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ABSTRACT OF THE DISSERTATION

Elucidating Virus and Host Determinants of
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by

Arnold Park
Doctor of Philosophy in Microbiology, Immunology and Molecular Genetics
University of California, Los Angeles, 2014

Professor Benhur Lee, Chair

Nipah virus is a founding member of the newly described Henipavirus genus within the
Paramyxoviridae family. The henipaviruses first came to light via spillover from their fruit bat
reservoir, causing high mortality and instigating great concern. The cause of this high mortality,
unusual among the paramyxoviruses, is unknown. Here, we investigate the molecular
mechanisms underlying the functions of the Nipah virus matrix protein (NiV-M), which has the
central role in virus assembly and budding, yet remains poorly understood. First, we developed
new methods to modify the virus and the host to facilitate functional investigations. For the
virus, we established and improved a reverse genetics system for Nipah virus to allow efficient
rescue of replication-competent viruses from cDNA, which can be modified with mutations or
insertion of useful reporter genes. For the host, we used the CRISPR/Cas gene-editing
technology to knock-in a destabilization domain tag on all copies of an essential gene, thus

allowing inducible knockdown of the tagged protein upon removal of the stabilizing compound
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from cell culture. We then investigated NiV-M function with two complementary approaches:
mutagenesis of conserved residues and motifs in NiV-M, some of which mediated interactions
with host factors, and comprehensive identification of cellular factors and pathways interacting
with NiV-M. In doing so, we identified post-translational modifications, palmitoylation and
ubiquitination, that regulate NiV-M function, and specifically found that ubiquitination of a
conserved lysine within a nuclear localization sequence regulated nuclear-cytoplasmic
trafficking of NiV-M. The conserved interaction of NiV-M and other paramyxovirus matrix
proteins with nuclear import/export factors, vesicular trafficking pathways, and factors involved
in actin cytoskeletal dynamics confirmed the importance of intracellular trafficking pathways for
matrix function. Finally, we extended our study of matrix function beyond matrix itself by
describing the Nipah virus C protein-mediated recruitment of the cellular ESCRT complex,

which was required for efficient NiV-M-driven budding of Nipah virus.
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CHAPTER 1

INTRODUCTION



CHAPTER 1.1

THE HENIPAVIRUSES, EMERGENT AND
DEADLY PARAMYXOVIRUSES



INTRODUCTION
Henipaviruses were not discovered until 1994, when a novel virus, later called Hendra virus
(HeV), was identified as the etiological agent of fatal viral encephalitis in Hendra, Australia.
Another virus closely related to HeV, Nipah virus (NiV), emerged in Malaysia in 1998.
Subsequently, the genus Henipavirus was established within the family Paramyxoviridae as a
taxonomic home for both HeV and NiV. HeV and NiV are high-consequence pathogens that are
thought to be potential starting materials for biological weapons construction because they
cause diseases with high case fatality rates; have the potential for aerosol transmission; are
easily grown in cell culture to high titers; and have an unusually wide host range that
encompasses humans and livestock, such as pigs and horses. The recent discovery of new
henipaviruses of unknown virulence and spillover potential in bats'3 emphasizes the need to
deepen our understanding of this emergent group of viruses.

As disease agents posing a severe threat to both agricultural livestock and human health,
HeV and NiV are considered “overlap” Select Agents regulated by both the US Animal and Plant
Health Inspection Service (APHIS) and the US Centers for Disease Control and Prevention
(CDC). As is the case for most Select Agents, approved therapeutics for human henipavirus
infections currently do not exist. Promisingly, however, there have been rapid advances in
developing new therapies and in re-purposing existing US FDA-approved drugs for use in

henipavirus infection treatment.

HISTORY AND EMERGENCE OF HENIPAVIRUSES

Hendra Virus

Thoroughbred horse racing has long been one of the great pastimes of Australia. The public
imagination was struck in September 1994 when a prominent racehorse trainer, Vic Rail, 13 of
his horses, and another horse from a neighboring property died of a sudden illness in Hendra,

Australia. Rail’s stablehand also became ill, but recovered after an extended convalescence. The
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illness in both horses and patients was characterized by respiratory distress with neurological
signs, in horses culminating in blood-tinged, frothy nasal discharge.45

A major outbreak investigation ensued, resulting in the identification of a new “equine
morbillivirus” from infected horse and human samples. Experimental inoculation of this virus
into naive horses reproduced the disease.® Preliminary phylogenetic analysis resulted in the
placement of this new agent in the genus Morbillivirus (of which measles virus is the prototype
member) in the family Paramyxoviridae. As this “equine morbillivirus” had unique molecular
and pathogenic features that distinguished it from other morbilliviruses, the agent was renamed
Hendra virus (HeV) and finally reclassified in a novel paramyxoviral genus, Henipavirus.”

A year after the Hendra outbreak, a horse stud owner died of relapsed encephalitis and
was retrospectively diagnosed with HeV infection, originating from an encephalitic illness that
predated the Hendra outbreak by several weeks. This single infection, which had no known
epidemiological link to the Hendra outbreak, occurred 970 km north of Hendra, near Mackay.
As in the Hendra outbreak, transmission to the trainer involved horses, two of which died.®
Since the 2004 outbreaks, HeV infection has emerged only periodically and briefly, in 1999 and
2004, but then yearly from 2006, and then in a truly accelerated fashion from 2011, all in
Australia and ranging up and down the east coast (Figure 1-1).9 All disease outbreaks involved
horses with a case fatality in horses of 84%, and of the seven human cases, including the 1994
outbreaks, four died. Considering that retrospective inspection of laboratory records and
historical samples did not reveal signs of pre-1994 spillover of HeV to horses,”* HeV infection
truly appears to have emerged from its natural reservoir in or around 1994. The lack of an
epidemiological link between the outbreaks' suggested potential spillover from another animal
reservoir to the horses. However, extensive sampling of domestic animals and wildlife initially
revealed no sign of HeV.1"4 A more targeted investigation based on outbreak characteristics
(host should be present in both outbreak locales, be able to move or interchange between the

locales, and plausibly have contact with horses) revealed that fruit bats of genus Pteropus
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(Figure 1-2), otherwise known as “flying foxes”, had anti-HeV antibodies'> and sometimes were
infected with HeV itself.¢

Nipah Virus

The emergence of NiV has several parallels to that of HeV, but with much more dramatic
consequence. NiV is named after Sungai Nipah, Malaysia, the home village of the patient from
whom NiV was first isolated. NiV, like HeV, emerged from pteropid fruit bats, but in this case
spilled over to domesticated pigs (Sus scrofa), which served as highly effective amplifying hosts.
The first recorded potential NiV spillover occurred in 1997, with unusual pig deaths at pig farms
near Ipoh, Malaysia that were attributed at the time to classical swine fever. However,
retrospective analysis of serum samples from several patients presenting with encephalitis in
1997 detected anti-NiV antibodies.'” Beginning in September 1998, also near Ipoh, pigs and pig
farmers became ill in a major outbreak of febrile encephalitis with respiratory symptoms. The
mosquito-borne Japanese encephalitis virus (JEV), endemic to Southeast Asia, was immediately
suspected, especially since domestic pigs are known to serve as an amplifying host for JEV,'® and
also because 4 of 28 initial human cases tested positive for anti-JEV antibodies.”” Despite
extensive anti-JEV measures, however, including mosquito control and a JEV vaccination
campaign,' the outbreak continued unabated, spreading into neighboring districts and afflicting
increasing numbers of pigs and humans. Worse, the outbreak spread to Singapore via exported
infected pigs.2° Furthermore, the outbreak included widespread disease mainly afflicting
adults,?* whereas Japanese encephalitis is asymptomatic in the vast majority of cases and is
more likely to cause disease in children.® Also, cerebrospinal fluid from an infected patient gave
rise to syncytia (multinucleated cells formed by cell-cell fusion) in Vero cell culture, indicative of
a pH-independent fusion mechanism of the infectious agent.22 Such formation is
uncharacteristic of JEV, which has a pH-dependent fusion mechanism. Finally, the US Centers
for Disease Control and Prevention determined by cross-reactive immunofluorescence, serology,

and sequence analysis that the novel agent was closely related to HeV.23
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At the end of the 1998-1999 outbreak, at least 294 human infections resulting in clinical
encephalitis had been recorded in Malaysia and Singapore, of which 106 were fatal.”72° The
inclusion of milder non-encephalitic cases (as determined by exposure to infected pigs and
seroconversion, and a number of which later developed late onset encephalitis) would increase
the total number of cases to more than 360.2425 Over a million pigs were culled in an effort to
contain the outbreak, resulting in severe economic damage and widespread changes to the pig
farming industry.267 Subsequent outbreaks of NiV infection have occurred in Bangladesh and
adjacent areas of India on an almost yearly basis (Figure 1-1). In contrast to the Malaysian
outbreak, these subsequent spillovers from pteropid bats have mainly occurred without the
involvement of a domestic animal intermediate, and generally have had higher case fatality
rates, ranging from 40 to 100%.28 These differences may be the result of differences among
disparate NiV strains, the standard of care in Bangladesh/India versus Malaysia, or
sociocultural factors unique to Bangladesh/India.>9:3° For example, a major route of spillover
during the Bangladesh outbreaks is the consumption of fresh date palm sap, a seasonal delicacy
that can become contaminated with fruit bat saliva or excreta during collection (Figure 1-3).3
Newly Identified Henipaviruses
After nearly two decades of intensive investigation of HeV and NiV, evidence of novel
henipaviruses in bats of diverse species beyond the Pteropus genus have been cause for
increased public health concern.233233 These new findings extended the potential geographic
distribution of henipaviruses from Southeast Asia/Australia to Africa and Central/South
America (Figure 1-1). At least one novel henipavirus could be isolated in culture, but was found
to be non-pathogenic in small animal models.3> The discovery of a potential henipavirus
spillover to humans in Cameroon, however, emphasizes the need to both increase vigilance and
deepen our understanding of this latent pool of henipaviruses.? Human sera from Cameroon
capable of neutralizing NiV were significantly associated with bat butchering in areas of

intensive deforestation.3 This association highlights the role of environmental changes and
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specific human behaviors in determining the risk of zoonotic transmission. Although the
pathogenicity and virulence of newly discovered henipaviruses remain to be determined, the
repeated misdiagnosis of NiV as Japanese encephalitis in Southeast Asia remains a cautionary
tale. Henipavirus-derived illness may often be ascribed to other encephalitic diseases known to

occur in the affected area.

EPIZOOTIOLOGY AND EPIDEMIOLOGY OF HENIPAVIRUSES

Pteropid (fruit) bats appear to be the major reservoir host for HeV and NiV, as no appreciable
signs of HeV and NiV infections have been found in other wildlife or domestic animals.!34 Anti-
HeV or anti-NiV antibodies are highly prevalent in pteropid bat populations throughout
Southeast Asia and Australias+35; HeV and NiV have been isolated from Pteropus fruit bats
throughout their geographic ranges4; and all known outbreaks of HeV and NiV infection are
linked to exposure of domestic animals or humans to fruit bats or their excretions.3° Further,
experimental infection of Pteropus bats belonging to different species with HeV or NiV did not
result in clinical signs of infection, despite inconsistent signs of seroconversion, viral replication
in tissues, and virion excretion in urine.36-39 These data support the hypothesis that HeV and
NiV are not pathogenic in their natural hosts, and may persist subclinically in Pteropus bat
populations.

Despite their apparent long co-evolutionary history with bats and likely endemic
nature,34 HeV and NiV emerged to cause human disease suddenly and nearly simultaneously,
likely signaling common factors driving their emergence. A retrospective study of environmental
factors and man-driven changes in Malaysia identified slash-and-burn agriculture with
concomitant loss of forest habitat, a resulting impenetrable smoke haze that led to crop failures,
and severe drought as precipitating factors.4° Fruit bats were driven to populate cultivated fruit
orchards, which were often located adjacent to pig farms, thus providing a means of

transmission. In one plausible scenario, half-eaten fruits contaminated with NiV-infected bat
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saliva are dropped into a pig farm and then eaten by the pigs. Indeed, such half-eaten fruits were
found in pig farms near the epicenter of the 1998-1999 NiV encephalitis outbreak.4° Similar
environmental and man-made pressures facing fruit bat populations across Southeast Asia and
Australia are likely behind the persistent upsurge in HeV and NiV spillovers in recent years.
Hendra Virus

All seven known human cases of HeV infection resulted from intimate contact with sick horses.
HeV is highly virulent in horses, and infection often culminates in copious production of
infectious respiratory secretions.3> Human infections were traced back to efforts to save these
horses without the use of personal protective equipment (PPE). A horse trainer, for example,
attempted to force-feed a sick mare with abrased bare hands.5 However, such cases of horse-to-
human transmission remain the exception. Many other people who were also highly exposed to
contaminated horse bodily fluids, even to fluids from horses that were implicated in HeV
transmission to other humans, did not develop signs of HeV infection.3° With increased public
awareness of the risk of HeV transmission and the corresponding increase in proper use of PPE,
the risk of spillover to humans has been mitigated.4 The introduction of a HeV vaccine for horses
in 2012, Equivac HeV®, will hopefully further minimize human transmission risk.

It remains to be elucidated how horses become infected in the first place. Equine cases of
infection may result from horses grazing on pastures contaminated with bat excreta or remains
of half-eaten fruit."-34 Infected horses inefficiently transmit the virus, even to other horses, but
some horse-to-horse transmission may occur through licking of infectious nasal discharge."
Respiratory transmission of HeV has never been demonstrated experimentally or during natural
infection.34 The inefficiency of HeV transmission is buttressed by findings that despite a
continuous low prevalence of HeV in Pteropus bats in Queensland and New South Wales,+
people having extensive contact with Pteropus bats in these areas, with bat bites and exposures

to bat blood in many cases, had no sign of HeV exposure.4> Direct comparisons of NiV and HeV



infection in golden hamster and mouse animal models suggest that HeV may be less efficient in
infecting through the intranasal route.43-44

Nipah Virus

Malaysia outbreak, 1998-1999. During the large Malaysia outbreak, pigs served as a highly
efficient amplifying reservoir, contracting infection and transmitting NiV so efficiently that the
infection rate among pigs at affected farms approached 100%.27 The risk to humans posed by
this spread was exacerbated by the mild illness NiV caused in the pigs, with a lethality of less
than 1-5% and often presenting asymptomatically.?” Unsuspecting farmers thus moved
asymptomatic pigs to other farms and slaughterhouses, quickly spreading the virus. A subset of
infected pigs developed febrile illness, respiratory signs such as labored breathing and harsh
non-productive cough, and often neurological signs such as myocloni and uncoordinated gait.2”
Nearly all human cases during the Malaysia NiV encephalitis outbreak can be attributed to
direct contact with or close proximity to infected pigs, and most cases were pig farmers.304546
One person who denied any recent proximity to pig farms in fact worked repairing pig cages,
suggesting that the virion-containing secretions remained infectious on surfaces for extended
periods of time.#7 A few human infections may have resulted from secondary transmission
through dogs, which were commonly infected during the outbreak.'>4%48 Evidence of human-to-
human transmission is very limited. A large cohort study of 393 health-care workers intimately
involved in caring for NiV-infected patients identified only three nurses who seroconverted and
had potential illness, despite many reported high risk exposures.4# Risk may have been
minimized by precautions taken by the healthcare workers, because patients clearly shed
infectious NiV in respiratory secretions and urine, especially during the early phase of illness.5°
Human-to-human transmission possibly may have played a role in the NiV outbreak, although
the epidemiological record does not provide such evidence. Finally, retrospective investigations
appear to show that NiV was causing disease in pigs as early as 1996, but that the mild

symptoms and rough similarity to other diseases (e.g., classical swine fever) did not raise
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suspicion of anything unusual.’»5' The advent of increasingly inexpensive, high-throughput
sequencing may make disease surveillance and agent identification more likely to catch
emerging pathogens such as NiV in the future.
Bangladesh and India, 2001-present. In comparison to the Malaysia NiV encephalitis outbreak,
subsequent outbreaks in Bangladesh and India are of greater concern because of evidence of
clear chains of human-to-human transmission.3° As in Malaysia, infected patients shed NiV in
their bodily fluids including saliva,5>53 and the intimate care for sick family members, involving
physical contact, sharing utensils and food, and sleeping in the same bed to provide them
comfort, greatly increased the risk of transmission.54 The longest documented transmission
chain involved five generations, with the third generation involving a religious leader who
infected 22 family members and followers.5455 A major 2001 outbreak in Siliguri, India was also
characterized by hospital-associated transmission: one admitted patient became the source of
over 40 subsequent infections within a hospital and nursing homes. As with the outbreak in
Malaysia, Japanese encephalitis was initially suspected, and the causative agent was not
identified as NiV until samples were retrospectively analyzed several years later.5°

