLSCSREFNRNIGDPLVSAIADVKRHKAGCLDIWVLYNILGRRPGKGKWSTLAADPYTLNIDYLVPSTTFLKKHAQYTLMERSVNP
MLRGVFSENAAEEEEELAQYLLDREVVMPRVAHVILAQSSCGRRKQIQGYLDSTRTHRYSLEVRPLSAKKENTAEYNEEVESYNEEHEKPNIY
QPFENAINVDTCSIDIARSERKLSWAT LLN GRAAEGEEFPBRHELVHGEEHG SBECEHESSGBBKFTWFFLPKGHIRLDNDPASNPPIRVPYIGSK
FBERRVASMAYIKGASVSLKSALREAGVHWAFGDTEESWABAYEASTRVNLTLEQLQSLTPLPTSANLVHRLDDGTTQLKFHPASSYAFRSSF

PVESCVVNPPLLPVPFINVPQMNKFVYDPEP
LSLLEMEKIEDIAYQTRIGGLDQIPLLEKIPLLAHLTAK@MVNSITGEBEATSINDAVVOABYTSNVWASECEYPHD SRS GWALLLELSYOM
YHRIQGIQGILDYVYMTLRRIPGMAITGISSTISHPRHRRCINLDVIAPINSPHIASLDYTKLSIDAVMWGTKQVLTNISQGIDYEIVVPSESQLT
LSDRVLNLVARKLSLLAIIWANYNYPPKVKGMSPEBKCQALTTHLIQTVEYVEHIQIEKFNRRIMHILERKLTAYPSNLFYLSRKLLNAIRBSEEGQ
FHASYYNSFGHEPHIMESSGRDYKDDDDKAAAKHNENSSESASHEFBFHENLELSEASLEKYSERSEEMTAENMBNPFRGRPEHHVRPLG
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FHPRANGNSBHBESTKTSVEYIIHKVGADTCALVHVDLEGVPGSMNSMLER; SWEPFNRFSFEHENAQFF
SHRHRSSYSDPNNHEVYIIATLAVDPTTSSFTTALNRARTLNEQGFSLIPPELVSEYWRRRVEQGQIIQDRIBKVISECVRDQYLTDNNIILOAG
GTPSTRKWLDLPDYPSFNELQSEMARBHHEKEVIEILKGQSSDHDTLLFTSYNVGPLGKINTILREMVERILMYTVRNWCILPTQTREHRQSIE
LGEFRLRDVITPMEILKESPNRKYEKSALNQSTFNHLMGETSDILLNRAYQKRAAKAIGCVIYCFGLLTPDVEDSERIDIDNDIPDYDIHGDII*

1 918 1403

L-H2(flag)
RdRp ] PRNTase
./ ‘\.
/ \

LISRLCLLPSQLGGLNFLSCSREFNRNIGDPLVSAIADVKRHKAGCLDIWVLYNILGRRPGKGKWSTLAADPYTLNIDYLVPSTTFLKKHAQ
YTLMERSVNPMLRGVFSENAAEEEEELAQYLLDREVVMPRVAHVILAQSSCGRRKQIQGYLDSTRTHRYSLEVRPLSAKK

Figure 4.7. Analysis of L phosphorylation by mass spectrometry. (A)
Coverage of MuV L protein after anti-flag immunoprecipitation. The L band was
excised for trypsin digest and analysis by LC-MS/MS Residues not detected by
LC-MS/MS are struck through. The inserted flag tag is bolded. (B) Putative
phosphorylation sites within L. The schematic of domains and conserved regions
within MuV L illustrates the region the sites are located. The underlined amino acid
sequence is the CRIV within the PRNTase domain. Phosphorylated residues are

in red and bolded.
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Figure 4.8. Effects of L mutant on MuV minigenome system. Peak minigenome
activity of a L mutant was assessed. A MuV minigenome assay was performed
using a plasmid encoding for L-S1087A,T1088A. The amount of L was 500 ng/well.
A AL control used was a negative control. The ratio of renilla luciferase to firefly
luciferase is reported. n=3; ANOVA with Dunnett’s multiple comparison test; *, p <

0.05, **, p < 0.01, ***, p < 0.001. Individual experiments were performed 3 times.
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Residue LC-MS/MS NetPhos 3.1 | Mutation(s) | MG activity

in MuV L Phosphosite (in silico (percent of
probability score prediction) WT)

(%) value

$1087, S1087A,

T1088 50/50 0.460, 0.515 T1088A 31.92

T1090 80.21 0.671 T1090A N/A

S1102 100.0 0.989 S1102A N/A

$1087, S1087A,

T1088, T1088A,

T1000, |NA N/A T1000A, | NA

S1102 S1102A

Table 4.1. Summary of putative phosphorylation sites in MuV L.
Phosphorylation of MuV L was determined by mass spectrometry (LC-MS/MS) and
in silico site prediction. The LC-MS/MS Phosphosite probability score is the
probability that the serine/threonine residue in the peptide detected is
phosphorylated. In silico prediction was performed using the NetPhos 3.1 server.
The serine/threonine residues were mutated to an alanine in a plasmid containing
WT L. The minigenome activity of the plasmids containing L-T1090A, L-S1102A,
and L-S1087A/T1088A/T1090A/S1102A is not reported. The L mutants
minigenome (MG) activity was assessed and calculated as a percent of the WT L
control. Average MG activity of three independent experiments is reported. N/A =

not applicable.
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CHAPTER 6

IMMUNOGENICITY OF MUMPS VIRUS GENOTYPE G VACCINE

CANDIDATES IN JERYL LYNN-IMMUNIZED MICE

Briggs K., Kirby, C., Beavis, A., Zengel, J., Patil, P., Sauder, C., He, B., Submitted

to Journal of Virology, 11/2021
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Abstract

Mumps virus (MuV) causes a highly contagious human disease
characterized by the enlargement of the parotid glands. In severe cases, mumps
can lead to neurological complications such as aseptic meningitis and encephalitis.
Vaccination with the attenuated Jeryl Lynn (JL) MuV vaccine has dramatically
reduced the incidence of MuV infection. Recently, large outbreaks have occurred
in vaccinated populations. The vaccine strain JL was generated from genotype A,
while most current circulating strains belong to genotype G. In this study, we
examine the immunogenicity and longevity of genotype-G based vaccines. We
found that our recombinant genotype-G based vaccines provide robust
neutralizing titers toward genotype G for up to one year in mice. In addition, we
demonstrate a third dose of a genotype G-based vaccine following two doses of
JL immunization significantly increased neutralizing titers towards the genotype G
strain. Our data suggests that after two doses of JL vaccination, which most people
have received, a third dose of a genotype G-based vaccine can generate immunity

against a genotype G strain.