The outbreaks in Bangladesh and India are also notable for the apparent lack of a
domestic animal intermediate between the Pteropus bat reservoir and humans. Although a few
incidents appear to involve domestic animals such as cows, pigs, or goats,57-59 the major route of
spillover has been the consumption of contaminated fresh date palm sap.3! Date palm trees are
tapped for their sweet sap in the winter, and bats often lick the sap stream. Defecation and
urination into or near the collection pots, or even drowned dead bats, have been observed.360
Fortunately, the use of a simple bamboo skirt to cover and protect the sap stream, a method
local to northwest Bangladesh that has not been consistently or widely used, appears to be
highly effective in preventing contamination (Figure 1-3).* More widespread use of this and
other interventions to minimize risk would help the affected regions of the Indian subcontinent

break out of its cycle of yearly NiV encephalitis outbreaks.
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CLINICAL PRESENTATION OF HENIPAVIRUS INFECTIONS
The incubation period of HeV or NiV infection and illness typically ranges from a few days to
fourteen days.®2 Although information on HeV infection is limited due to the few human cases,
the clinical signs and pathology of HeV and NiV infections are similar.3 The hallmarks of
henipavirus pathogenesis are extensive vasculopathy, respiratory distress, and encephalitic
disease with corresponding neurological symptoms. Respiratory and encephalitic symptoms
may appear to varying degrees: during the first Malaysia NiV disease outbreak, clinical signs
were mainly encephalitic in nature with minor pulmonary involvement, whereas in subsequent
outbreaks in Bangladesh, encephalitis was more commonly joined by severe respiratory
distress.2959 Whether these differences are due to genetic differences among viral variants, the
route of transmission, or other factors is an active area of investigation.
Clinical Signs and Symptoms
Neurological signs and symptoms may include fever, headache, confusion, myocloni, seizures,
meningism, and motor deficits including areflexia and hypotonia.529-4556:64.65 Brain stem
involvement, a poor prognostic factor, may be evidenced by a reduced level of consciousness,
vomiting, abnormal pupillary and doll's eye reflex, hypertension, and tachycardia.4>
Cerebrospinal fluid is characterized by elevated white cell counts and/or protein concentration
in a substantial proportion of cases.456

A minority of survivors (less than 10%) of HeV and NiV infection may experience
relapsing encephalitis after apparent recovery or even initial asymptomatic or apparently non-
encephalitic infection. Relapse may occur soon after apparent recovery or long after, with an
average of eight months and up to 11 years documented.®> Even without relapsing or progressive
disease, a substantial proportion of survivors may experience long-term neurological
deficits.67:68

Although the Malaysia outbreak of NiV disease was mainly characterized by encephalitic

signs, a substantial proportion of patients still developed pulmonary signs such as cough and
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abnormal chest radiographs.2°45%9 More severe pulmonary symptoms, as seen in subsequent
NiV disease outbreaks and also some cases of HeV infection (e.g., a horse trainer who developed
progressive respiratory failures), may also include atypical pneumonia, difficulty breathing, and
acute respiratory distress syndrome.29:62

Pathology

Infection of microvascular endothelial cells leads to systemic vasculitis, thrombosis and
resultant microinfarction, especially in major organs such as kidneys, heart, lungs, and
brain.6>70 Focal perivascular necrosis or hemorrhage is seen in highly vascular organs such as
the spleen.” Occasional syncytia (giant multinucleated cell) formation can been seen in the
endothelium (Figure 1-4) and among parenchymal cells of major organs. In the brain, discrete
plaque-like lesions with varying degrees of necrosis, edema, and inflammation likely correspond
to the small hyperintense lesions in both grey and white matter seen by MR (Figure 1-4).92 The
dual pathology of vasculitis with associated microinfarction and direct infection of parenchyma
of major organs is a distinguishing feature of henipavirus pathogenesis.®? Tissue damage in the
central nervous system from both microinfarction and direct infection of neuronal cells
distinguishes henipavirus infections from other viral encephalitic diseases.”>? Relapse
encephalitis appears to result from recrudescent infection, with extensive parenchymal necrosis,
edema and inflammation corresponding to confluent lesions seen in MR scans (as opposed to
the more discrete foci usually seen during acute encephalitis during early illness). Pathology
associated with relapsing encephalitis is only found in the central nervous system, and no sign of

vasculopathy is present, even in the brain.2573

MOLECULAR BIOLOGY OF HENIPAVIRUSES

Virus structure
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Henipaviruses are negative-sense RNA viruses that produce enveloped virions. Henipaviruses
are currently classified as members of the genus Henipavirus, family Paramyxoviridae,
subfamily Paramyxovirinae, order Mononegavirales.

Virus structure. Like other paramyxoviruses, Hendra and Nipah virions have pleomorphic
shapes, usually more spherical although sometimes filamentous as well (Figure 1-5), and range
in size from under 200 nm to well over 1,000 nm in diameter.7475 The virions contain helical
ribonucleocapsids with the herringbone appearance characteristic of, and unique to, the
paramyxoviruses (Figure 1-5). A unique feature of Hendra virions is the frequent presence of a
double fringe surrounding the particle,’> which may be due to differing lengths or conformations
of the envelope proteins; in contrast, Nipah virions predominantly display a single fringe.

Virus genome. Like all mononegaviruses, henipaviruses have a linear, monopartite, single-
stranded RNA genome of negative polarity. The overall structure of henipavirus genomes is
similar to those of other paramyxoviruses, with 3’ leader and 5’ trailer sequences at the termini
of the genomes that act as virus-specific promoters, 5° and 3’ untranslated regions (UTRs)
flanking each gene, and a conserved intergenic signal between each gene.”® With a few recently
described exceptions, henipaviruses have the longest known paramyxoviral genomes (=18 kb).
The especially long 3° UTRs are unique features of henipavirus genomes and account for much
of the extra length compared to other paramyxoviruses (=15 kb).”” The functional relevance of
these long UTRs remains to be determined.

Viral proteins. Henipavirus genomes contain six genes, which encode a nucleocapsid protein
(N), phosphoprotein (P), matrix protein (M), fusion protein (F), attachment glycoprotein (G),
and large RNA-dependent RNA polymerase (L). N encapsulates the genome, thereby forming
the ribonucleoprotein complex. Like the genomes of other paramyxoviruses, henipavirus
genomes have nucleotide lengths that are evenly divisible by six, a feature likely due to the
periodicity of N protein encapsidation of the genome. P and L together form the polymerase

complex, which replicates the viral genome and transcribes viral mRNAs.
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M is responsible for assembly and budding of virions and underlies the viral envelope. M
transits through the nucleus as well, although the ultimate significance of this transit for
henipavirus replication and pathogenesis remains unclear. G binds to the cellular receptor(s),
and F catalyzes the membrane-membrane fusion responsible for viral entry. G and F can also
catalyze cell-cell fusion, leading to syncytia (giant multinucleated cells) formation, which is a
hallmark of henipavirus infection (Figure 1-5). The henipavirus attachment protein is unique
among paramyxoviruses in that it does not possess any hemagglutinin activity (although it
should be noted that morbilliviruses such as measles virus will only agglutinate red blood cells
from certain primate species).”® The tissue tropism of HeV and NiV is determined by entry
receptor use. The receptor tyrosine kinase ephrin-B2 serves as an entry receptor for all known
henipaviruses,3>79-80 but at least HeV and NiV can also use the related ephrin-B3 as an
alternative receptor.8-82 As cellular factors that are critical during embryogenesis, ephrin-B2 and
-B3 are highly evolutionarily conserved. This high level of conservation contributes to the
unusually wide potential host range of HeV and NiV, which have been shown to infect mammals
spanning six orders.83 Ephrin-B2 and -B3 from a wide range of mammals allow viral entry,8
chicken embryos are susceptible to NiV infection,®5 and even zebrafish ephrin-B2 can serve as
an entry receptor.”” The tropism of the henipaviruses is also not restricted by the cellular
protease required for F protein cleavage, a maturation step required to render it fusion-
competent. Unlike some paramyxoviral F proteins that require a protease of limited tissue
distribution, the henipavirus F protein uses the ubiquitously expressed endosomal protease

cathepsin L,8087 thereby further extending tissue and possibly host tropism.

PATHOGENESIS
The pathogenesis of henipavirus encephalitis has been examined predominantly using animal
models. The oronasal route of infection is used most often during such experiments as it reflects

at least one type of natural transmission and might also simulate exposure during a biological
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attack.8® Similar to results obtained in vitro, in vivo tropism is predominantly determined by the
absence or presence of henipavirus receptors on potential target cells.

Ephrin-B2 is highly expressed on the endothelial and smooth muscle cells that line
arterial vessels, lungs, and brain. The human airway epithelium expresses both ephrin-B2 and -
B3,89 and upon infection, the virus likely crosses the epithelium via limited basolateral virion
release, while disruption of the epithelium via cell-cell fusion may also facilitate systemic entry.
In many animal models of Nipah encephalitis, the alveolar epithelium tests immunopositive for
NiV antigens, and the alveolar wall frequently undergoes fibrinoid necrosis.’° Interestingly, in
pigs, an increased number of alveolar macrophages is a consistent histological feature. In
human lung tissue, viral antigen is found in multinucleated giant cells located in the alveolar
space.”* Multinucleated giant cell formation is a product not only of alveolar macrophage fusion,
which is generally a prominent feature of chronic inflammatory conditions, but also of NiV-
induced syncytia formation. Transmigration of infected alveolar macrophages may serve as a
“Trojan horse” for the virus to gain systemic access via the microvasculature. Cell-free and cell-
associated viremia then result in systemic infection.9!

Ephrin-B3 expression is mostly restricted to the central nervous system (e.g.,
brainstem), which correlates with the observation of antemortal brainstem dysfunction noted
during henipavirus encephalitis.4>8 Henipaviruses likely gain access to the brain via basolateral
release from brain microvascular endothelial cells, disruption of the blood-brain barrier as a
result of cell-cell fusion and vasculitis, and transmigration of “Trojan horse” inflammatory
macrophages. It is also possibly that henipaviruses access the central nervous system more
directly via infection of the olfactory epithelium and resultant spread along the olfactory
neurons.9293

There are clear differences between HeV and NiV infections in regard to the localization
of initial infection in animal models despite their use of the same entry receptors,4344 which has

yet to be understood. The mechanism of foodborne NiV transmission also is unclear since
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digestive tract epithelium does not express ephrin-B2 or -B3.7° Virus infection most likely occurs
via accessible and susceptible cells in the oropharyngeal mucosa, such as those of tonsilar
tissues and salivary glands.

The henipaviruses partly owe their virulence to effective antagonism of host immune
responses. Interferons (messengers of innate immunity that trigger extensive anti-viral
responses) bind extracellularly to interferon receptors, which usually triggers an intracellular
signal cascade that includes the critical immune signaling factor signal transducer and activator
of transcription 1 (STAT1). Like other paramyxoviruses, HeV and NiV encode several
nonstructural proteins from their P gene, the C, V, and W proteins, which antagonize innate
immune signaling. The P, V, and W proteins have identical N-termini that bind and inhibit
STAT1, partly by sequestering STAT1 and thus inhibiting transcription of interferon-inducible
genes.?497 The P gene products also antagonize signaling from other intracellular sensors of
infection, such as TLR3 and Mda-5,98-1°© which sense double-stranded RNA (an intermediate of
viral replication) in endosomes and the cytoplasm, respectively.

In contrast to the host species-specific inhibition of interferon signaling induced by some
paramyxoviruses,’°® NiV can inhibit interferon signaling in cells from a number of tested
mammals,©2 consistent with the ability to cause disease in a wide range of hosts. The high
virulence of henipaviruses in the “wrong” host may therefore be a function of their broad tissue
tropism in vivo, their ability to gain systemic access, and their inhibitory effect on immune

responses.

HENIPAVIRUSES AND BIOLOGICAL WEAPONS
HeV and NiV are classified as CDC Category C Bioterrorism agents due to their (1) availability,
(2) ease of production and dissemination, and (3) potential for high morbidity and lethality.

Availability
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HeV and NiV are readily available from tissues or fluids from patients during frequent, recurring
disease outbreaks as well as by isolation from their natural bat reservoirs. Further, reverse
genetics systems are available in biosafety level 4 laboratories for the rescue of henipaviruses
directly from plasmids.°3194 De novo access to, and modification of, henipaviruses can therefore
be accomplished by a determined hostile group with access to resources and the relevant
technical expertise.

Ease of Production and Dissemination

Henipaviruses can be grown to very high titers, up to 108 TCID;,/ml or PFU/ml,°5 in a wide
range of cell lines.°® Although henipaviruses are highly sensitive to temperature variation and
dessication, henipaviruses can persist for days under certain conditions.’*8 It is possible,
therefore, that under optimal conditions henipaviruses could be maintained at high titer for
extended periods of time. Henipaviruses infect a wide range of hosts, including domestic
animals such as dogs and livestock that could serve as amplifying vessels to further spread
infection. Although NiV and HeV clearly have the potential to infect through aerosol, this has
not been conclusively shown, either experimentally or from the natural history8818; limited
epidemiological evidence suggests, however, that some human cases of NiV infection in
Bangladesh may have resulted from exposure to coughing.551°9 Also restricting the biological
weapons potential of henipaviruses is the lack of sustained human-to-human transmission: the
longest documented chain of transmission was five generations.5+55 A naturally occurring or
intentionally mutated strain with higher transmission efficiency would be required to sustain an
epidemic; an expanding pandemic, however, might not be a required or desired goal of a
bioterror attack.

Potential for High Morbidity and Lethality

HeV and NiV cause disease with very high case fatality rates, ranging from 40-100% in recent
outbreaks.28 Survivors of disease or asymptomatically infected people may present years later

with relapsing or late onset encephalitis, indicating occasional persistence of viral infection.62
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DIAGNOSIS
In a bioweapons attack or other mass casualty scenario, rapid diagnostic methods must be
employed to identify the causative agent(s), and these methods may be differentiated by
whether or not the specific agent must be suspected prior to testing, and how quickly the results
can be obtained. Under normal circumstances, henipavirus etiology would not be suspected
without exposure to risk factors (contact with bats, ill persons or domestic animals, or
consumption of raw date palm sap) in the currently affected areas of Southeast Asia and
Australia. Henipavirus etiology might also be considered throughout the known geographic
range of bats known to harbor henipaviruses (Figure 1-1) if the responsible agent is unknown,
with the initial misdiagnosis of NiV as Japanese encephalitis virus remaining a cautionary tale.
These factors do not apply in a bioweapons or bioterrorism event, however. The clinical
presentation of henipaviruses with encephalitic and/or respiratory symptoms cannot be readily
distinguished from other viral and nonviral causes of encephalitis, and diagnosis would require
epidemiological and laboratory investigation. Given the broad host range of henipaviruses, the
involvement of sick domestic or local animals might suggest potential henipavirus etiology.
Detailed, recent reviews of henipavirus diagnosis may be found elsewhereos110.111; the
available methods are discussed below.
RT-PCR. If henipaviruses are suspected, henipavirus-specific polymerase chain reaction (PCR)
or real-time PCR should be performed on RNA extracted from patient samples. Prospective
samples include serum, whole blood (detectable viremia may be cell-associated?!), urine,
nasopharyngeal aspirates, throat swabs, cerebrospinal fluid, or tissue samples from highly
affected tissues such as brain, lung, kidney, or spleen.
Detection of Henipavirus Antigens. Characterized anti-henipavirus antibodies can be used
to detect viral antigens in formalin-fixed tissues. Similarly, immunofluorescence with anti-

henipavirus antibodies can be performed on infected cell cultures.
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Detection of Anti-henipavirus Immune Responses. A number of methods exist for
detection of anti-henipavirus antibodies in sera of infected patients. Specific IgM responses
develop in virtually all patients by the third day postexposure, and the slower IgG response
encompasses virtually all patients by after two weeks of infection.2912 Detection of serum
antibodies is very useful for diagnostics as antibodies are more stable than viral RNA over time
and under different conditions. Furthermore, viremia can be difficult to detect when patients are
symptomatic. Serum neutralization of replicating virus is considered the gold standard
serological test, although this test requires BSL-4 containment.'°5 Surrogate neutralization tests,
which can be performed at BSL-2 conditions, offer a combination of high sensitivity and high
specificity. Such tests include the use of vesicular stomatitis Indiana virus pseudotyped with the
henipavirus envelope proteins''3-'5 or a Luminex platform-based assay assessing the ability of
sera to inhibit the binding of the henipavirus receptor to microbeads coated with henipavirus
attachment protein.”® Enzyme-linked immunosorbent assay (ELISA) variations on this test
using infected cell lysate or recombinant henipavirus proteins have been commonly used as a
frontline assay due to simplicity and affordability, but typically have a relatively high false
positive rate.1°5

Virus Isolation. Viral etiology may be suspected if cells incubated with filtered patient
samples develop cytopathic effects. Henipaviruses grow efficiently in a wide range of cell lines,
including Vero E6 cells."” Syncytia formation in cell culture would implicate enveloped viruses
with a pH-independent fusion mechanism, which include the henipaviruses (Figure 1-5).
Electron microscopy on viral preparations and infected cells could implicate a henipavirus as the
potential agent. As new or modified henipaviruses may have different characteristics, however,
any final diagnosis requires multiple routes of confirmation. In contrast to sequencing, virus
isolation is a days-long process (2—5 days usually pass until cytopathic effects become visible),
and two rounds of 5 days each are recommended before virus recovery is judged

unsuccessful.’°510 Furthermore, for an outbreak suspected to be caused by a highly virulent
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agent, virus isolation attempt should be performed under high-level biosafety containment.
Nevertheless, isolation and characterization of the agent remains the most conclusive
demonstration of etiology.

Next-generation Sequencing. Next-generation sequencing (NGS) is slowly becoming more
widely available and will enable the identification of known and unknown henipaviruses. As the
cost and speed of NGS continue to decrease, a rapid and routine measure using NGS in a
suspected outbreak is increasingly possible following RNA extraction and RT-PCR.°5 Since
henipaviruses only rarely infect humans, detection of henipavirus sequences would not normally
be expected, and an appreciable presence of henipavirus sequence in multiple samples would
suggest potential henipavirus etiology. Henipavirus-specific NGS is already becoming routinely
used during post-outbreak investigations to determine the characteristics of new henipavirus

isolates.105.118

MEDICAL MANAGEMENT

Licensed therapeutics for treatment of henipavirus infection in humans are not available. Thus,
medical management of henipavirus infections is supportive. Mechanical ventilation is required
if the patient becomes comatose or develops acute respiratory distress syndrome. Appropriate
measures should be taken as for any potentially highly contagious pathogen, including
quarantine and use of PPE and engineering controls such as negative air flow, if available;
careful handling of clinical specimens; and rapid epidemiological investigation (with particular
attention paid to potential spread via domestic animals) and identification of high-risk contacts.
Despite the lack of specifically recommended therapeutics, a number of potential treatments
with varying levels of supporting evidence should be considered in the event of a bioweapons or
mass casualty event. Some of the proposed therapeutic interventions discussed below may also
be appropriate in the case of accidental exposure or as prophylaxis for frontline responders to a

potential outbreak.
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Passive Immunotherapy

Active vaccination is highly effective in animal models®s and was the basis for the recently
approved Equivac HeV® vaccine for horses. This vaccine contains a soluble version of the HeV
attachment envelope protein, which stimulates the production of neutralizing anti-HeV
antibodies and thus provides protection against HeV infection.9 However, an active
vaccination approach for henipaviruses is unlikely to be a practical strategy on a population-
wide basis in humans for a number of reasons. Compared to veterinary vaccines, human
vaccines have higher regulatory hurdles. In addition, such vaccines would be truly useful only
for a few people. Few cases have occurred during natural outbreaks, and the likelihood that
populations outside of affected locations will be exposed to a pathogenic henipavirus is low.
However, the risk-benefit calculations may be different for frontline responders to suspected
outbreaks.

Passive immunotherapy may be highly efficacious as postexposure treatment. In recent
postexposure prophylaxis studies, ferrets and grivets received 1—2 doses of a human monoclonal
antibody with neutralizing activity against HeV and NiV attachment proteins 10—72 hours after
virus challenge, which completely protected the animals from disease.2°12 The antibody has
been offered to individuals with high risk of HeV exposure and will be evaluated for safety in a
human clinical trial in Australia.’?2 Although further development of this strategy may not be
economically viable if left to the market, such monoclonal antibodies warrant serious
consideration as a stockpiled resource that can be used in a limited outbreak or bioweapons
attack.

Ribavirin
Ribavirin, a guanosine analog first synthesized in 1970, has long been known to have broad-
spectrum activity against many RNA and DNA viruses. Today, ribavirin is mainly used against

human respiratory syncytial virus and to treat persistent hepatitis C virus infections.123.124
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Ribavirin has several potential antiviral properties, which may differ in importance for different
viruses.!25

Because of its broad-spectrum effect, ribavirin was used in an off-label, non-randomized,
unblinded trial during the first Malaysia outbreak of NiV encephalitis, despite the known
adverse effects (primarily hemolytic anemia at high dose).’2¢ The lethality in the treated group
was reduced by 40%, without affecting the rate of anemia. Follow-up studies revealed that
ribavirin inhibits HeV and NiV replication in vitro.127-13° Results from in vivo studies examining
the efficacy of ribavirin in the hamster'>7128 and grivet'3' animal models consistently found that
ribavirin extends time to death. These animal models may represent particularly susceptible
models for HeV and NiV pathogenesis because of the reproducibility of human disease.®® One
concern has been that ribavirin only inefficiently crosses the blood brain barrier, which is
particularly consequential for an encephalitic disease. Modifications to the drug administration
method, however, have the potential to overcome this hurdle.32-135

Current treatment of chronic hepatitis C involves the combination of type I interferon
(discussed further in the next section) and ribavirin, which act synergistically.3¢ Ribavirin may
therefore be evaluated in combination with other promising therapeutics in the case of
henipavirus infection.
Innate Immune Therapy
Henipavirus inhibition of cellular production of interferon and of cellular responses to
exogenous interferon is incomplete.’37138 Therefore, a clear opportunity is available to inhibit
HeV and NiV pathogenesis by augmenting the innate immune response in vivo. The
investigational double-stranded RNA compound poly(I)-poly(C.-U), which stimulates type I
interferon production, is highly effective against NiV in the hamster model when administered
immediately after challenge.’?® However, follow-up studies need to address the postexposure

therapeutic window. Further, despite undergoing Phase III clinical trials for treatment of
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chronic fatigue syndrome, poly(I)-poly(C,.U) (Rintatolimod, by Hemispherx Biopharma) has
not been FDA-approved.

Recombinant and modified type I interferons (e.g., PEGylated interferon-«), on the other
hand, have been FDA-approved for multiple uses, including the treatment of chronic hepatitis B
and C. Exogenous interferon inhibits henipavirus replication in vitro's® and would be a more
direct approach to treat henipavirus infections than stimulating interferon production with
compounds like poly(I)-poly(C.-U). However, these compounds have yet to be evaluated against
henipaviruses in vivo.

“Off-the-shelf” Therapies Evaluated In Vitro

Numerous potential therapies for the treatment of henipavirus infections are in varying stages of
development (reviewed elsewhere).139140 Here, promising therapies that are already available for
off-label use against henipaviruses, yet have not been evaluated for efficacy in vivo, are briefly
described.

As NiV M protein requires ubiquitinylation as part of its intracellular trafficking
pathway, proteasome inhibitors, which deplete the intracellular pool of free ubiquitin, are potent
inhibitors of NiV replication in vitro.'4* Next-generation proteasome inhibitors with improved
pharmacokinetics, such as the FDA-approved carfilzomib or orally bioavailable analogs such as
oprozomib (currently in Phase I/II oncology trials), have even greater efficacies against
henipaviruses in vitro (Benhur Lee, personal observation, 2014). If these effects on
henipaviruses can be translated into in vivo potency, the possibility of using potential FDA-
approved proteasome inhibitors for off-label use will be a significant and realistic option for
exposed or infected frontline responders.

A number of clinically available drugs were found to inhibit henipavirus replication in
vitro in the low micromolar range, including the alpha blocker phenoxybenzamine as well as the

beta blocker propranolol, the antifungal clotrimazole, and the estrogen receptor antagonist
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tamoxifen.4> However, it is unclear if any of these therapies can achieve viral inhibitory

concentrations in vivo.

SUMMARY

The recent emergence, high virulence, and pandemic potential of HeV and NiV have fueled
public concern, even leading to repeated public calls in Australia for culling of their reservoir
hosts, the flying foxes. The world-wide discovery of numerous henipaviruses of unknown
pathogenicity, including evidence of a potential spillover event to humans in Africa, further
emphasizes the need for continued investigations into all aspects of henipavirus ecology,
molecular biology, and pathogenesis. Although HeV and NiV do not appear efficiently
transmissible at this time, vigilance for variants (or other henipaviruses) with enhanced
transmissibility should be maintained. Significant progress in the development and
identification of effective therapeutics for henipaviruses will alleviate the risks involved in

managing future outbreaks.
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Figure 1-1. Distribution of henipaviruses and disease outbreaks. The bats that harbor
henipaviruses, including Hendra virus and Nipah virus, have widespread distribution. However,
outbreaks of HeV and NiV disease have been limited to Australia and Malaysia/Bangladesh,
respectively.

Sources: (1) Eaton BT, Broder CC, Middleton D, Wang LF. Hendra and Nipah viruses: different
and dangerous. Nat Rev Microbiol. 2006;4(1):23-35. (2) Drexler JF, Corman VM, Muller MA, et
al. Bats host major mammalian paramyxoviruses. Nat Commun. 2012;3:796. (3) Breed AC,
Meers J, Sendow I, et al. The distribution of henipaviruses in Southeast Asia and Australasia: is
Wallace’s line a barrier to Nipah virus? PLoS One. 2013;8(4):€61316. (4) Australian Veterinary
Association. Hendra virus. http://www.ava.com.au/hendra-virus. Accessed February 13, 2014.
(5) World Health Organization Regional Office for South-East Asia. Nipah virus outbreaks in the
WHO South-East Asia Region.

http://www.searo.who.int/entity/emerging_ diseases/links/nipah_virus_outbreaks_sear/en/.
Accessed February 13, 2014. (6) World Health Organization Regional Office for South-East Asia.
Surveillance and outbreak alert: Nipah virus.

http://www.searo.who.int/entity/emerging_ diseases/links/nipah_virus/en/. Accessed
February 13, 2014.
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Figure 1-2. One of the reservoirs of Hendra virus: a spectacled flying fox (Pteropus
conspicillatus) near Cairns, Australia. Photograph: Courtesy of Pal A. Olsvik, Bergen, Norway.

Figure 1-3. An effective countermeasure against Nipah virus spillover in
Bangladesh. (Left) In Bangladesh, fresh date palm sap is collected by shaving the date palm
tree, placing a tap, and collecting the sap in a clay pot overnight. Fruit bats are known to lick the
sap stream and even urinate or defecate into the clay pots, thus potentially contaminating the
raw sap with infectious Nipah virus. (Right) Covering the sap stream with a bamboo skirt is
highly effective at preventing contamination. Photographs: Courtesy of Nazmun Nabhar,
International Centre for Diarrhoeal Disease Research, Bangladesh.
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Figure 1-4. Pathology of henipavirus infection. (A) Multinucleated endothelial
syncytium (arrow) in brain with perivascular hemmorrhage, H&E stain. (B) Necrotic plaque in
cerebral parenchyma with adjacent thrombosis (arrow), H&E stain. (C) Typical MRI for acute
henipavirus encephalitis, with discrete, hyperintense lesions.
Photographs: Courtesy of K. T. Wong, University of Malaya, Kuala Lumpur, Malaysia, with
permission from Elsevier (A and B) and Neurology Asia (C).
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Figure 1-5. Characteristic features of Nipah virus. (A) Nipah virus virions produced
from infected Vero E6 cells. (B) Nipah virus nucleocapsid, with the herringbone appearance
characteristic of paramyxoviruses. (C) Multinucleated Nipah virus-induced syncytium in
HUVEC cells. Blue represents nuclei; red represents actin filaments and illustrates cell
boundaries; and green represents Nipah virus matrix protein.

Photographs: (A and B) Courtesy of Cynthia Goldsmith, Centers for Disease Control and
Prevention, Atlanta, Georgia. (C) Courtesy of Arnold Park, University of California Los Angeles,
Los Angeles, California.
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PARAMYXOVIRUS MATRIX PROTEIN IN
VIRAL ASSEMBLY AND BUDDING
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ROLE OF MATRIX IN THE VIRAL LIFECYCLE

Viruses of the family Paramyxoviridae (otherwise known as “paramyxoviruses”), like other
members of Mononegavirales order, are enveloped viruses with a single-stranded RNA genome
of negative (non-coding) sense. The paramyxoviruses include many longstanding human
pathogens such as measles virus, mumps virus, and the human parainfluenza viruses (Figure 1-
6). The paramyxovirus matrix protein associates with and underlies the cellular plasma
membrane during the final assembly and budding step of the viral lifecycle. Matrix interfaces
between the viral envelope proteins and the inner core of the virus, the viral genome with its
associated nucleocapsid and replicative complex (Figure 1-7). With all the viral components thus
assembled, matrix drives deformation of the plasma membrane and the pinching off of
membrane buds, which are then the virions that may transmit infection to further host cells.>
The Essential Role of Matrix Protein

Beyond the intuitive sense that the viral component underlying the lipid bilayer and forming the
“backbone” of the virus would be essential for its budding process, two lines of evidence suggest
that the matrix protein is critical for viral budding. First, paramyxoviruses with deleterious
mutations (either naturally occurring and intentionally introduced) in the matrix protein are
highly defective in, if not incapable of, viral particle production. As a naturally occurring
example, hypermutated or highly unstable matrix proteins are characteristic of subacute
sclerosing panencephalitis (SSPE), a progressively fatal condition that results from measles
virus (MeV) persistence and reemergence in the central nervous system. In the absence of
functional matrix, these SSPE MeV variants lack virion production and spread via cell-to-cell
contact, which allows the virus to evade the typically high levels of neutralizing antibodies in
SSPE patients.3 Intentionally mutated paramyxoviruses can also be generated via reverse
genetics, which involves the “rescue” of replication-competent virus from ¢cDNAs introduced
into cells. Although paramyxoviruses with the matrix gene removed from their genomes can be

rescued if matrix protein is temporarily supplied in trans, the resulting virus is incapable of
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subsequent virion formation.45 In our experience, the essential role of matrix protein holds true
for the henipaviruses as well: Nipah virus with the matrix gene removed can be rescued with
Nipah virus matrix protein (NiV-M) supplied in trans; the subsequently infected cells, however,
do not produce further virus due to a lack of NiV-M production (Tatyana Yun, UTMB-Galveston,
personal observation, 2014).