Importance

At present, most individuals have received two doses of MMR, which
contains genotype A mumps vaccine. One hurdle in developing a new mumps
vaccine against circulating genotype G virus is whether the new genotype G
vaccine can generate immunity in humans that are immunized against genotype A

virus. This work demonstrates that a novel genotype G-based vaccine can be
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effective in animals which received two doses of genotype A-based vaccine,
suggesting that the lead genotype G vaccine may induce anti-G immunity in
humans who have received two doses of the current vaccine, providing support for

testing this vaccine in humans.

Introduction

Mumps is a highly contagious human disease characterized by the
enlargement of the parotid glands, fever, and other upper respiratory symptoms.
Mumps virus (MuV) is transmitted through the respiratory tract and is present in
saliva of patients with symptoms typically appearing 16-18 days post exposure (1,
2). While many cases are mild or asymptomatic, the highly neurotropic nature of
the virus can lead to severe complications such as encephalitis, meningitis, and
permanent deafness (250). Prior to mass vaccination, MuV was the leading cause
of viral encephalitis and meningitis. It is estimated that a MuV infection invades the
nervous system in roughly 50% of cases, however only 5-10% of patients will
develop meningitis and <0.5% encephalitis (1). Before mass vaccination in the
1960’s, mumps was considered a common childhood disease, resulting in
seroconversion of >90% of the population before age 15 (6).

There is currently no treatment available for a MuV infection. The best
preventative is the vaccine, as a component of the measles, mumps, and rubella
(MMR) vaccine, given at 12-15 months and then boosted at 4-6 years. This vaccine
strategy has been able to reduce MuV cases in the United States by 99%, but

outbreaks still occur (2). In recent years, there has been an increase in the number
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of reported mumps cases (2, 213). The MMR vaccine contains an attenuated
version of MuV from genotype A (23). Since the implementation of the MMR
vaccination program, the largest outbreak of mumps in the United States started
in lowa in 2006 (IA/06) due to a strain from genotype G. The resurgence resulted
in more than 6,500 cases across the nation. At the university where the initial
outbreak occurred, several individuals infected had been vaccinated with two
doses of the MMR vaccine (222). Since then, the U.S. has had several years with
greater than 500 cases, which was the yearly average prior to 2006. In 2016 and
2017, the U.S. had over 6000 cases and 2019 had roughly 3500 cases (2). Again,
with a large proportion of cases being in vaccinated populations. Outbreaks in
supposedly vaccinated populations have been observed in other countries
including China, Canada, and India (24, 251, 252). In Europe, in late 2019 to early
2020, a school in Portugal with high vaccine coverage experienced an outbreak of
a genotype G MuV virus (194, 253, 254).

The most widely used MuV vaccine is based on the Jeryl-Lynn (JL) strain,
a genotype A virus. The virus was isolated from a patient and serial passaged in
embryonated hen’s eggs and chicken embryo cell culture to achieve attenuation
over fifty years ago (22, 23). While genotype A strains have circulated in the past,
the most common strains in North America and many European countries are
currently from genotype G (24). It is thought that genotype G viruses arose in the
1990’s when genotype A viruses were last observed in the human population (28).

This drift away from genotype A MuV strains has brought into question the efficacy
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of the MuV vaccine in recent years and called for a better understanding of
genotype G viruses, like the 1A/06 outbreak strain.

MuV is one of many human pathogens in the family Paramyxoviridae. It has
a single-stranded, negative-sense RNA genome that encodes 7 genes that are
transcribed into 9 viral proteins. The internal proteins include the nucleoprotein (N),
phosphoprotein (P) and large protein (L), which are involved in RNA synthesis, and
the matrix protein (M), which is involved in virion assembly and budding. The small
hydrophobic (SH) and V proteins are accessory proteins involved in evasion of the
host immune response (10). Preventing the expression of SH and V in the MuV
genome resulted in attenuation in vivo, and the proteins were shown to play a role
in TNF-a and interferon (IFN) signaling respectively (8, 61). The membrane
proteins, fusion (F) and hemagglutinin-neuraminidase (HN), are responsible for
entry and exit of the virion. They also play a role in virus to cell and cell to cell
fusion causing syncytia among the cells (10). Of particular interest for vaccine
development are the F and HN proteins because they are the major targets for
antibody neutralization (213). Several studies have shown that epitopes found
within the HN protein are targets for neutralization (255, 256). While F
neutralization has been less studied, it has been implicated as a major determinant
of neurovirulence (257, 258).

Previously our lab generated a MuV vaccine candidate based on the 1A/06
outbreak strain, named rMuV(AVASH). It was attenuated by preventing
transcription of the V mRNA and deleting the SH ORF and shown to be

immunogenic in vivo and have an outstanding safety profile (22, 25, 61). In this
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study, we used a MuV reverse genetics system based on the JL vaccine strain to
create chimeric vaccine candidates using the circulating genotype G (I1A/06) F and
HN proteins. We tested their antigenicity and longevity in mice and examined a
heterologous prime-boost strategy to enhance neutralization to genotype G MuV

viruses.

Materials and methods
Plasmids and Cells

All plasmids were constructed using standard molecular cloning techniques.
Plasmid sequences were based on virus isolated in lowa from 2006 and the Jeryl-
Lynn vaccine major component. MuV NP, P, and L from the IA/O6 strain were
previously cloned into the pCAGGS expression vector (8). The recombinant JL
(rJL) was generated using RNA from the Jeryl Lynn vaccine strain as a template
for RT-PCR as previously described (8). The genome was inserted into a rMuV
vector containing a T7 promoter and hepatitis delta ribozyme (HDR), using natural
restriction sites (Pvul, Xmal, Nael, Kpnl, and Rsrll), in pieces to replace the rMuV
sequence with rJL. The plasmid encoding the rMuV(AVASH) vaccine sequence
was previously generated (8, 25, 61). The rJL(ASH, IA-F/HN) rescue plasmid was
generated by replacing the F to HN region of rJL with the IA F to HN of
rMuV(AVASH), while the rJL(ASH, IA-F), and rJL(ASH, IA-HN) constructs were
generated by replacing only the F or HN, respectively, of rJL. Both, the rJL(ASH,

IA-F), and rJL(ASH, IA-HN), were generated from a rJL(ASH) backbone by
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replacing their open reading frames (ORF) with either IA-F or IA-HN. The
corresponding untranslated regions (UTR) remained from JL.

HEK293T and Vero cells were maintained in DMEM supplemented with
10% fetal bovine serum (FBS) 1% penicillin/streptomycin (P/S). All cells were
cultured at 37°C and 5% CO..
Virus rescue

HEK293T cells were 60-80% confluent and then transfected with pCAGGS-
NP (100 ng), pCAGGS-P (320 ng), pCAGGS-L (1250 ng), pCAGGS-T7 (200 ng),
and full-length genome (2500 ng) using JetPRIME (Polyplus). After 48 hours, cells
were co-cultured with Vero cells at a ratio of 1:5 in a 10-cm dish until CPE was
observed around 5-7 days later. Single plagues were isolated and propagated in
Vero cells. RNA extractions were performed on the media using Qiagen’s Viral
RNA extraction kit. Viral sequences were confirmed by RT-PCR and sequencing
as previously described (8, 22, 25, 61). Primers are available upon request.
Growth curves and immunoblotting

Vero cells in 6-well plates were infected with MuV in 2% FBS, 1% P/S
DMEM for 1 hr at a low (0.01) and high (5) multiplicity of infection (MOI). Cells were
washed 3x with sterile PBS and 2 mL of 2% FBS 1% P/S was added to the cells.
Samples were collected every 24 hours post-infection (HPI) for the low MOI and
every 12 HPI for the high MOI infection. Virus titers were determined by plague
assay in Vero cells. Plague assays were stained with crystal violet to assess

plaque formation as previously described (8).
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Vero cells were infected in a 24-well plate at a low MOI. At 48 HPI, cells
were washed with PBS and lysed with 2x Laemmli buffer with 2-mercaptoethanol
then heated at 95 °C for 5 minutes. Samples were resolved by SDS-PAGE and
transferred to a low fluorescence PVDF blot (Bio Rad). The samples were
immunoblotted using a mouse anti-MuV-F (1:100) antibody and a rabbit anti-actin
(1:2500) antibody (Sigma-Aldrich) followed by a Cy3-conjugated goat anti-mouse
IgG secondary antibody and Cy3-conjuguated goat anti-rabbit IgG secondary
antibody (1:2500; Jackson ImmunoResearch). The blots were imaged using a Bio
Rad ChemiDoc™ MP imaging system.

Mouse experiments

6-8 week old BALB/c mice were used for the experiments. Mice were
intranasally or intramuscularly infected with the various MuV vaccines at a PFU of
10° or 10°8. For the initial study, mice were boosted at 21 and 35 days post prime.
Serum was collected at 42 days post prime at the time of termination. For the
longevity study, mice were boosted 21 days post prime and monitored for up to 1
year. They were bled at day 56, and 364 days post prime vaccination (DPV).
ELISAs and neutralization assays were performed. For the heterologous prime-
boost, mice were boosted at 1 month post immunization, and then boosted again
with the same or different vaccine candidate at 3 months. Mice were bled at 2.5,
3.5 and 6 months. All animal studies were conducted under guidelines approved
by the Institutional Animal Care and Use Committee (IACUC) of the University of

Georgia.
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ELISA

MuV antigens were produced by infecting Vero cells with either 1A or JL
MuV strains. At 48 HPI, cells were lysed by freeze-thaw cycles and then sonicated.
Diluted lysate was coated unto Immulon high binding polystyrene plates (Thermo
scientific) in 100 ul overnight at 4°C. Plates were then washed and blocked with
200 ul blotto (20X KPL wash solution concentrate, 2% BSA, 5% nonfat dry Milk,
and distilled H20) for 1 hour at room temperature. Serum was diluted in blotto and
diluted 1:2 starting at 1:50. It was added to the plates and incubated at room
temperature for 1-2 hours. Secondary goat anti-mouse HRP antibody
(SouthernBiotech) was used at 1:1000 for 1 hour at room temperature. Plates were
developed using SureBlue Reserve TMB substrate (KPL). Absorbance at 450nm
was determined by a BioTek Epoch plate reader. Background was calculated from
the average absorbance obtained from the MuV antigens that received no serum
and anti-mouse IgG-HRP antibody. Endpoint titers were based on the ODa4s0 value
that was greater than 2 standard deviations above the mean of the naive serum.
Endpoint titers are the reciprocal of the highest positive dilution. The average
endpoint titer is presented with SEM.
Plaque reduction neutralization assay