The second line of evidence for the critical role of matrix in budding is that it is often
capable of budding on its own, forming virus-like particles (VLPs) that morphologically
resemble true pleiomorphic virions by electron microscopy, though without the envelope
protein spikes. For some paramyxovirus matrix proteins, matrix-driven VLP release is enhanced
by co-expression of other viral components such as nucleocapsid or fusion protein®-9; for NiV-M,
however, envelope protein or nucleocapsid co-expression does not enhance its already relatively

efficient VLP budding.*°

MOLECULAR MECHANISMS OF MATRIX TRAFFICKING AND BUDDING

The intracellular trafficking of paramyxovirus matrix proteins and the molecular mechanisms of
paramyxovirus budding are not well understood. It is still unclear, for example, whether
paramyxovirus matrix proteins traffick on defined intracellular pathways, or whether they
diffuse through the cytoplasm, only associating with the membrane upon contact or in response
to a specific cue. Paramyxoviruses that target epithelial cells for infection preferentially bud
from the apical side, and the cause of this preference, where determined, is known to be the
matrix protein.»? Sendai virus (SeV), the prototypic mouse virus that is a common scourge of
laboratory mouse colonies, provides a naturally occurring example: while the typical SeV infects
the airway epithelium and then buds apically back into the lumen, thus resulting in a localized
infection restricted to the airway, the F1-R mutant has a mutated matrix protein that results in
bipolar viral budding, thus aiding the establishment of systemic infection.”* The MeV fusion and

attachment proteins traffick to the basolateral side in the absence of the matrix protein; in the
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presence of matrix protein, however, these envelope proteins co-migrate to the apical side.> The
molecular determinants of paramyxovirus matrix polarized trafficking are not known; it is even
possible that matrix is not specifically trafficked to the apical side, but that an apical factor has
the requisite binding surface to recruit the matrix protein.

The demonstrated physical association of the matrix proteins of SeV and Newcastle
Disease virus (NDV) with actin, as well as the described presence of actin in SeV, MeV, and NDV
virions,»3 suggests involvement of the cytoskeleton in the trafficking or budding process.
Treatment with cytochalasin D, which disrupts actin filaments, inhibits SeV budding4; however,
the same treatment had no effect on another paramyxovirus, human parainfluenza virus type 3,
for which microtubule integrity appeared to be more significant.’> The cytoskeleton may
therefore play different roles for the various paramyxoviruses, and in any case, the molecular
mechanisms of these roles have yet to be described for any paramyxovirus.

The final budding step for enveloped viruses, the constriction and pinching off of the
neck of the viral bud, often requires the recruitment and assistance of the cellular ESCRT
(endosomal sorting complexes required for transport) machinery. The ESCRT pathway catalyzes
membrane fission events in which cytoplasmic factors have access to the inside of the
constricting neck (such as during cytokinesis or multivesicular body formation) vs. the opposite
topology of access to the outside of the constricting neck (such as dynamin during
endocytosis).’018 HIV-1, the first-described and classic example of an ESCRT-dependent virus,
recruits the ESCRT components Tsgi101 and Alix via specific motifs on its Gag protein, which
fulfills a similar function to the paramyxovirus matrix protein. Some viruses, however, appear to
bud independently of ESCRT, and with few exceptions, it remains unclear for most whether they
recruit an unknown cellular pathway to catalyze membrane fission or encode their own fission
machinery.'92° Only one paramyxovirus, human parainfluenza virus type 1, has been shown to

be negatively affected by ESCRT inhibition in a live virus context,?* while SeV, also in the
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Respirovirus genus, has had conflicting reports.2224 Other paramyxoviruses have been
suggested to be ESCRT-independent, including MeV and NiV.2526

The Biology of Henipavirus Matrix Proteins

As the henipaviruses have only been recently identified, their matrix proteins have received only
limited attention. Two studies showed that mutations in NiV matrix motifs resembling known
ESCRT-interacting motifs abrogated virus-like particle budding2¢-27; far from demonstrating a
block at final step of viral budding, however, these matrix mutants were trapped in the nucleus.
A follow-up experiment found that wild-type NiV matrix virus-like particle budding was not
inhibited by a dominant-negative ESCRT component, suggesting that NiV budding may be
ESCRT-independent.?¢ Only one potential henipavirus matrix-interacting host factor has been
described, the nuclear factor ANP32B, the overexpression of which led to nuclear accumulation
of HeV and NiV matrix. Knockdown of ANP32B, however, did not appear to affect viral
replication, leaving the functional significance of this interaction unclear.?® Finally, a study of
NiV matrix and envelope protein trafficking in polarized epithelial MDCK (Madin-Darby canine
kidney) cells found that matrix appeared to traffick to the apical side, irrespective of the

presence or absence of other viral components.29

AIMS OF THE DISSERTATION

To gain deeper insight into the molecular mechanisms behind the trafficking and budding of
Nipah virus matrix protein, we mutated conserved motifs in the matrix protein, identified and
examined the significance of cellular matrix-interacting proteins, and discovered that another
viral component that interacts with matrix, the C protein, is required for efficient viral release
via recruitment of cellular factors. Further, to establish critical tools for these investigations that
allow modification and modulation of both virus and host factors, we established and improved
reverse genetics systems for Nipah virus and other paramyxoviruses, and we also pioneered a

method to rapidly downregulate host factors at the protein level.
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FIGURES

Mononegavirales

Filoviridae Paramyxoviridae Bornaviridae Rhabdoviridae
Ebola Rabies, VSV

Paramyxovirinae Pneumovirinae
Rubulavirus Respirovirus Henipavirus Metapneumovirus
Mumps HPIV-3 Nipah, Hendra HMPV

Avulavirus Morbillivirus Pneumovirus
NDV Measles RSV

Figure 1-6. Nipah and Hendra viruses are the deadliest members of the
Paramyxoviridae family. Order Mononegavirales, representing the enveloped viruses with
negative-sense, single-stranded RNA genomes, comprises many well-known pathogens of
biomedical and agricultural importance. VSV, vesicular stomatitis virus; NDV, Newcastle
disease virus; HPIV-3, human parainfluenza virus type 3; RSV, respiratory syncytial virus;
HMPV, human metapneumovirus.
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Figure 1-7. Matrix underlies the lipid bilayer and mediates
interactions. Matrix is responsible for viral assembly and budding, while the coordinated
action of the attachment and fusion proteins mediate entry into target cells. The nucleocapsid
encapsidates the genome (shown as a white ring). The large polymerase and phosphoprotein
jointly form the RNA-dependent RNA polymerase, and together with the encapsidated genome

form the ribonucleoprotein complex (RNP).
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CHAPTER 2

HENIPAVIRUS REVERSE GENETICS
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CHAPTER 2.1

REVERSE GENETICS AS A CRITICAL TOOL
FOR MOLECULAR AND FUNCTIONAL
INVESTIGATIONS
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As opposed to forward genetics, in which the genetic basis for an observed phenotype is
examined, reverse genetics seeks to examine the functional outcome of a specific genetic
mutation or variation. As applied to virology, reverse genetics technology represents the ability
to rescue replication-competent virus upon introduction of cloned DNAs into cells. The first
successful rescue of a virus from order Mononegavirales (enveloped viruses with
nonsegmented, negative-sense RNA genomes) was that of rabies virus (family Rhabdoviridae)
in 1994.* This success was followed in quick succession by rescue of vesicular stomatitis virus
(also family Rhabdoviridae) as well as the paramyxoviruses SeV, MeV, and respiratory syncytial
virus.>® Today, reverse genetics systems are widespread for numerous members of

Mononegavirales, although these systems are still beset by difficulties with rescue efficiency.”

REVERSE GENETICS AND THE VIRUS LIFECYCLE

A schematic of the paramyxovirus life cycle is shown in Figure 2-1. Upon viral entry, the
negative-sense viral genome is transcribed into both positive-sense mRNAs, which encode for
the viral proteins, and positive-sense full-length antigenome. The regulatory decision for
transcription of distinct mRNAs vs. full-length antigenome may be dictated by the intracellular
concentration of the nucleocapsid protein, which encapsidates the full-length RNAs.8 In this
way, viral protein production can be initially favored, but full-length genome production can be
subsequently favored when the levels of viral protein are high. Full-length antigenome can then
serve as a template to amplify transcription of negative-sense viral genome. Finally, viral
genome is packaged into the virion with other viral components.

Reverse genetics for Mononegavirales involves the introduction of DNA that serves as a
template for transcription of full-length positive-sense RNA antigenome, along with constructs
expressing nucleocapsid (N), phosphoprotein (P), and large RNA-dependent RNA polymerase
(L), which together comprise the necessary viral replicative complex to initiate replication of the

antigenome into the negative-sense genome.” Initial efforts to rescue virus with transcription of
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negative-sense genome failed, likely because the positive-sense mRNAs for N, P and L could
anneal to the complementary negative-sense transcript, impeding the initiation of replication

and perhaps also triggering antiviral responses via cellular sensing of dsRNA.”

EXISTING METHODOLOGY AND CHALLENGES

The predominant method of transcribing the full-length antigenome as well as the N, P, and L
mRNAs involves the use of T7 RNA polymerase. Because the wild-type bacteriophage T7 gene is
not codon-optimized for mammalian expression and expresses poorly, sufficient levels of T7
polymerase are usually obtained via simultaneous infection with a highly attenuated vaccinia
virus modified to express T7 polymerase,% " or use of a hamster cell line that stably expresses T7
polymerase.”> Both strategies have their drawbacks: the use of vaccinia requires extensive
measures to separate the rescued virus from the vaccinia, depending on the strain of vaccinia
used, and the use of vaccinia has been increasingly discouraged due to safety concerns;
regarding the hamster cell line, certain functional studies may require rescue in cell types more
relevant to the pathogenesis of the virus, and would thus be limited by use of a single cell line of
a given species and expression pattern. In our studies, therefore, we codon-optimized the T7
polymerase gene for mammalian expression, which can then be simply introduced along with
the DNAs encoding the viral antigenome and the N, P and L genes.

Another challenge facing reverse genetics of Mononegavirales involves the production of
enough viral antigenome to efficiently initiate replication. The T7 promoter is most efficient with
three guanines at its 3’ end, which are incorporated into 5 end of the transcript. Addition of
these guanines, however, impedes efficient virus rescue, leading to extensive efforts for specific
viruses to determine the number of guanines that leads to the most efficient rescue. The optimal
number of guanines represents a balance between adequate transcription of virus antigenome
vs. the impeding guanines, which must be lost from the subsequently replicating genome.? In the

subsequent chapter on henipavirus reverse genetics, we insert a hammerhead ribozyme in
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between the optimal T7 promoter and the start of the Nipah virus antigenome, thus allowing
both high levels of transcription and avoidance of the inhibitory guanines, thus improving
rescue efficiency and the robustness of the system.

The efficiency of rescue for viruses in Mononegavirales has been typically highly
inefficient, with one recovery event in 105 transfected cells representing the highest reported
efficiency for any member of Mononegavirales until more recently,”!3 with the advent of the
hammerhead ribozyme insertion strategy that was first employed with rabies virus.4 Such low
efficiency for rescue of wild-type virus only emphasizes the difficulty experienced with rescue of
mutant and attenuated viruses, for which the lack of rescue may indicate either an inefficient
reverse genetics system or a complete inability to rescue. In Chapter 2.3, therefore, we expand
the use of codon-optimized T7 polymerase and the hammerhead ribozyme to achieve more
efficient viral rescue for paramyxoviruses representing all five major genera of

Paramyxovirinae.

REVERSE GENETICS AS A CRITICAL TOOL FOR FUNCTIONAL INVESTIGATIONS
Only with reverse genetics can mutations, reporter genes, and other modifications be introduced
into the replication-competent virus. Our findings in subsequent chapters throughout this work
highlight functional investigations that have made use of modified paramyxoviruses generated

by reverse genetics.
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Figure 2-1. Schematic overview of the paramyxoviral life cycle. The viral RNA-
dependent RNA polymerase transcribes the negative-sense genome into either positive-sense
mRNAs or positive-sense full-length antigenome. The antigenome can then serve as a template
for transcription of further negative-sense genome, again mediated by the viral RNA-dependent
RNA polymerase. N, nucleocapsid; P, phosphoprotein; L, large polymerase (see Chapter 1.2).
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EFFICIENT HENIPAVIRUS REVERSE
GENETICS FACILITATES ISOGENIC
COMPARISONS OF MATRIX AND
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TIME MONITORING OF VIRAL SPREAD IN
SMALL ANIMAL MODELS OF
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ABSTRACT

Nipah (NiV) and Hendra (HeV) viruses are closely related henipaviruses of the
Paramyxovirinae. Spillover from their fruit bat reservoirs can cause severe disease in humans
and livestock. Despite their high sequence similarity, NiV and HeV exhibit apparent differences
in receptor and tissue tropism, envelope-mediated fusogenicity, replicative fitness, and other
pathophysiologic manifestations. To investigate the molecular basis for these differences, we
first established a highly efficient reverse genetics system that increased rescue titers by >3 logs,
which offset the difficulty of generating multiple recombinants under constraining BSL-4
conditions. We then substituted singly and in combination, the matrix (M), fusion (F), and
attachment glycoprotein (G) genes in mCherry-expressing recombinant NiV (rNiV) with their
HeV counterparts. These chimeric but isogenic rNiVs replicated well in primary human
endothelial cells and neurons, indicating efficient heterotypic complementation. The
determinants of budding efficiency, fusogenicity, and replicative fitness were dissociable: HeV-
M budded more efficiently than NiV-M, accounting for the early higher replicative titers of HeV-
M-bearing chimeras, while the enhanced fusogenicity of NiV-G-bearing chimeras did not
correlate with increased replicative fitness. Furthermore, to facilitate spatiotemporal studies on
henipavirus pathogenesis, we generated a Firefly luciferase-expressing NiV and monitored virus
replication and spread in infected interferon-a/f receptor knockout mice via bioluminescence
imaging. While intraperitoneal inoculation resulted in neuroinvasion following systemic spread
and respiratory tract replication, intranasal inoculation resulted in confined spread to regions
corresponding to olfactory bulbs and salivary glands before subsequent neuroinvasion. This
optimized henipavirus reverse genetics system will facilitate future investigations into the

growing numbers of novel henipa-like viruses.

58



IMPORTANCE

Nipah (NiV) and Hendra (HeV) viruses are recently emergent, zoonotic, and highly lethal
pathogens with pandemic potential. Although differences have been observed between NiV and
HeV replication and pathogenesis, the molecular basis for these differences has not been
examined. In this study, we established a highly efficient system to reverse engineer changes
into replication-competent NiV and HeV, which facilitated generation of reporter-expressing
viruses and recombinant NiV-HeV chimeras substituted in the genes responsible for viral exit
(M, critical for assembly and budding) and viral entry (attachment (G) and fusion (F)). These
chimeras revealed differences in the budding and fusogenic properties of the M and G proteins,
respectively, which help explain previously observed differences between NiV and HeV. Finally,
to facilitate future in vivo studies, we monitored replication and spread of a bioluminescent
reporter-expressing NiV in susceptible mice, the first time such in vivo imaging has been

performed under BSL-4 conditions.