Mouse serum was heat inactivated at 56°C for 45 minutes and then serially
diluted in PBS. Diluted serum was incubated with 50 PFU virus in 2% FBS 1% P/S
DMEM at a 1:1 ratio for 1 hour at 37°C. The mixture was then used to infect Vero
cells in a 12-well plate for 1-2 hours at 37°C. Media was aspirated and overlaid

with 2% FBS + 1% P/S + 1% low-melt agarose in DMEM. Plates were fixed and
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stained 8 days post infection to allow the rJL(ASH, IA-F), and rJL(ASH, |IA-HN)
plaques to form more clearly. Every virus neutralized had a no serum control. The
LOD is the lower limit of detection and is the reciprocal of the starting dilution. The
plague reduction neutralization titer (PRNT50) was determined based on the
reciprocal of the dilution of serum that reduced the number of plaques by one half
the input virus control. The average PRNT50 for each vaccine was presented as
a bar. Individual samples showing SEM variation are plotted.
Neurotoxicity test

The neonate rat neurotoxicity test was performed as previously described
(8, 61, 66, 67). The neurotoxicity of a given mumps virus strain is defined here by
the severity of hydrocephalus induced by the virus. Per virus two to three litters of
Lewis rats (Envigo) were used. Within 16 hours post-partum, neonates were
inoculated intracranially with 10 ul of EMEM containing 100 PFU of the respective
viruses. Remaining inocula of each virus were back-titered by plaque assay on
Vero cells to confirm the target dose was administered. 29-30 days post infection
animals were humanely euthanized by CO:2 asphyxiation. Brains were removed,
divided into the brain hemispheres and fixed in 10% neutral buffered formalin for
5 days at 4° C. Brains were embedded in paraffin and two 10 um thick sagittal
sections from each brain hemisphere, cut approximately 1 mm from the brain
midline, were stained with hematoxylin and eosin. Brain sections were scanned
and the cross-sectional area of the brain (without cerebellum) and the cross-
sectional area of third lateral ventricle (that is enlarged following infection with

neurotoxic mumps virus strains) was measured using the open-source image-
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processing software Image J (NIH). The mean ratio (indicated in %) between these
two measurements obtained from two brain sections each is the neurovirulence
score for the individual rat. The neurovirulence score for each virus is calculated
as the mean score for all brains of animals inoculated with the same respective
virus. Animal studies were conducted under guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of the FDA at Silver Spring,

MD.

Results
Generation and analysis of recombinant viruses

Previously, we constructed a genotype G vaccine using a recombinant
MuV-IA (rMuV) virus based on the MuV IA/06 outbreak strain and it will be referred
to here as rMuV(AVASH) (8, 25). In this work, genotype G-based vaccines were
generated in a rJL(ASH) backbone by replacing the open reading frames (ORFs)
of JL F and/or HN with the IA F and/or HN as described in the materials and
methods. We previously showed that rMuV-ASH was attenuated in vivo, so we
chose the ASH backbone for our recombinant JL constructs (8) (Fig 5.1). We first
generated a recombinant JL (rJL) from the Jeryl Lynn MuV vaccine strain. RNA
from the JL vaccine strain was used as a template for RT-PCR as previously
described (8). The genome was obtained, and sequentially cloned into a pMuV
plasmid containing a T7 promotor and hepatitis delta ribozyme (HDR) using

traditional cloning techniques.
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A recombinant JL virus was rescued using the full-length genome of JL
plasmid (pJL) and the MuV- NP, P, and L helper plasmids previously constructed
(8). RNA extractions were performed on the plaque purified stock of virus and
reverse transcribed into cDNA for sequencing (Fig 5.2A). The recombinant JL virus
sequence matched to the JL major component, rather than the JL minor
component. To confirm syncytia formation by the virus, we infected Vero cells at a
low and high MOI with rJL. At 48 HPI, we observed extensive syncytia at both
MOlIs (Fig 5.2B).

After we confirmed that the rJL was comparable to the JL vaccine virus, we
used the plasmid (pJL) to clone the rest of the plasmids as described in the
materials and methods (Fig 1). The rJL(ASH, IA-F/HN), rJL(ASH, IA-F), and
rdL(ASH, IA-HN) viruses were rescued, plaque purified, and the sequences were
confirmed by RT-PCR (Fig 5.3A). Immunoblotting was performed to confirm F
protein expression in lysates of Vero cells infected with the recombinant viruses
(Fig 5.3B). A low (0.01) and high (5) multiplicity of infection (MOI) growth curve
was performed in Vero cells to examine the virus growth in vitro. The rdL(ASH, IA-
F/HN), rdL(ASH, IA-F), and rJL(ASH, IA-HN) had similar growth to both the IA and
JL viruses at a low and high MOI (Fig 5.3C, 5.3D). The rJL(ASH, IA-F/HN) virus
had peak titers very similar to JL at a low and high MOI, but it remained at a higher
titer at 72, 96, and 120 HPI (Fig 5.3C). We observed different amounts of syncytia
and plaque phenotypes between the chimera vaccines. JL, IA, and rJL(ASH, IA-
F/HN) form large, fully cleared plaques, while the rJL(ASH, IA-F), and rJL(ASH,

IA-HN) form smaller more opaque plaques (Fig 5.3E). This data demonstrates that
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interchanging the F and/or HN does not drastically change the growth of the
vaccine or protein expression, however plague appearance is slightly altered.
Humoral immune responses in mice immunized with vaccine candidates

To examine the immunogenicity of the recombinant viruses, BALB/c mice

were intranasally immunized with 10° PFU of each virus and then boosted at 21-

and 35-days post prime. Serum was collected at termination and plaque reduction
neutralization assays were performed against genotype A and G viruses as
described in the material and methods. All vaccine constructs elicited neutralizing
antibody responses against both genotype A and G viruses (Fig 5.4A, 5.4B). JL-
immunized mice had lower neutralization titers against the genotype G virus, with
two samples being below the detection level. The IA and IA-based viruses had
higher neutralizing titers towards genotype G (Fig 5.4B). The rJL(ASH, IA-HN)
virus had significantly lower neutralizing titers compared to the other candidates.
Serum from rJL(ASH, IA-F/HN) had the highest neutralization titers against

genotype G, suggesting it would be a good vaccine candidate (Fig 5.4A, 5.4B).

To determine the longevity of antibodies in mice immunized with the
recombinant vaccine constructs, a similar study was conducted. BALB/c mice were
intranasally immunized with 10° PFU and then boosted at 21 days post-vaccination
(DPV). Mice were maintained and periodically bled for serum collection up to 364
DPV (Fig 5.5A). ELISAs were performed at day 56 and day 364 post-vaccination
to determine if MuV antibodies decreased over time (Fig 5.5B). All immunization
groups had detectable antibodies using ELISA at 56 and 364 DPV against both

genotype A and G antigens. The level of ELISA antibody detected was comparable
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between the two timepoints, suggesting total antibody amounts do not wane over
a 1-year period. Serum from rJL(ASH, IA-HN) had notably lower antibody titers at
both timepoints. Interestingly, its antibody titer increased at 1 year, but it was not
significant (Fig 5.5B). This data corresponds with the low neutralizing antibody
titers obtained after a prime and two boosts (Fig 5.4). Apart from the rJL(ASH, IA-
HN) serum, all other vaccine constructs had similar ELISA titers at both time points.
Taken together, this data shows that MuV antibodies are still present in mice 1-
year post-vaccination and shows that the amount of total antibodies present is

similar between constructs.

After detecting antibodies in mice 364 days post-vaccination, we tested the
antibody neutralizing ability against genotype A and G viruses. We performed
plague reduction neutralization assays with 56 and 364 DPV serum to compare
neutralizing ability over time. As expected, JL-immunized mice had higher
neutralizing titers against genotype A at both time points. It is interesting to note
that only JL-immunized sera had significantly higher neutralizing titers 364 DPV
against genotype A, while the other constructs had little to no increase (Fig 5.5C).
In contrast, the genotype G-based vaccines produced higher neutralizing titers
than JL against genotype G. Interestingly, the titers significantly increased over
time in the sera from rMuV(AVASH), rJL(ASH, IA-F/HN), and rJL(ASH, IA-F) (Fig
5.5C). Both rMuV(AVASH) and rJL(ASH, IA-F/HN) sera had high ELISA and
neutralizing antibody titers against genotype G at 364 DPV suggesting they would
provide long-term protection against genotype G MuV strains. This data shows the

rJL(ASH) vaccine constructs are capable of generating neutralizing antibodies
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towards both genotypes but having both IA F and HN creates a more robust
humoral response against the circulating genotype G strain.
Evaluation of a genotype G-based vaccine as a third dose immunization in
mice

To determine if a genotype G-based vaccine boost could increase MuV
neutralization titers in mice previously vaccinated with JL, BALB/c mice were
intramuscularly immunized with JL at 108 PFU and then boosted with the same
dose 1 month post prime (Fig 5.6A) and then at 2.5 months post prime, mice were
bled and neutralization titers against genotype G and A were determined. JL-
immunized mice neutralized genotype A virus significantly better than genotype G
virus (Fig 5.6B). At 3 months post prime, mice were boosted with either JL,
rMuV(AVASH), or rJL(ASH, IA-F/HN) by intranasal (IN) or intramuscular (IM)
inoculation (Fig 5.6A). Mice were bled at 3.5- and 6-months post-prime, and
neutralization titers were determined for genotype A and G viruses. At both time
points, all vaccine groups had high neutralizing titers against genotype A
suggesting a third dose of an IA-based vaccine does not affect neutralization
against genotype A (Fig 5.6C, 5.6D). Neutralization titers against genotype G
significantly increased post-boost with the 1A-based vaccines, and the antibodies
maintained neutralizing ability 6 months post prime (Fig 5.6C, 5.6D). Interestingly,
a mouse that was given a third dose of rMuV(AVASH) intranasally did not have
detectable neutralizing antibodies to JL or IA at 6 months post vaccination but did
have them at 3.5 months (Fig 5.6C, 5.6D). Route of immunization did not play a

major role in neutralization titer, which is consistent with previous observations in
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mice (25). However, we observed that nAb titers trended higher with the IN route.
These results suggest that a third dose of a genotype G-based vaccine would
increase neutralizing ability to the circulating genotype G strains, while maintaining
the ability to neutralize genotype A strains.
Neurotoxicity of vaccine constructs

Neurotoxicity is a major concern in developing new mumps vaccine
candidates. To examine the neurovirulence phenotype of our vaccine constructs,
the neonate rat neurotoxicity test was performed as previously described (8, 61,
66). The MuV-induced hydrocephalus, the major neuropathological outcome of
MuV infection in this model, was assessed. We compared rJL(ASH, IA-F/HN) to
our previously established low neurovirulent rMuV(AVASH) vaccine and used WT
IA/06 as a positive control. Surprisingly, we found that the rJL(ASH, IA-F/HN) was
relatively neurotoxic and that the JL ASH backbone was not enough to attenuate

the neurovirulence of the IA F and HN proteins (Fig 5.7).

Discussion

Two doses of the MMR vaccine have dramatically decreased MuV cases in
the United States, but outbreaks still occur in vaccinated populations. The
continued outbreaks have been attributed mainly to waning immunity and antigenic
variation, but failure of primary vaccine and lack of natural boosting may also play
a role (24). A major challenge in developing a new MuV vaccine is the lack of
immune correlates that assure protection from a mumps infection (1, 208, 213).

However, the presence of neutralizing antibodies is thought to be essential in
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preventing infection. A neutralization titer of >1:8 has been suggested, but there
are several examples that negate that titer (199, 202, 208, 213).

In this study, we established a reverse genetics system based on the JL
vaccine strain and tested the immunogenicity and longevity of immune responses
following vaccination with chimeric MuV vaccine candidates. The JL vaccine,
comprised of at least two well characterized virus strains, is an effective and safe
vaccine, but its production through serial passaging can lead to variation between
batches (23, 259). In addition, there are no standard markers for attenuation and
neuroattenuation for MuV vaccines making the validation process more difficult
(23, 257, 258, 260). Recombinant viruses offer an advantage over attenuated
viruses by by-passing the need for serial passaging and offer higher homogeneity
of the vaccine product. In addition, recombinant vaccine candidates can be
continually generated from a cDNA plasmid with a defined sequence. Here we
used reverse genetics to engineer three chimeric rJL vaccines with IA-F, IA-HN, or
IA-F/HN in a ASH backbone (Fig 5.3).