INTRODUCTION

Nipah virus (NiV) and the closely related Hendra virus (HeV) are recently emergent, highly
pathogenic paramyxoviruses that have the ability to cause severe and often fatal infections in
humans and livestock, with clinical manifestations including acute febrile encephalitis and
pulmonary syndromes. NiV has caused hundreds of cases in recurrent outbreaks in Southeast
Asia with high case fatality rates (ranging from 40-100%),' and 4 of 7 documented cases of HeV
in Australia were fatal.2 These zoonotic viruses have repeatedly spilled over from their animal
reservoir, the Pteropus spp. fruit bats, either directly (i.e., consumption of raw date palm sap
contaminated with NiV-containing fluids) or via a domestic animal intermediate (i.e., pigs for
NiV, or horses for HeV).3 Because of their extreme pathogenicity and the absence of licensed
human vaccines and antiviral therapeutics, handling of henipaviruses is restricted to high

containment Biosafety level 4 (BSL-4) laboratories.
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Until recently, NiV and HeV were the sole known members of the Henipavirus genus
within the Paramyxoviridae, a family of RNA viruses with negative-sense, non-segmented
genomes. In the past two years, an examination of bats within and beyond the Pteropus genus
has uncovered a multitude of previously undescribed henipaviruses of unknown virulence and
implications for human health.47 The more widespread prevalence of henipaviruses, the
documented human-to-human transmission of some strains,?° along with recent evidence of
potential henipavirus-like spillover events in Africa," suggest that increased global surveillance
efforts directed at detecting henipavirus spillover events are warranted. Indeed, the pandemic
potential of NiV has been proposed.'? These findings underscore the urgency of understanding
the molecular determinants of henipavirus pathogenesis and transmission.

NiV and HeV infections cause similar disease symptoms and pathology; it appears that
virus transmitted through the oronasal-oropharyngeal routes leads to systemic infection that
results in end-organ vasculitis, respiratory distress, and acute encephalitis.’3 Both viruses use
the highly conserved ephrin-B2 and -B3 receptor tyrosine kinases as host cell entry receptors,
explaining their common preferential tropism for the vascular endothelium, lungs, and brain, all
of which express high levels of cellular receptor.4 Although the paucity of known human cases of
HeV infection makes it difficult to compare NiV and HeV, it is intriguing that the case history
suggests that HeV is difficult to contract, despite extensive exposure to infected aerosols and
fluids from sick horses.3'5 In contrast, the history of NiV outbreaks in Southeast Asia suggests
that NiV may be easier to contract than HeV, with human-to-human transmission clearly
documented in Bangladesh as well.3

Although NiV and HeV present grossly similar outcomes in human cases and established
animal models,31%17 the few studies that have directly compared NiV and HeV replication and
pathogenesis in vitro and in vivo have shown significant but variable differences,8-2° also

depending on the animal model used. Upon intranasal (IN) inoculation in the Syrian golden
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hamster model, Rockx et al. found that HeV infection was restricted to the lower airways,
whereas NiV could also replicate in the upper respiratory tract.’9 The authors suggested that this
tropism for the lower airway might explain the relative lack of HeV transmission in the natural
case history. However, HeV infection induced lesions and disseminated more quickly than NiV
in the hamster model, leading to a faster progression of disease. In contrast, interferon-a/S
receptor knockout (IFNAR KO) did not develop clinical signs of disease upon IN inoculation
with HeV, although they were clearly susceptible to NiV infection via the same route.?° Finally,
some strains of aged immunocompetent mice appeared to be susceptible to HeV-induced
encephalitis, whereas NiV infection resulted in only limited subclinical infection of the lungs.>"22

In summary, these studies all found significant differences in NiV and HeV tissue
tropism and virulence. HeV appeared to cause more systemic infection or fatal encephalitis than
NiV in the hamster model and in aged immunocompetent mice, while the reverse was true in
IFNAR KO mice. Importantly, the differential pathology between NiV and HeV in the IFNAR KO
mouse model suggests that these differences may derive at least partly from the matrix, fusion,
and attachment proteins, as opposed to the anti-innate immune functions of the
phosphoprotein gene and its associated alternative gene products. Indeed, HeV may not use
ephrin-B2 and/or -B3 as efficiently as NiV,23:24 although these putative differences attributable
to the envelope attachment glycoprotein have not been appropriately examined in the context of
a replication-competent virus.

To identify the molecular determinants contributing to the differences in pathobiology
between NiV and HeV, we used reverse genetics to engineer chimeric NiV viruses with the
matrix and surface envelope genes replaced by their HeV counterparts, either singly or in
combination. To construct such a large panel of chimeras, we first took steps to improve the
robustness and efficiency of viral rescue, critical considerations for work performed under BSL-
4 conditions. A combination of technical strategies allowed for a pure transfection protocol that
resulted in a 3-log improvement in viral rescue titers. We used this improved system to rescue
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recombinant NiV (Malaysia strain), HeV (prototype strain), and a panel of isogenic chimeras, all
expressing a mCherry reporter. In vitro characterization revealed previously unknown
differences in the budding and fusion properties of the henipavirus matrix protein and envelope
glycoproteins, respectively. Finally, we also engineered a recombinant NiV expressing Firefly
luciferase, which is suitable for in vivo bioluminescence imaging. Using the recently published
IFNAR KO mouse model, we were able to monitor incipient and ongoing viral spread in vivo.
Our robust and efficient reverse genetics system for rescuing recombinant henipaviruses
presents a unique opportunity to dissect the molecular determinants of henipavirus
pathogenesis, not only for NiV and HeV, but also the increasing numbers of henipaviruses being

discovered.

MATERIALS AND METHODS

Cells and Viruses

VeroE6 (ATCC, CRL1586), Vero (ATCC, CCL-81), permissive HeLa (ATCC, CCL-2), 293T, and
BSR-T7 cells were propagated in Dulbecco's modified Eagle's medium (DMEM; Gibco,
Invitrogen) supplemented with 10% fetal bovine serum (FBS; Sigma), 100 U/mL penicillin
(Sigma), 100 pug/mL streptomycin (Sigma) and 1% sodium pyruvate (Cellgro). BSR-T7 cells were
also maintained in 1 mg/mL G418. Virus-infected cells were maintained at 37°C in 5% CO. in
DMEM supplemented with 2% FBS, 100 U/mL penicillin and 100 yg/mL streptomycin. Human
umbilical vein endothelial cells (HUVEC; Lonza) were maintained in EGM-2 MV medium,
supplemented with 2% FBS, hydrocortisone, human epidermal growth factor, gentamicin,
amphotecerin-B, vascular endothelial growth factor, human fibroblast growth factor, fibroblast
growth factor basic, R3 insulin-like growth factor 1, ascorbic acid, and heparin, provided
through the EGM-2 BulletKit. For human fetal brain neural stem cells (NSCs), the line K048

(generously provided by C. N. Svendsen) was utilized as previously described.?5
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Nipah virus (199901924 Malaysia prototype strain) was kindly provided by the Special
Pathogens Branch (Centers for Disease Control and Prevention, GA, USA), and Hendra virus
(prototype strain) was kindly provided by the Special Pathogens Program National Microbiology
Laboratory Canadian Science Centre for Human and Animal Health (Winnipeg, Canada). Nipah
virus used in this study had been passaged a total of six times in Vero cells, and Hendra virus
was passaged four times in Vero cells. Viral stocks were prepared by infecting VeroE6 cells. For
titrations, confluent monolayers of Vero cells were infected with 100 uL of serial ten-fold
dilutions of virus-containing cell supernatant. After 1 hr incubation at 37°C and 5% CO., the
inocula were removed and wells overlaid with a mixture of one part 1.0% methylcellulose (Fisher
Scientific) and one part 2xMEM (Gibco) supplemented with 2% FBS and 2%
penicillin/streptomycin. The plates were incubated at 37°C and 5% CO. for 3 days, then stained
with 0.25% crystal violet in 10% buffered formalin. Plates were washed, plaques enumerated,
and concentrations of pfu/mL in the cell culture supernatant calculated. All work with live virus
was carried out under Biosafety level 4 conditions in the Robert E. Shope and the Galveston
National Laboratory at the University of Texas Medical Branch (UTMB).

Ribozyme cleavage assay

Ribozyme test constructs (see Figure 1B, insert as shown between the Ndel and HindIII sites in
pcDNA3.1(-)) were transfected into BSR-T7 cells in 6-well format using Lipofectamine 2000
(Invitrogen). Tested hammerhead ribozyme sequences were derived and modified from a
number of publications as indicated in Figure 2-2 (panel A).26-3t Two hours post-transfection,
cells were collected in TRIzol (Invitrogen), and RNA extracted following the manufacturer’s
instructions. Samples were treated with DNase (Invitrogen) at 1 mM MgCl,, EDTA-treated, and
then reverse-transcribed at 1 mM MgCl, with the SuperScript III First-Strand Synthesis System
(Invitrogen). qPCR was performed with the SensiFAST SYBR & Fluorescein Kit (Bioline), and
the primers used were positioned as indicated in Figure 2-2 (panel B). Standard curves were
generated by using the RbzA test construct as template.
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Construction of rNiVgrpa-mCherry-P2A-M

A list of the constructs in this study with nomenclature explanation is provided in Table 1. A T7-
driven positive-sense NiV “minigenome”, between the Ndel and HindIII restriction sites in
pcDNAS3.1(-), was previously synthesized with the following elements: T7 promoter, 3’leader, N
5'UTR, RFP, N 3'UTR, M 5UTR, M, M 3’UTR, F 5UTR, F, F 3'UTR, G 5UTR, G, G 3’'UTR,
5’trailer, HDV ribozyme, T7 terminator. NiV-N, -P, and -L were amplified from the previously
described pTM1-based accessory plasmids.32 The P and L 5’ and 3° UTRs were synthesized by
Genscript. The full-length construct displayed in Figure 2-3 (panel A) was assembled by serial
modification of the original minigenome construct by use of overlapping PCRs to join DNA
fragments with Velocity DNA Polymerase (Bioline), with subsequent insertion into the construct
at unique restriction sites by restriction digest/ligation or In-Fusion (Clontech). All cloning was
performed with Stbl2 E. coli (Invitrogen) with growth at 30°C. The NiV sequence matches NCBI
NC_002728.1 except for one silent mutation in N, A649G (position in the NCBI sequence).
Subsequent modifications to rNiV

All mutagenesis and modification was performed using standard overlapping PCR with Velocity
DNA Polymerase (Bioline), with the ends of the final DNA product compatible with the use of
In-Fusion (Clontech) for insertion into the desired restriction sites in rNiV. Existing restriction
sites were sufficient, and it was not necessary to introduce artificial restriction sites (except for a
single introduced site usually flanking the 3’ end of the reporter gene for cloning convenience).
Insertion into digested rNiV was performed by restriction digest/ligation or In-Fusion
(Clontech). The ligation or In-Fusion reaction was transformed into Stbl2s (Invitrogen) and
selected on LB ampicillin at 30°C overnight. Clones were grown in TB ampicillin at 30°C,

screened by restriction digest and fully sequenced. rNiV-HeV chimeras: The HeV-M, -F, and -G

ORFs were amplified from HeV cDNA (see below) and used to replace the corresponding NiV

genes in rNiVgrpa-mCherry-P2A-M in various combinations (see Figure 2-3, panel A). rNiV-

64



EGFPYP and rNiV-FlucN?: The EGFP and Firefly luciferase ORFs were inserted between N and P,

with duplication of the N to P intergenic region.

Construction of rHeVgy.a-mCherry-P2A-M

Positive-sense ¢cDNA was amplified from HeV (prototype strain; AF017149) RNA using
AccuScript High Fidelity 1%t Strand ¢cDNA Synthesis Kit (Agilent). DNA fragments were amplified
from cDNA using Velocity DNA Polymerase (Bioline) and cloned into rNiVrp.a-mCherry-P2A-M-
(HeV-M/F/G) by serial replacement, first between Mlul and NotI, then between NotI and Agel,
and finally with simultaneous insertion of two fragments between Agel and Pmel using In-
Fusion (Clontech). The HHrbz sequence in Stem I designed to anneal to the NiV 3’ leader,
“TTGGT”, was mutated to “TCGGT” to match the HeV 3’ leader. For the support plasmids, HeV-
N, -P, and -L were cloned into pTM1 as previously described for NiV,32 with the two C ORF start
codons mutated in P (from ATGATG to ACGACG) to prevent potential inhibition of rescue.33
Recovery of recombinant viruses from cDNA

The recovery of recombinant viruses was slightly modified from previously described
protocols.3+35 293T cells were seeded into 12-well plates (1.5 x 105 cells per well). Cells were
transfected the following day with the rNiV antigenomic construct (3.5 ug), codon-optimized T7
RNA polymerase in pCAGGS (1 pg), and the previously published support plasmids32 NiV-N (1
ug), NiV-P (0.2 pg), and NiV-L (0.4 ng), using TransIT-LT1 transfection reagent (Mirus)
according to the manufacturer’s recommendations. After 4 days, syncytia formation and
expression of fluorescent reporter genes could be detected by microscopy. Supernatant was
collected at 4 days post-transfection and stored at -80°C for subsequent preparation of virus
stocks and determination of virus titer by plaque assay with Vero cells.

Virus growth kinetics

Cells in 12-well format were infected at a multiplicity of infection (MOI) of 0.1 or 1.0, and
supernatants were collected and replenished every 12 hours post-infection (hpi). Samples were

stored at -80°C until subsequent determination of viral titer by plaque assay with Vero cells.
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Immunofluorescence staining

HUVECs on coverslips were infected at MOI 0.1. At 24 hpi, cells were fixed with 10% formalin
for a minimum of 24 hours prior to removal from the BSL-4 laboratory. Samples were washed 3
times with PBS, incubated in blocking buffer (0.5% saponin, 3% BSA in PBS), then incubated
with 1:250 Alexa Fluor 647 phalloidin (Invitrogen) in blocking buffer. After 3 washes with 0.5%
saponin in PBS, samples were incubated with DAPI to stain nuclei before mounting on slides.
Confocal imaging was performed on a Leica SP5 confocal microscope.

qPCR of transcriptional gradient

HUVECs were infected with wild-type NiV or rNiV-mChM at MOI o0.1. RNA was isolated from
TRIzol (Invitrogen) samples collected 12 hpi. mRNAs were purified from total RNA using the
Dynabeads mRNA Purification Kit (Invitrogen) and reverse-transcribed into c¢cDNA with
oligo(dT) primer and the Tetro cDNA Synthesis Kit (Bioline). QPCR using the SensiFAST SYBR
& Fluorescein Kit (Bioline) was performed using gene-specific primers, and standard curves for
each gene were generated by a shared serial dilution of the full-length rNiV plasmid.
Immunoblotting

For comparison of NiV-M and HeV-M budding, 3XFLAG-tagged codon-optimized matrix3® in
pCMV-3Tag-1A (Agilent) was transfected into 293T cells with BioT transfection reagent
(Bioline) according to manufacturer recommendations. Media was changed at 4 hpt, and cell
lysates and supernatants were collected at 18 hpt. Supernatants were clarified and
ultracentrifuged through 20% sucrose at 145k x g for 1.5 hrs to pellet virus-like particles.
Samples in SDS Laemmli were boiled and run on 10% Tris-glycine SDS-PAGE. Upon transfer to
PVDF (Immobilon-FL, Millipore), membranes were incubated in Odyssey Blocking Buffer (LI-
COR Biosciences) overnight at 4°C, then incubated in mouse anti-FLAG M2 antibody (1:50,000,
Strategene) or rabbit anti-COX IV antibody (1:2000, LI-COR Biosciences) for 1 hr at room

temperature, followed by fluorescent secondary antibody (1:10,000 of goat anti-mouse IRDye
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800CW or goat anti-rabbit IRDye 680LT, LI-COR Biosciences). Fluorescence images were
obtained on a LI-COR Odyssey imaging system.

For detection of NiV-M in virus-infected cells, HUVECs (approx. 2.5 x 105 cells/well of a
12-well plate) were infected with wild-type NiV (Malaysia strain), rNiV-mCherry-P2A-M, or the
P2A-optimized rNiV-mCherry-P2A-M at a MOI of 0.1. The cells were harvested at 24, 36, and
48 hpi in 2xSDS Laemmli buffer, boiled, and run on denaturing 12% SDS-PAGE. Upon transfer
to PVDF, the membrane was blocked overnight at 4°C in PBS-T buffer with 5% milk, then
incubated with rabbit polyclonal anti-NiV-M antibody 3¢ (1:1000) or mouse monoclonal anti-
mCherry (1:2000, Abcam) for 1 hr at room temperature. Membranes were washed three times
with PBS-T buffer, then incubated with a horseradish peroxidase-conjugated goat anti-rabbit or
goat anti-mouse secondary antibody (1:10,000, Santa Cruz Biotechnology). Luminescence was
detected through autoradiography using an enhanced chemiluminescent substrate (SuperSignal
West Pico Chemiluminescent Substrate, Pierce).

In vivo imaging

Interferon-a/f receptor knockout (IFNAR KO) mice (5-7 weeks old, 129/Sv background;
obtained from the laboratory colony of Dr. Paessler at UTMBS37) were utilized for in vivo
bioluminescence imaging (IVIS) at BSL-4 containment. Prior to inoculation, mice were shaved
to maximize detection of the bioluminescent signal. Mice were anesthetized with 2% isoflurane
and inoculated with 8x105 pfu/100ul/mouse of rNiV-Fluc™? via the intraperitoneal (IP) route, or
8x104 pfu/s0ul/mouse via the intranasal (IN) route. Prior to imaging, mice were given D-
luciferin (Caliper) through the IP route (150 mg/kg). Bioluminescence was measured using an
IVIS Spectrum platform, which was equipped with a CCD camera system. Images were analyzed
with the Living Image 4.3.1 software package. Acquisition time was set to auto for each image,

with fixed f/stop at F1, and medium binning.

RESULTS
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Improved henipavirus reverse genetics with optimized self-cleaving hammerhead
ribozyme

Paramyxovirus rescue systems typically incorporate a “GGG” sequence between the minimal T7
promoter and the 5’ end of the antigenome, thus allowing relatively efficient transcription by T7
polymerase, yet impeding efficient rescue because the Gs must be lost from the genomic
transcript to maintain the rule of six and the appropriate terminal sequence. With the aim of
improving the reliability and efficiency of reverse genetics for use in relatively onerous BSL-4
conditions, we evaluated whether the inclusion of a self-cleaving hammerhead ribozyme
(HHrbz) at the 5’ end of the antigenome would increase rescue efficiency by (i) providing the
exact genomic terminus required for efficient replication, and (ii) thus allowing the inclusion of
the transcript-initiating “GGG” sequence in the optimal T7 promoter. We modified and screened
seven HHrbz motifs for cleavage efficiency at the 5’ end of the NiV antigenome (Figure 2-2,
panel A). RbzA represents a standard HHrbz, whereas the other HHrbzs are thought to retain
efficient cleavage at the low magnesium concentrations reflective of the intracellular
environment (submillimolar Mg2*). Using a qRT-PCR-based assay to detect cleavage of RNA
isolated from transfected cells (Figure 2-2, panel B), we found that three ribozymes (D, F, and
G) self-cleaved with similar or greater efficiency than RbzA, and of these, RbzF resulted in
essentially complete cleavage (Figure 2-2, panel C). Surprisingly, even RbzA, the standard
HHrbz unoptimized for low Mg2?*, resulted in nearly 90% cleavage. We then chose to evaluate
whether RbzA and RbzF would improve the rescue efficiency of full-length recombinant NiV.

We therefore constructed a full-length NiV ¢cDNA (based on the Malaysia strain) with a
T7-driven antigenome flanked at the 3’ end by a hepatitis delta ribozyme, and we inserted a
mCherry fluorescent reporter upstream of the matrix protein (M) gene, linked to M via a P2A
ribosomal skipping sequence. As has been previously suggested, incorporating the reporter as
part of an existing ORF may better preserve the natural polar transcriptional gradient of the

virus.38 Four versions were made, with (i) no additional Gs (T7min), (ii) 3 Gs (T75c), (iii) RbzA
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(T756(+ HHgrpza), or (iv) RbzF (T7;c HHrir) following the minimal T7 promoter (Figure 2-2,
panel D). These constructs were individually co-transfected with the essential support plasmids
(codon-optimized T7 polymerase and T7-driven NiV nucleoprotein (N), phosphoprotein (P), and
RNA-dependent RNA polymerase (L)) into 293T cells. Titering of cell culture supernatants
collected 4-5 days post-transfection revealed that inclusion of RbzA, and to a lesser extent RbzF,
resulted in a =3 log increase in rescue viral titers compared to the constructs without a HHrbz
(Figure 2-2, panel D). We therefore chose to include RbzA in our future reverse genetics
constructs. Furthermore, this rescue system was robust, as over 80% of the recombinant viruses
we have successfully rescued thus far have rescued on the first attempt (unpublished
observations). Use of the codon-optimized T7-RNAP (T7opt) was critical: it obviates the need
for vaccinia-driven T7-RNAP, which has unavoidable cytopathic effects, and it also removes the
cryptic splice sites present in bacteriophage-derived T7-RNAP. This robust and efficient HHrbz-
T7opt-based reverse genetics system enabled us to generate multiple recombinant henipaviruses
for more refined studies on henipavirus replication and pathogenesis.

Chimeric recombinant NiV-HeV viruses reveal that the henipavirus matrix and
envelope proteins exhibit heterologous cross-complementation

To determine if the viral envelope fusion (F) and attachment (G) glycoproteins, as well as the
matrix (M) protein, contribute to the pathogenic differences described in NiV and HeV
infections, we generated a panel of chimeric henipaviruses in an isogenic rNiVrya-mCherry-
P2A-M (rNiV-mChM) background (Figure 2-3, panel A, see Table 1 for additional details). We
substituted, singly or in combination, the M, F, and G genes in rNiV-mChM with their HeV
counterparts. In addition, we generated the full-length recombinant HeV counterpart, rHeVgrp.a-
mCherry-P2A-M (rHeV-mChM). All recombinant viruses were successfully rescued and
replicated well, albeit to varying degrees, in human neuron/astrocyte cultures derived from fetal

cortical neural stem cells (hNSC-derived neurons/astrocytes), as well as in primary human
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umbilical vein endothelial cells (HUVECSs), plateauing at 36 — 48 hpi (Figure 2-3, panels B and
C).

The NiV and HeV F and G glycoproteins are known to functionally cross-complement
each other in cell-cell fusion assays and viral pseudotype entry assays,?33% which both require
overexpression of F and G genes. Whether such heterotypic envelope cross-complementation
will occur in the context of a replication-competent virus has not been examined. Here, the
efficient replication of chimeric viruses rNiV-mChM-HeV-F and rNiV-mChM-HeV-G (Figure 2-3,
right side of panels B and C) confirms that heterotypic complementation occurs in a biologically
relevant context. Interestingly, we also found that the matrix proteins of NiV and HeV can
support functional incorporation of the heterotypic envelope glycoproteins (rNiV-mChM-HeV-
F/G and rNiV-mChM-HeV-M, respectively) (Figure 2-3, right side of panels B and C). Further
highlighting the genetic relatedness of NiV and HeV, the replication of rNiV-mChM-HeV-M also
demonstrates that HeV-M, in its role as the central organizer of viral assembly and budding, can
functionally interface with the heterotypic NiV N-P-L replication complex.

HeV-M buds more efficiently than NiV-M

Unexpectedly, at early time points (12 and 24 hpi) in both hNSC-derived neurons/astrocytes
and HUVECs (Figure 2-3, right side of panels B and C), the chimeras bearing either HeV-M or
HeV-M/F/G replicated to higher titers than the parental rNiV-mChM or any of the other
chimeras lacking HeV-M. Quantitative Western blotting for matrix in a virus-like particle
budding assay indicated that HeV-M buds about 2.5-fold more efficiently than NiV-M (Figure 2-
3, panels D and E), thus providing a potential explanation for the increased titers seen for the
HeV-M-bearing chimeras at early time points.

Fusogenicity is not a correlate of replicative fitness

Furthermore, our data shows that the HeV-G-bearing viruses are less fusogenic than their NiV-
G-bearing counterparts. The presence of HeV-G, whether in a rNiV-mChM chimera (#4 to #6),

or in a full-length recombinant HeV (rHeV-mCh¥, #7), resulted in less syncytia formation at 24
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hpi relative to viruses that expressed NiV-G (#1 to #3) (Figure 2-4, panels A and B). Consistent
with this observation, both homotypic NiV-F/G viruses (#1 and #2) exhibited more syncytia
formation at 24 hpi than the homotypic HeV-F/G viruses (#5 to #7) (Figure 2-4, panels A and
B). This differential fusogenicity was not an artifact of the recombinant genetic background
used, as wild-type NiV also formed more numerous syncytia than wild-type HeV during
infection of the same primary cell types (HUVECs, data not shown). Yet despite this apparently
greater fusogenicity of the NiV-F/G-bearing viruses, they plateaued at similar or lower titers
than their isogenic HeV-F/G-bearing counterparts, suggesting that fusogenicity is not a
correlate of replicative fitness, at least in vitro (see Figure 2-3, panels B and C).
Insertion of an ORF in between the N and P genes does not affect the NiV
transcriptional gradient
In our initial chimera constructs, we inserted the mCherry ORF upstream of the matrix gene via
a P2A ribosomal skipping sequence to avoid disturbing the natural polar transcriptional
gradient. Indeed, our quantitative comparison of viral mRNA transcripts upon infection with
either wild-type NiV or rNiV-mChM showed similar transcriptional gradients: mRNA levels were
stable for the first three genes (N, P, and M), but decreased exponentially thereafter, about 3-
fold for each subsequent gene (Figure 2-5, panel A). The transcriptional gradient drop-off for
HeV also occurs right after the M gene.4° Despite the similar transcriptional gradients between
wild-type NiV and rNiV-mChY, we observed that rNiV-mChM had slower replication kinetics in
vitro, in primary human cells such as hNSC-derived neurons/astrocytes and HUVECs (Figure 2-
3, left side of panels B and C) and even in permissive cell lines such as HeLa and Vero cells
(Figure 2-5, panel B for Vero cells). Indeed, rHeV-mChM was similarly attenuated compared to
wild-type HeV (Figure 2-3, left side of panels B and C).

A large N-terminal fusion is known to impede the budding function of NiV-M.3¢ We
hypothesized that inefficient P2A peptide-mediated ribosomal skipping may result in an

apparent wild-type transcriptional gradient, yet affect virus replication and budding in a post-
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transcriptional manner. Western blotting for NiV-M in cell lysates from HUVECs infected with
rNiV-mChM revealed that P2A ribosomal skipping was indeed inefficient, with about a third of
the M protein present as a mCherry fusion protein (Figure 2-5, panel C, see lanes 2 at various
time points). We therefore added a short GSG linker upstream of the P2A sequence, which has
been reported to result in more efficient ribosome skipping.4-4> Indeed, this modification to
rNiV-mChM resulted in essentially complete ribosomal skipping (Figure 2-5, panel C, compare
lanes 2 and 3), which in turn corresponded to improved growth kinetics in vitro (Figure 2-5,
panel D). Nevertheless, the peak titer of rNiV-mChM remained below that of wild-type NiV. The
P2A ribosomal skipping sequence appends a proline to the N-terminus of the second protein,
and it may be the case that despite efficient ribosomal skipping, this additional amino acid
attenuates matrix function.

While our mCherry-P2A-matrix reporter strategy had been useful in revealing the
differential determinants of budding and fusogenicity between NiV and HeV in isogenic
comparisons in vitro, we sought a reporter insertion strategy that would more closely reflect
wild-type NiV replication kinetics. We therefore rescued a recombinant NiV with EGFP inserted
between the N and P genes, with duplication of the N-to-P intergenic region (rNiV-EGFPN?, see
Table 1), similar to the strategy reported by Yoneda et al.35 Since the transcriptional gradient
attenuates only after the M gene, insertion of an ORF upstream of the M gene may not disturb
the transcriptional gradient. Indeed, the transcriptional gradient of rNiV-EGFPN? was similar to
that of rNiV-mChM (Figure 2-5, panel A), but the in vitro growth of rNiV-EGFPN’ was now
indistinguishable from that of wild-type NiV (Figure 2-5, panel B).

Fluc-expressing rNiV allows real-time monitoring of virus replication and spread
in the IFNAR KO mouse

To our knowledge, henipavirus spread and pathogenesis has only been examined in autopsy
series or in serial sacrifice studies of experimentally infected animals. To complement the future

use of our NiV-HeV chimeras for examining the pathogenic symptomology in animal models, we
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generated a Firefly luciferase (Fluc)-expressing rNiV using the N-P intergenic insertion strategy
described above (rNiV-FlucN?, see Table 1). Viral expression of the Fluc reporter will allow for
real-time monitoring of bioluminescence at sites of viral replication. As expected, growth of
rNiV-FlucM? was similar to wild-type NiV in HUVECs (data not shown). We then infected IFNAR
KO mice with rNiV-FlucN?, and monitored the spatial and temporal progression of viral
replication as presented in Figure 2-6. Two groups of IFNAR KO mice (two females and two
males per group) were infected via IN (8x104 pfu/animal) or IP (8x105 pfu/animal) routes,
respectively, and mice were imaged daily starting at 2 days post-infection (dpi) using the in vivo
imaging system (IVIS) at BSL-4.

IN inoculation resulted in viral replication primarily confined to the upper respiratory
tract (Figure 2-6, panel A). All peripheral organs in the IN group lacked luminescence signals
throughout the duration of the study, except for a transient, weak signal in the spleen in three
out of four mice at 4 dpi. Interestingly, serial sacrifice studies of NiV-infected Syrian golden
hamsters® also detected transient viral replication in the spleen. Bioluminescence remained
confined to the oropharyngeal/oronasal areas at 3-5 dpi, including regions anatomically
consistent with the location of the major salivary glands. In mice, the bilateral submandibular,
sublingual and parotid glands form a contiguous structure across the anterior and lateral neck.43
Mice presented with a hunched posture at 6 and 7 dpi, consistent with bioluminescence signals
observed in the CNS, but the majority survived until the end of the study at 21 dpi with no overt
symptoms.

By contrast, IP inoculation resulted in systemic infection by 2 dpi as indicated by low
levels of bioluminescence throughout the main body cavity (Figure 2-6, bottom of panel B), with
virus replication (bioluminescence) highest in the spleen (Figure 2-6, top of panel B). At 3 to 4
dpi, NiV progressively spread to the lungs, the respiratory tract and nasal turbinates. By 5 to 6
dpi, increasing bioluminescence in the olfactory bulb and invasion of the brain were obvious,

coinciding with development of clinical signs of disease, such as hunched posture, hyperreflexia,
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lethargy, seizures, and ataxic behavior. These results expand upon the report by Dhondt et al.2°
by providing evidence that even with IP infection in this animal model, invasion of the brain
may result at least in part from respiratory transmission to the olfactory bulb. All IP-inoculated
mice developed robust infection and were euthanized between 6 to 8 dpi. Moribund mice after
IP infection had luminescence signals present in the upper respiratory tract (including regions
of the salivary glands) and urinary (kidneys and bladder) tracts (Figure 2-6, bottom of panel B,
Day 6), consistent with presumed modes of HNV transmission via saliva and urine. Ex vivo
imaging of fresh, non-fixed whole brains from moribund mice after IP infection revealed
infection of the olfactory bulb and olfactory tubercle, frontal cortex and cerebellum (Figure 2-6,
panel C). Coronal brain slices further revealed bioluminescence signals in deeper brain
structures such as the olfactory nucleus, the anterior commissure, nucleus accumbens, basal
forebrain, and the amygdala nuclei (Figure 2-6, panel D).