The 1A-based rJL(ASH, IA-F/HN) and rMuV(AVASH) immunized mice
produced higher nAb titers than the JL immunized mice against genotype G, as
expected (Fig 5.4). In addition, JL serum neutralized genotype A significantly better
than genotype G at 2.5 months (Fig 5.6B). Genotype A and genotype G MuV
viruses are phylogenetically different, which can lead to reduced cross-
neutralization between the vaccine and circulating strains (22, 28). Sera from
children immunized with 2 doses of MMR have been shown to have lower

neutralizing titers towards non-genotype A virus strains, including genotype G and
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H (208, 211, 213). Reduced cross neutralization of JL has also been observed in
other mouse studies, which is consistent with our results (22, 25).

To the best of our knowledge, this is the first time a MuV vaccine has been
tested for longevity of antibodies in mice. We compared ELISA antibody titers and
neutralizing antibody titers at 56 and 364 DPV for our vaccine constructs. We found
that there was little change between day 56 and day 364 suggesting that the total
amount of antibodies produced by our vaccines do not wane in a 1-year period
(Fig 5.5). We didn’t observe differences in ELISA titers between genotype A and
G antigens likely due to a large portion of the antigens being the NP protein. It is
known that NP is the immunodominant antigen in a MuV infection and is fairly
conserved between MuV strains (199). High NP antibody titers may mask the
decrease in F and HN antibodies in an ELISA.

Neutralization assays were performed on the same serum samples to
examine if neutralizing ability changed from 56 to 364 DPV. Surprisingly, all
genotype G-based vaccines (except rJL(ASH, IA-HN)) had significantly increased
neutralizing ability toward genotype G at 364 DPV. JL immunized mice titers
increased, but it was not significant (Fig 5.5). Interestingly, only the JL vaccine had
significantly higher nAbs when neutralized against genotype A. The increase in
neutralization titers from day 56 to 364 could be indicative of antibody affinity
maturation. While the level of total antibodies did not drastically change over time,
the nAb ability increased in the IA-based vaccines against genotype G. In this
study, we did not observe waning immunity in either total or neutralizing antibody

titers. Waning immunity has been documented in several outbreaks, where it's
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estimated that risk of developing clinical MuV increases 10-27% every year post
vaccination (24, 208, 261, 262). One mathematical model found the MuV vaccine
to wane about 27 years post vaccination, with a 25% loss of protection starting at
7.9 years post vaccination (210). However, other studies found no, or minimal
antibody decline over time after two doses of the MMR vaccine (206, 263). The
lifespan of a mouse is significantly shorter than a human, and it is possible that
waning could have been observed if kept longer. It is also possible that, unlike
humans, MuV antibodies do not wane in mice, which presents a limitation for the
model.

A routine third dose of JL (MMR3) has been suggested to help reduce
outbreaks. A study was conducted, in a non-outbreak setting, to determine if a third
dose of JL would significantly increase MuV neutralizing antibodies. A plaque
reduction neutralization assay was performed using the JL vaccine virus for
neutralization. The serum was not tested against another MuV genotype. The
results of the 656-person study showed a moderate increase at 1 month post
MMR3, but nAb titers returned to baseline at 1 year (200, 264). Another study
showed that the MMR3 vaccination campaign that took place in IA during the 2016
outbreak did help reduce cases, however 12% of the cases reported received 3
doses of the MMR vaccine (222). Taken together, these findings show boosting
with MMR3 has limited success.

We compared nAb responses from mice immunized with either three doses
of JL or two doses of JL and one dose of a genotype G-based vaccine. We

observed a large increase in neutralization titer towards genotype G at 3.5 months
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post-prime or two weeks post genotype G-based boost (Fig 5.6C). Neutralization
titers toward genotype A or G were maintained at 6 months post prime (Fig 5.6D).
These results suggest that a 3" dose of a genotype G-based vaccine would
increase nAb titers to the circulating strain, while maintaining a strong genotype A
response. Additionally, the vaccines can overcome pre-existing immunity towards
MuV and retain a high neutralizing titer 6 months post vaccination to another strain.
Although route of administration didn’t play a major role in nAb production,
rMuV(AVASH) had a slightly better response by the IN route. Mucosal IgA nAbs
have been implicated as an important means of protection against a MuV infection
(159, 265, 266). Immunization by the route of natural infection could help create a
localized IgA response and increase overall protection.

MuV is highly neurotropic disease. While JL has been shown to be very
safe, other MuV vaccines have caused CNS complications in the past, resulting in
their discontinuation (1, 25, 28). We assessed the neurotoxicity of our rdL(ASH,
IA-F/HN) vaccine candidate compared to our previously tested rMuV(AVASH)
candidate (Fig 5.7). A previous study by Sauder et al., showed that replacing the
F and HN of JL with the F and HN of the neurovirulent 88-1961 strain significantly
increased its neurovirulence score, but did not completely rescue the neurovirulent
phenotype (260). Based on that study and our own findings that rMuV(ASH) (IA/06
background) was partially attenuated, we reasoned that using a rJL ASH backbone
would be sufficient to attenuate the IA/06 F and HN (8). Unfortunately, ASH used
in conjunction with the rJL background was not sufficient to attenuate the virus.

This data supports the proposed conclusion that the mechanism of neurovirulence
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and neuroattenuation are not the same for different MuV strains, and that multiple
proteins are involved (258, 260).

MuV vaccines have also been pulled from the market for having little to no
effectiveness demonstrating the fine line between attenuation and effectiveness
(267). The rJL(ASH, IA-F/HN) vaccine, although highly immunogenic, would likely
cause CNS complications. Additional modification of the rJL backbone will be
necessary to reduce the neurotoxicity score.