Overall, these data demonstrate the applicability of Fluc-expressing henipaviruses to
allow for sensitive detection and identification of early replication sites, spread and development
of disease, with the ultimate goal of identifying the molecular determinants of henipavirus-

induced pneumonia and encephalitis.

DISCUSSION

Reverse genetics systems for Mononegavirales, or the viruses with negative sense, non-
segmented RNA genomes, have been typically fraught with inefficiency,4 making their use
under BSL-4 conditions an even greater difficulty. Although the addition of a hammerhead
ribozyme between the optimal T77 promoter and the 5’ end of the antigenome has been shown to
improve rescue for certain negative strand RNA viruses such as rabies virus,4 we demonstrate
here that this strategy also significantly improves rescue for henipaviruses. While Lo et al.3®
recently reported rescue of NiV using a HHrbz, it is unclear whether (or by how much) inclusion

of their HHrbz improves rescue, as no comparative data on the rescue efficiencies achieved was
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reported. In light of the known sequence-dependent efficiency of ribozyme cleavage,+® we
screened seven HHrbz designs, three of which cleaved at equivalent or better efficiencies than
the “standard” RbzA. These other HHrbz designs may be useful in a sequence-dependent
context for the rescue of other negative-sense RNA viruses that require exact 5° and 3’ termini.

Additionally, we also developed a one-step transfection protocol using a custom-
designed codon-optimized T7 RNA polymerase expression plasmid, rather than recombinant
vaccinia, as the source for T7 polymerase. A vaccinia-free rescue system alleviates the cytopathic
effect and other technical complications associated with vaccinia infections, such as blind
passaging on vaccinia non-permissive cells to isolate and/or purify the recombinant
paramyxovirus, while codon optimization of the bacteriophage T7 gene significantly improves
T7 expression and viral rescue.#” Thus, our hammerhead ribozyme design strategy, in
combination with our codon-optimized T7 polymerase, resulted in a highly efficient and robust
rescue system that allowed for recovery of recombinant NiV and HeV directly from transfected
producer cells without the need for blind passaging or addition of permissive cells for
amplification of the rescued virus.

As mentioned above, NiV and HeV exhibit differential tissue tropisms and pathogenic
characteristics. To identify the genetic determinants of these differences between NiV and HeV,
we rescued an isogenic panel of rNiV-HeV chimeras with substitutions of the NiV M, F and G
genes, singly and in combination, with their HeV counterparts. All chimeras resulted in
efficiently replicating viruses, highlighting the phylogenetic relatedness of NiV and HeV. The
ability of HeV-M to functionally interface with the heterologous NiV N/P/L replication complex
and F/G envelope glycoproteins underscores a particularly close genetic relationship between
NiV and HeV. The M and F/H envelope genes of the Peste-des-petits-ruminants virus have also
shown to be functional in the genetic background of a vaccine strain of Rinderpest virus, a

closely related morbillivirus+®; however, it was not the intention of that study, which used a
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smaller set of chimeras, to dissect the genetic determinants of budding or fusogenicity between
the two morbilliviruses.

Consistent with previous observations that HeV is slower to form syncytia than NiV1849.50
and that HeV-G may bind ephrin-B2 and -B3 less efficiently than NiV-G,23-24 our results show in
the context of live recombinant virus infection that the HeV-G (attachment) glycoprotein is less
fusogenic than NiV-G: all heterotypic and homotypic HeV-G bearing chimeras (Figure 2-4,
panels A and B, constructs 4-7) form smaller and less numerous syncytia than their isogenic
heterotypic and homotypic NiV-G bearing counterparts (Figure 2-4, panels A and B, constructs
1-3). This decreased fusogenicity associated with HeV-G (relative to NiV-G) might contribute, in
part, to observed differences in HeV versus NiV transmissibility or tropism. We anticipate that
future in vivo experiments with our NiV-HeV chimeras will shed further light on this question.
In addition, our results showing higher titers of HeV-M-bearing viruses at early time points—
particularly apparent in the infections of primary hNSC-derived neurons/astrocytes (Figure 2-3,
panel B)—are consistent with the aforementioned faster dissemination of HeV in the hamster
model once infection has taken place.?

Our reporter insertion strategy, linking the reporter to the matrix gene via a P2A
ribosomal sequence, maintained the natural polar transcriptional gradient. Interestingly, the
NiV mRNA gradient resembled the previously published HeV gradient,4* with the initial sharp
attenuation in transcript levels occurring at the M-F junction. Nevertheless, the wild-type
transcriptional gradient observed for our initial rNiV-mChM infectious clone was insufficient to
confer wild-type replication (Figure 2-3, panels B and C, and also Figure 2-5, panel B). The P2A
ribosomal skipping peptide sequence we chose appears to be the most efficient of the major “2A”
peptide sequences in widespread use.552 Lo et al. used a F2A sequence to generate an infectious
NiV reporter in a similar strategy to ours,3® but no analysis of “cleavage” or comparison with
wild-type virulence was presented. By adding a GSG linker upstream of the P2A sequence, we

improved the efficiency of the P2A-mediated ribosomal skipping and correspondingly improved

76



the in vitro growth kinetics of our recombinant NiV (Figure 2-5, panel E). Nevertheless, the
recombinant NiV remained attenuated, perhaps due to the unnatural attachment of proline to
the N-terminus of matrix from the P2A sequence. Our finding that attenuation in transcript
levels only occurs after the M gene led us to consider whether insertion of an ORF upstream of
the M gene would even in fact disturb the transcriptional gradient. Insertion of EGFP in between
the N and P genes, corresponding to the first described design for NiV reverse genetics,35 also
did not affect the transcriptional gradient (Figure 2-5, panel A), but this recombinant virus
replicated similar to wild-type NiV (Figure 2-5, panel B).

To evaluate our ability to monitor the spatial and temporal progression of viral spread in
vivo, we used a Firefly luciferase-expressing NiV in the recently established IFNAR KO mouse
model.2° IP and IN infections resulted in outcomes that were consistent with the previous report
by Dhondt et al.,?° but real-time bioluminescence imaging shed light on the dynamic processes
of viral pathogenesis and transmission. Evidence of viral replication in the respiratory and
urinary tracts in moribund animals provides strong evidence for the presumed modes of
henipavirus transmission via respiratory secretions and urine. The spread of luminescence in
IP-inoculated mice suggested that despite systemic infection in the body cavity, invasion of the
brain might have followed viral spread to the respiratory tract and subsequent infection of the
olfactory bulb, perhaps via aerosolized virus that infected olfactory receptors. While it is possible
that breach of the blood-brain barrier was also involved, the relative contributions of these
mechanisms of CNS invasion deserve further investigation. IN infection, on the other hand,
resulted in viral spread that was limited to the upper respiratory tract, and CNS invasion again
appeared to follow replication in the olfactory bulb, likely from direct infection of olfactory
neurons as a result of the route of inoculation.

Our efficient and robust henipavirus reverse genetics system will enable the generation
of multiple reporter viruses that will facilitate more refined in vitro and in vivo studies of

henipavirus pathogenesis and spread, as well as the evaluation of vaccines and antivirals. For
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example, we have designed other reporter-expressing viruses with their own unique advantages
for in vivo studies, such as a NiV with a secreted Gaussia luciferase-P2A-eGFP dual expression
cassette that can be used to monitor viral load directly in tissues by bioluminescence imaging or
indirectly by measuring Gaussia luciferase activity in serum.!* Future in vivo studies with these
reporter constructs and recombinant henipavirus chimeras will not only reveal insights into NiV
and HeV pathogenesis, but also open the door to similar investigations into different NiV strains
(e.g., the Malaysian strain vs. the more diverse Bangladeshi strains, which also appear to have
significant differences both epidemiologically and experimentally53-55), and newly discovered

henipaviruses (such as Cedar virus and the African Gh-M74a45).
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Figure 2-2. Optimization of hammerhead ribozyme for 5’ end of antigenome. (A)
The sequence and structure of the two hammerhead ribozymes (HHrbzs) ultimately tested in
NiV rescue are shown, with the NiV antigenome shown bolded in red. RbzA is a standard HHrbz
ribozyme unoptimized for low Mg+, and RbzF is a modified version of a HHrbz optimized for
low Mg2?*. (Arrow, autocleavage site; TL, tetraloop; TLR; tetraloop receptor.) (B) Following
transfection and RNA collection as described in Materials and Methods, qRT-PCR was
performed to detect PCR product 1 (lost upon cleavage due to lack of 1F primer binding) and
PCR product 2 (always detected, regardless of HHrbz cleavage). % cleavage was determined as
100*((product 2 — product 1)/product 2). (C) The NoG and 3G constructs appear completely
“cleaved” because they lack the HHrbz sequence that binds primer 1F. By contrast, A-dead, in
which RbzA was rendered nonfunctional with a poison pill mutation, displays a lack of cleavage.
Overall expression was determined by normalizing PCR product 2 to the hamster GAPDH gene.
Error bars represent SD from 3 independent experiments. (D) Rescue of rNiV-mChM full-length
antigenomic constructs with different T7 promoters and ribozymes as shown was performed as
described in Materials and Methods. See also Table 1 for explanation of differences in the T7
promoter. Supernatants were collected at 3, 4, and 5 days post-transfection (dpt) for subsequent
titering by plaque assay. No viral titer was detected for any condition at 3 dpt, but titers were
detected for the ribozyme-bearing constructs starting at 4 dpt. The lower limit of detection, 100
pfu/mL, is indicated by the dotted lines. The results of two representative independent
experiments are shown to illustrate the reproducibility of our rescue protocol.
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Figure 2-3. Replication kinetics of rNiV-HeV chimeric viruses reveals heterologous
cross-complementation of henipavirus matrix and envelope proteins and
demonstrates that HeV-M buds more efficiently than NiV-M. (A) The parental rNiV-
mChM construct and relevant rNiV-HeV chimeras generated and rescued in this study are
schematically diagrammed. Genetic components from NiV and HeV are indicated in orange and
blue, respectively. T7p, T7 promoter; 3’le, 3’ leader; 5'tr, 5° trailer; T7t, T7 terminator. The
arrowheads indicate where the hammerhead ribozyme (HHry,) and hepatitis delta virus
ribozyme (HDVwy,) self-cleave. (B) hNSC-derived neurons/astrocytes and (C) HUVECs were
infected with the indicated wild-type and recombinant viruses at MOI 0.1, and the growth
kinetics were monitored as described in Materials and Methods. A representative experiment is
shown, with error bars representing SD of triplicate samples. Two-way ANOVA followed by
Bonferroni post-tests shows that both HeV-M-bearing chimeras have significantly higher titers
than all other NiV-M-bearing rNiVs at 24 hpi for both HUVECs and hNSC-derived
neurons/astrocytes, p < 0.001. (D-E) HeV-M buds more efficiently than NiV-M. (D) FLAG-
tagged NiV-M and HeV-M were transfected into 293T cells. 18 hours post-transfection, cell
lysates (CL) and virus-like particles (VLPs) in supernatants were collected and Western blotted
for matrix (anti-FLAG) as described in Materials and Methods. A representative comparison of
NiV-M vs. HeV-M in CL and VLP is shown. COX IV was used as the cell lysate loading control.
(E) For each experiment, a titration of NiV-M was transfected to determine a best-fit NiV-M
budding curve of relative matrix in CL (x variable) vs. relative matrix in VLP (y variable), as
determined by quantitative fluorescent Western blots. In the same experiment, the relative
budding efficiency of HeV-M was determined by comparison to this best-fit NiV-M budding
curve. Error bar represents SD from 3 independent experiments; *, p=0.0265, 2-tailed paired
Student’s t-test.

82



R rNiV-mChM rNiV-mChM rNiV-mChM rNiV-mChM rNiV-mChM g
A DA HeV-M HeV-F HeV-G HeV-FIG HeV-M/F/G rHoV-mCh

mCherry
DAPI

F-actin
mCherry
DAPI

100+

754

50+

254

= %@ﬁﬁ

Nuclei in syncytia per field

1 2 3 6 7
rNiV- HeV-  HeV-  HeV- HeV- HeV- rHev-
mCh¥ M F G FIG MFIG mCh™

NiV-mCh"

Figure 2-4. Fusogenicity of recombinant NiV-HeV chimeras in infected HUVECs.
(A-B) Immunofluorescence imaging of syncytia formation in infected HUVECs shows
differential fusogenicity of recombinant NiV-HeV chimeras. (A) HUVECs on coverslips were
infected with the indicated mCherry-expressing viruses at MOI 0.1. At 24 hours post-infection,
coverslips were fixed in formalin and stained with DAPI (in blue, for nuclei) and Alexa Fluor 647
phalloidin (in green, for F-actin). 20X confocal z-stacks were obtained, and a representative
extended focus image for each virus is shown. (B) Nuclei within syncytia (3 or more nuclei
within a mCherry-positive cell) were counted in 4 independent 40X fields per virus. Error bars
represent SD. One-way ANOVA followed by a Tukey’s multiple pairwise comparison test shows
that all HeV-G-bearing viruses result in significantly less syncytia formation than all NiV-G-
bearing viruses (p < 0.001).
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Figure 2-5. Insertion of an ORF between the N and P genes does not affect the NiV
transcriptional gradient. (A) Wild-type and recombinant NiV have similar transcriptional
gradients. HUVECs were infected with the indicated viruses at MOI 0.1, and RNA was isolated
from samples collected at 24 hpi. mRNAs were selectively purified using oligo(dT) magnetic
beads. qRT-PCR was performed for the viral genes, with standard curves generated by a shared
serial dilution of the full-length rNiV plasmid. Error bars represent SD, representative of 3
independent experiments. (B) Vero cells were infected with the indicated viruses at MOI 1, and
the growth kinetics were monitored as described in Materials and Methods. Error bars represent
SD of 3 replicates. (C) HUVECs were infected with the indicated viruses at MOI 0.1, and cell
lysates were collected at indicated time points. P2A-opt refers to a rNiV-mChM virus with a GSG
linker inserted in front of the P2A sequence. Western analysis with anti-NiV-M and anti-
mCherry shows that P2A ribosomal skipping in the mCherry-P2A-M cassette was inefficient for
the original rNiV-mChM virus, and that insertion of the GSG linker results in essentially
complete ribosomal skipping. The arrowheads indicate the uncleaved fusion product. (D)
HUVECs were infected with the indicated viruses at MOI 0.1, and the growth kinetics were
monitored as described in Materials and Methods.
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Figure 2-6. Spatial and temporal dynamics of recombinant Nipah virus infection
monitored by in vivo bioluminescence imaging in IFNAR KO mice. Groups of four
IFNAR KO mice each were infected with rNiV-Fluc™ via the (A) intranasal (IN) (8x104
pfu/animal) or (B) intraperitoneal (IP) (8x105 pfu/animal) route, respectively. Infected animals
were imaged at indicated time points as described in Materials and Methods. One representative
female mouse is shown for each inoculation route. The data are displayed as radiance
(bioluminescence intensity) on a rainbow log scale with a range of 1x105 (blue) to 1x10° (red)
photons/s/cm?/steradian for the IN mouse, and 1x10°¢ to 1x107 for the IP mouse. Organs with
positive bioluminescence signals are labeled as follows: Br, brain; Li, liver; Lu, lung; Ob,
olfactory bulb; Sg, salivary gland; Sp, spleen. (C) Ex vivo imaging of fresh brains from
moribund IP-infected mice at day 8 post-infection (identified as NiV 1 and NiV 2). BF,
brightfield modus; BL, bioluminescence modus. Brain substructures with positive
bioluminescence signals are labeled as follows: CBL, cerebellum - lateral hemisphere; CBV,
cerebellum - vermis; FC, frontal cortex; OB, olfactory bulb; OIfT, olfactory tubercle; Pyr,
pyramids. (D) Gross cross sections were prepared from a fresh brain from a moribund IP-
infected mouse at day 6 post-infection. The numbered levels shown in the panel for the entire
brain correspond to the labeled levels in cross section panels. Brain substructures with positive
bioluminescence signals are labeled as follows: ac, anterior commissure; A, amygdala nuclei; BF,
basal forebrain; CB, cerebellum; NA, nucleus accumbens; OB, olfactory bulb; ON, olfactory
nucleus.
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Name of Antigenomic Construct Abbreviated Name Descriptive Nomenclature®® T7 Promoter