In this study, we created chimeric genotype G-based rJL vaccines to
assess their immunogenicity and longevity towards MuV. We showed that
rMuV(AVASH) and rJL(ASH, IA-F/HN) produced long lasting neutralizing
antibodies towards genotype G. Although, rJL(ASH, IA-F/HN) was shown to be
neurotoxic for human use, it illustrates the complex nature of the disease and the
difficulties in developing a new vaccine. rMuV(AVASH), however, continues to be
a safe and effective vaccine candidate for MuV. We propose that a 3" dose, later
in life, with a genotype G-based vaccine will be beneficial in preventing future MuV

outbreaks.
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Figure 5.1. Schematic of recombinant viruses

Schematic of recombinant viruses. N, nucleoprotein; V, V protein; P,
phosphoprotein; M, matrix protein; F, fusion protein; SH, small hydrophobic; HN,
hemagglutinin-neuraminadase protein; L, large protein/RNA-dependent
polymerase. Vaccine construct sequences are based on the JL vaccine (genotype
A) and the IA, 06 isolate (genotype G). rMuV(AVASH) was generated by mutating
the editing site of the V/P gene to only transcribe P and deleting the SH ORF. The
recombinant JL (rJL) vaccines were generated by deleting the SH ORF and

changing the JL F and/or HN with 1A F and/or HN.
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Mock Vero cells rJL rJL

Figure 5.2: Generation of an infectious recombinant JL

(A) Confirmation of rJL virus rescue. After plaque purification, viral RNA was
extracted from the media and subjected to RT-PCR. Primers flanking the NP gene
and M gene region were used to amplify a 3.1 kilobase region of the viral genome.
The JL vaccine and rJL viruses are shown along with a mock. The recovered virus
matched to the JL major component. (B) Syncytia formation after rJL infection.
Vero cells were infected at an MOI 0.01 and 5 with rJL. After, 48 hours post

infection (HPI) syncytia formation was observed by microscopy.
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Figure 5.3: Characterization of recombinant viruses

(A) Confirmation of recombinant virus rescues. After plaque purification, a
stock was propagated, and viral RNA was extracted from the media and subjected
to RT-PCR. Primers in the NP gene and P gene region were used to amplify a 1.6
kilobase region of the viral genome. (B) Viral protein expression of recombinant
viruses. Vero cells were infected at a low MOI. Cells were lysed at 48 HPI and
subjected to immunoblotting with an anti-MuV-F and anti-actin antibody. (C)
Growth kinetics at a low MOI. Vero cells were infected with the recombinant
viruses at MOI 0.01. Media was collected at 24-hour increments and titered by
plaque assay. (D) Growth kinetics at a high MOI. Vero cells were infected at MOI
5 with the recombinant viruses and media was collected at 12-hour increments.
Titers were determined by plaque assay. JL and IA were used as controls. The
growth rate of each vaccine was compared to the JL vaccine strain. n=3; 2-way
ANOVA with Dunnett’'s multiple comparison test to JL; (*) color corresponds to
vaccine; * P <0.05. (E) Plaque formation in Vero cells. The recombinant viruses

were plaqued in Vero cells, grown for 8 days, and then stained with crystal violet.
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Figure 5.4: Neutralization titers in mice immunized with vaccine candidates.
Neutralization titer in mice post immunization. Plaque reduction neutralization titers
against genotype A (JL) virus (A) and genotype G (IA) virus (B). The mean 50%
plague reduction neutralization titer and SEM are reported. Bars represent the
mean plaque reduction neutralization titer, and individual samples are plotted as
points within the bars to show SEM. Lower limit of detection (LOD) is defined at
the lowest dilution of serum that was plaqued, negative samples are reported as
below the detection level. n=5-7; 1-way ANOVA with comparison to PBS; * P<0.05,

** P<0.01, *** P<0.001.
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Figure 5.5: Longevity of antibodies in mice immunized with vaccine
candidates

(A) Timeline of BALB/c study. BALB/c mice were intranasally immunized with
10° PFU and then boosted with the same dose 21 days later. Mice were bled at
35, 56, 364 DPV. ELISAS and/or plaque reduction neutralization assays were
performed. The study concluded 1 year post prime immunization. (B) ELISA titers
in mice post vaccination. Mice were bled at day 56 and 364 post-prime
immunization. Serum antibody titers were determined by ELISA. Endpoint titers
were determined using serum from day 56 and day 364. Plates were coated in
either genotype A (left) or genotype G (right) antigens. The reciprocal of the
highest positive dilution and SEM of the average titer are reported. (n=5; 1-way
ANOVA with comparison to the JL vaccine candidate was performed; *, P<0.05)
(C) Longevity of neutralization titers in mice post vaccination. Plaque
reduction assays were performed with day 56 and 364 serum to compare nAb
levels over time. The mean 50% plaque reduction neutralization titer and SEM are
reported. The bars represent the average plaque reduction neutralization titer.
LOD is defined at the lowest dilution of serum that was plaqued, negative samples
are reported as below the detection level. Neutralization against genotype A (JL)
virus (left) Neutralization against genotype G (lIA) virus (right). n=5; Multiple T

tests comparing 56 and 364 DPV was compared; * P<0.05.
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Figure 5.6: Neutralization titer in mice after a third dose of a genotype G-
based vaccine.

(A) Timeline of BALB/c study. BALB/c mice were intramuscularly immunized with
10° PFU of JL and then boosted with the same dose at 1 month post prime. At 3
months post-prime mice were boosted intramuscularly or intranasally with 106 PFU
of JL, rMuV(AVASH), or rJL(ASH, IA-F/HN). Mice were bled at 2.5 and 3.5 months
and then terminated at 6 months post prime. Serum was obtained for
neutralization. (B-D) Neutralization titers in mice post vaccination. Plaque
reduction assays were performed on serum collected from mice. The mean 50%
plaque reduction neutralization titer and SEM are reported (n=6). Bars represent
the average plaque reduction neutralization titer, and individual samples are
plotted as points within the bars to show SEM. The dotted line represents the LOD,
negative samples were plotted below the detection level. (B) Neutralization titers
after prime-boost of JL given intramuscularly (2.5 months after prime). (C)
Neutralization titers 3.5 months post prime, 2 weeks post IA-based immunization.
(D) Neutralization 6 months post prime, 3 months post genotype G-based
immunization. 1-way ANOVA with comparison to PBS; * P<0.05, ** P<0.01, ***

P<0.001.
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Neurotoxicity score

Figure 5.7: Neurotoxicity of vaccine candidates

The severity of hydrocephalus in rats inoculated with MuV (IA/06), rMuV(AVASH),
and rJL(ASH, IA-F/HN) was measured as described in the Materials and Methods.
Number of neonate rats per group: WT lowa; n=10, rMuV(AVASH); n=26, and
rdL(ASH, IA-F/HN); n=18. Mean score of neurotoxicity, and standard deviation
(SD) is listed for each virus. The dotted line represents the neurotoxicity score of

the JL vaccine that has been previously established.
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CHAPTER 6

CONCLUSIONS

Mumps is a human pathogen that causes acute parotitis and is neurotropic
with estimates of CNS infiltration in half of all clinical cases (1, 175, 268). Since the
introduction of the MuV vaccine in 1967 the incidence of mumps has decreased
by 99%. However, there has been a worldwide resurgence of mumps in the last
two decades. Goals to eliminate mumps from the United States have failed due to
increased cases (2). Several outbreaks have occurred in highly vaccinated
populations and act as a reminder that mumps remains a global healthcare
concern (2, 269). Even though mumps is an ancient disease, there are many gaps
in our knowledge of its viral replication, pathogenesis, and immunity. Since the
disease is rarely fatal, there have been few human autopsies which would provide
valuable insight into its pathology. Animal models provide limited knowledge as
humans are the only natural host of mumps (1). Additionally, the success of the
vaccine has resulted in minimal continued research of the virus. A better
understanding of mumps is required to develop therapeutics and better vaccines.
This works seeks to provide insight into MuV viral RNA synthesis and advance the

development of a next generation MuV vaccine.
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Specific Aim 1: The goal of this aim was to identify and characterize a host kinase
that effects the growth of MuV. Previous studies have shown that MuV P is highly
phosphorylated by host kinases, so a large-scale siRNA screen was used to
identify unknown host kinases that affect MuV genome replication and transcription
(16, 17, 151). RPS6KB1, was shown to have an effect on MuV growth. Inhibition
of this serine/threonine host kinase resulted in enhanced MuV growth. The
hypothesis was that RPS6KB1 negatively regulates MuV replication and
transcription through phosphorylation of MuV P. The results in chapter 3 validate
RPS6KB1’s role in negatively regulating MuV by using siRNA knockdown, an
inhibitor, and RPS6KB1 knockout cells. This study detected an interaction between
MuV P and RPS6KB1 suggesting that RPS6KB1 directly regulates MuV replication
and transcription. This is the first report to identify an interaction between MuV P
and RPS6KB1.

Specific Aim 2: The goal of this aim was to create an immunologically detectable
MuV L protein to determine L’'s phosphorylation status. The L protein is essential
for viral RNA synthesis, however the entirety of its function remains unclear (9, 11).
In this study, a flag tagged MuV L (L-H2(flag)) was generated and tested in a
minigenome assay. The insertion did not affect L function and it was rescued in a
full-length virus. The phosphorylation status of paramyxovirus L proteins is
debated, and MuV L has not been formally examined (140, 146-148). The
hypothesis for this aim was that MuV L is phosphorylated, and its phosphorylation
status plays a role in viral RNA synthesis. The results in chapter 4 validate the flag

tag as tool for detecting MuV L and use it to identify four putative phosphorylation
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sites in the protein. The L-S1087A/T1088A was found to have significantly reduced
minigenome activity indicating it is a critical site for MuV L, however additional in
vitro studies are required to validate this phenotype. The other sites identified,
T1090A and S1102A, should be examined for a potential role in regulated mumps
growth through phosphorylation. This is the first report to identify phosphorylation
sites within MuV L.
Specific Aim 3: The goal of this aim was to evaluate the immunogenicity of
genotype G-based vaccines. Vaccination with the attenuated Jeryl Lynn (JL)
vaccine has dramatically reduced MuV cases, however large outbreaks are
occurring in vaccinated populations (213, 218, 270). The vaccine strain was
generated from genotype A, while most circulating strains belong to genotype G
(2). The hypothesis for this aim is that a genotype G-based vaccine will protect
against MuV infection better than the current vaccine. The results in chapter 5
show that the genotype G-based vaccines provide a robust humoral response for
up to 1 year in mice. The study demonstrates that a third dose of a genotype G-
based vaccine following two doses of JL increases neutralizing titers towards
genotype G. In addition, it strengthens the notion that immunization with JL results
in lower neutralizing titers towards a genotype G virus (22, 25, 213). This work
proposes that a 3™ dose of a genotype G-based vaccine would be beneficial in
preventing future mumps outbreaks.

Developing antiviral therapeutics and adjusting the current vaccine strategy
are crucial to prevent future outbreaks. This body of work provides novel insights

into MuV replication and transcription using a clinically relevant strain (1A, 06) and
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advances the development of a next generation MuV vaccine. The discovery of
the interaction between MuV P and RPS6KB1 can be exploited for the
development of antivirals and the creation of the L-H2(flag) will aide in examining
MuV L function. The development of recombinant MuV vaccine candidates offer
an advantage over serial passaged attenuation because they offer higher
homogeneity between batches and can be continually generated from a cDNA
plasmid. The recombinant genotype G-based vaccines produced long-lasting
neutralizing antibodies towards genotype G, the most prevalent of the circulating
strains. This knowledge can aide in adjusting the current vaccine strategy. Taken
together, these studies provide insight into MuV RNA synthesis, virus-host

interactions, and aide in the development of a next generation MuV vaccine.
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