NiVog-mCherry-P2A-M NiVpog-mCh" [NiVyal T7p.min (MCherry-P2A-M) TAATACGACTCACTATA
rNiV3g-mCherry-P2A-M rNiV3G—mChM [NiViall T7p.3c (MCherry-P2A-M) TAATACGACTCACTATAGGG
NiVgpza-MCherry-P2A-M NiV-mchM [NiVyall T7p.36(+) 5'RbzA-(mCherry-P2A-M) TAATACGACTCACTATAGGGAGA
NiVgyzr-mCherry-P2A-M rNiVipze-mCh™ [NiVya] T7p.3 5'RbzF-(mCherry-P2A-M) TAATACGACTCACTATAGGG
"NiVrpza-mCherry-P2A-M: HeV-M rNiV-mCh"-HeV-M [NiViiall T7p.36(+) 5'RbZA-(MCherry-P2A-M)'<(M > Mey.aus)” TAATACGACTCACTATAGGGAGA
NiVRpza-mCherry-P2A-M: HeV-F NiV-mCh"-HeV-F INIVyall T7p.36(+) 5'RbzA-(MCherry-P2A-M)"-(F > Frioy.aus)’ TAATACGACTCACTATAGGGAGA
NiVrpza-mCherry-P2A-M: HeV-G NiV-mChV-HeV-G NVl T7p-36¢+) 5'RbzA-(MCherry-P2A-M)'<(G > Gyiey-aus)’ TAATACGACTCACTATAGGGAGA
INiVgpza-mCherry-P2A-M: HeV-F/G rNiV-mCh"-HeV-F/G [NiVyral T7p.36(+) 5RbZA-(mCherry-P2A-M)'{(F/G > F/Gey.aus)” TAATACGACTCACTATAGGGAGA

"NiVpoa-mCherry-P2A-M: HeV-M/FIG  iNiv-mCh"-HeV-M/FIG  [NiVyal T7p.3a(+) 5RbZA-(MCherry-P2A-M)'-(MIF/G > M/F/Gyiey.aus)®  TAATACGACTCACTATAGGGAGA

NiVRpza-N_eGFP_P Niv-eGFPN? [NiVya] T7p_36(+) 5'RbzA-(N_eGFP_P) TAATACGACTCACTATAGGGAGA
NiVgpza-N_Fluc_P rNiV-Fluc\P [NiViyial T7p_36(+) 5'RbzA-(N_Fluc_P) TAATACGACTCACTATAGGGAGA
rHeVgp,a-mCherry-p2A-M rHeV-mChM [HeVays] T7p.36(+) 5'RbzA-(mCherry-P2A-M) TAATACGACTCACTATAGGGAGA

@ Descriptive nomenclature: i) Virus and strain are in square brackets, with strain in subscript; ii) The type of promoter and 5' HHrbz, if any, are indicated; iii) Major features

are within parentheses. For multiple features, each one is labeled with a superscript number; iv) Within a feature, "-" indicates direct connection (i.e., mCherry-P2A-M),

whereas "_" indicates context (i.e., N_eGFP_P).

° T7p.min is the minimal T7 promoter without additional Gs to drive higher levels of transcription; T7p.3g has 3 additional Gs to drive higher levels of transcription; and T7p_3g(+) has an

additional "AGA" sequence that is part of the optimal T7 promoter.

Table 2-1. Henipavirus reverse genetics constructs described in Chapter 2.2. See
Materials and Methods for details on plasmid construction and virus rescue.
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CHAPTER 2.3

EFFICIENT REVERSE GENETICS FOR THE
PARAMYXOVIRINAE SUBFAMILY

g1



INTRODUCTION

Reverse genetics systems have been described for multiple members of the Paramyxovirinae
subfamily.’© Although the method for determining rescue efficiency varies widely between
reports, the longstanding rescue efficiency for paramyxoviruses appears to be one in 105
transfected cells or less.>* To determine whether our use of codon-optimized T7 polymerase and
the hammerhead ribozyme could improve rescue efficiencies across the Paramyxovirinae, we
accordingly modified existing reverse genetics systems for representative members of the major
genera: Sendai virus (Respirovirus), Newcastle disease virus (Avulavirus), mumps virus
(Rubulavirus), and measles virus (Morbillivirus). Reverse genetics for the henipaviruses, having

been described in Chapter 2.2, is not further discussed here.

MATERIALS AND METHODS

Plasmids

The wild-type T7 bacteriophage gene in pCAGGS is as described.’>'3 The codon-optimized T7
gene (Genscript) was cloned into pCAGGS to match the wild-type construct.

Sendai virus (SeV). T7-driven SeV antigenome, Fushimi strain, as well as the T7-driven SeV-N, -
P, and -L plasmids, were the kind gift of Dr. Nancy McQueen. The full-length SeV incorporates
specific F1-R strain mutations in the SeV-F and SeV-M genes that allow trypsin-independent
growth, as replication of wild-type SeV requires a cellular protease for F protein cleavage and
maturation that is not present in common mammalian cell lines."4 We further modified this
construct to insert EGFP between the N and P genes, with duplication of the N-to-P intergenic
region.

Newcastle disease virus (NDV). T7-driven NDV antigenome, La Sota strain, as well as the T7-
driven NDV-N, -P, and -L plasmids, were the kind gift of Dr. Elankumaran Subbiah. Similar to
wild-type SeV, wild-type NDV is restricted by the lack of the required protease in common

mammalian cell lines and requires addition of exogenous trypsin for growth. We therefore
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modified the full-length construct to convert the F protein cleavage site to a urokinase-type
plasminogen activator (uPA) cleavage site: uPA is a serine protease associated with cancer
malignancy and is thus expressed by some common cell lines. We note that HEK-293 cells
express minimal endogenous uPA, and that although we perform our rescue experiments in
293T cells, the rescued NDV does not expand on this cell line. We further modified this
construct to insert EGFP between the N and P genes, with duplication of the N-to-P intergenic
region.

Mumps virus (MuV). T7-driven MuV antigenome, Jeryl Lynn strain, as well as the T7-driven
MuV-N, -P, and -L plasmids, were the kind gift of Dr. Paul Duprex. EGFP is present as an
inserted ORF upstream of the N gene.

Measles virus (MeV). T7-driven MeV antigenome, Edmonston B strain, as well as the T7-driven
MeV-N, -P, and -L plasmids, were the kind gift of Dr. Paul Duprex. We modified the full-length
construct to insert EGFP between the N and P genes, with duplication of the N-to-P intergenic
region.

Immunoblotting

BSR-T7 cells'> stably expressing T7 polymerase or 293T cells were transfected with empty
pCAGGS vector, wild-type T7 polymerase, or codon-optimized T7 polymerase using either
Lipofectamine LTX (Invitrogen) for BSR-T7 cells, or BioT (Bioland) for 293T cells, according to
manufacturers’ instructions. Cells were collected in PBS with 1omM EDTA, and boiled 1:1 with
2X Laemmli SDS sample buffer with 5% 2-mercaptoethanol. Samples were run on 10% Tris-
glycine SDS-PAGE, transferred to Immobilon-FL. PVDF membranes (Millipore), and detected
with either mouse anti-T7 (TB244, Novagen) or rabbit anti-b-tubulin (2128, Cell Signaling),
followed by anti-mouse 800CW or anti-rabbit 680LT (LI-COR Biosciences), respectively.
Fluorescence images were obtained on a LI-COR Odyssey imaging system.

Recovery of recombinant viruses from cDNA
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1 x 10° 293T cells/6-well were plated to achieve about 50% confluency the following day. For
transfection, specific amounts of full-length antigenome, helper plasmids, and T7 polymerase
were transfected with Lipofectamine LTX (Invitrogen) according to manufacturer’s instructions.
Amounts of T7 polymerase are as indicated in the Results. For a given virus, the ratio of genomic
plasmid to individual helper plasmids was previously optimized by the gifting lab, and was not
modified further. For SeV, 4 ug genome, 1.44 ug T7-N, 0.77 ug T7-P, and 0.07 ug of T7-L were
transfected per 6-well; for NDV, 0.8 ug genome, 0.4 ug T7-N, 0.2 ug T7-P, and 0.2 ug T7-L; for
MuV, 5 ug genome, 0.3 ug T7-N, 0.1 ug T7-P, 0.2 ug T7-L; for MeV, 5 ug genome, 1.2 ug T7-N,
1.2 ug T7-P, and 0.4 ug T7-L. For determination of rescue efficiency by flow cytometry (%GFP+),

cells were collected at day 2 post-transfection in 2% paraformaldehyde.

RESULTS

Codon-optimized T7 polymerase is expressed more highly than wild-type T~

We first confirmed that codon-optimization of the bacteriophage T7 gene, which is not
optimized for mammalian expression and contains cryptic splice sites, improves T7 expression
in mammalian cell lines. Transfection of 293T cells showed that the optimized gene expressed
more highly than the wild-type gene (Figure 2-7). We also considered if transfection of the
optimized T7 gene might enable even higher expression of T7 in BSR-T7 cells, which have stable
expression of T7 polymerase. Indeed, the higher expression of T7 upon transfection (Figure 2-7)
raises the possibility that rescue efficiency even in this cell line might be improved with
additional T7 expression.

GFP-positive cells at day 2 post-transfection as a metric for rescue efficiency

Since all our recombinant viruses have an EGFP reporter, we sought to use this reporter to
establish a straightforward metric for the efficiency of viral rescue. First, we noticed that for all
the viruses, EGFP fluorescence became clearly visible at day 2 post-transfection, indicating

production of viral proteins and thus initiation of the replication cycle. As a control, the same
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transfection but with the sole omission of the T7-L plasmid resulted in no EGFP fluorescence
(data not shown). Further, as an indication that all EGFP-positive cells at day 2 post-
transfection represent original rescue cells and not cells subsequently infected by rescued virus,
we determined that no virus was detectable in the supernatant at this time point (shown for SeV
in Figure 2-8, panel A). We therefore used GFP-positive cells/105 cells at day 2 post-transfection,
determined by percent GFP-positive at this time point by flow cytometry, as a metric for rescue
efficiency. To additionally confirm that this metric was representative of virus rescue, we
correlated the metric with the supernatant virus titer at day 6 post-transfection for different
conditions that gave different rescue efficiencies (differing amounts of wild-type or codon-
optimized T7 polymerase). We found a strong correlation between these two measures (Figure
2-8, panel B).

Codon-optimized T7 and insertion of a hammerhead ribozyme synergistically
enhance virus rescue

For all the viruses, we used the existing construct or inserted a hammerhead ribozyme
(described in Chapter 2.2) between the T77 promoter and the start of the antigenome. Use of the
hammerhead ribozyme allowed insertion of the three guanines allowing optimal Ty
transcription for the MeV and MuV antigenomic constructs; the SeV and NDV constructs
already included the guanines. For all viruses, use of codon-optimized T7 vs. wild-type T7, or the
hammerhead ribozyme vs. without, increased rescue efficiency (Figure 2-9). The highest rescue
efficiency was obtained when both codon-optimized T7 and the hammerhead ribozyme were

used in conjunction.

DISCUSSION
Although our focus remains on the emergent henipaviruses, our analyses of conserved or non-
conserved features of these viruses will involve comparative studies with the related

paramyxoviruses. We therefore obtained and improved reverse genetics systems for prototypical
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paramyxoviruses from each of the major genera of the Paramyxovirinae subfamily (Figure 2-
10). It was surprising to see that the best rescue efficiency obtained for MeV was still only one in
105 cells; we have recently found, however, that use of MeV helper plasmids with gene sequences
derived from a more wild-type MeV, vs. the attenuated Edmonston vaccine strain, dramatically
improves MeV rescue efficiency. This finding only emphasizes that despite our improvement of
a major roadblock to rescue efficiency, many factors contribute to the overall efficiency of virus

rescue.
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FIGURES
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Figure 2-7. Codon-optimized T7 polymerase expresses more highly than wild-type
T7 polymerase. Codon-optimization of the T7 gene sequence for mammalian expression led to
improvement in T7 expression in 293T cells. Transfection of the BSR-T7 cell line that stably
expresses T7 shows that T7 expression can be substantially increased. In the subsequent
experiments in 293T cells, we show that use of the optimized construct leads to more efficient

virus rescue.
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Figure 2-8. GFP-positive cells at day 2 post-transfection correlates with rescued
virus titers at a later time point. (A) After transfection with the full-length SeV construct,
N, P, L, and the indicated amounts of wild-type or codon-optimized T7 plasmid, supernatants
were collected and replenished each day, and subsequently titered. (B) Cells treated identically
in parallel were collected for flow cytometry at day 2 post-transfection. The GFP+ count for each
condition was then correlated to the day 6 infectious titer for each condition (from panel A).
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Figure 2-9. Codon-optimized T7 polymerase and the hammerhead ribozyme
synergistically improve rescue efficiency. Virus rescue was performed as indicated in
Materials and Methods. The amount of T7 used for each virus was based on previous
optimization: 4 ug for SeV, 0.4 ug for NDV, 2 ug for MuV, and 3 ug for MeV. To illustrate the
synergistic effect of using codon-optimized T7 and the hammerhead ribozyme (HhRbz), the fold
change in rescue efficiency is shown for Sendai virus, with both improvements together leading
to an over 50-fold increase in efficiency.
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Paramyxovirinae

Rubulavirus Respirovius Morbillivirus Avulavirus Henipavirus
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disease virus

Figure 2-10. Example fluorescent images of each recombinant virus in cell culture.
The cell types shown are: 293T for mumps, Sendai, and measles; BSR-T7 for Newcastle disease
virus; human umbilical vein endothelial cells for Nipah.
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CHAPTER 2.4

TIMING OF GALECTIN-1 EXPOSURE
DIFFERENTIALLY MODULATES NIPAH
VIRUS ENTRY AND SYNCYTIA FORMATION
IN ENDOTHELIAL CELLS
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ABSTRACT

Nipah virus (NiV) is a deadly emerging enveloped virus that targets human endothelial cells.
Endothelial cells express the innate immune effector galectin-1, which we have previously shown
can bind to specific N-glycans on the NiV envelope fusion glycoprotein (F). NiV-F mediates
fusion of infected endothelial cells into syncytia, resulting in endothelial disruption and
hemorrhage. Galectin-1 is an endogenous carbohydrate-binding protein that binds to specific
glycans on NiV-F to reduce endothelial cell fusion, an effect that may reduce pathophysiologic
sequelae of NiV infection. However, galectins play multiple roles in regulating host-pathogen
interactions: for example, galectins can facilitate attachment of HIV and HSV-1 to target cells
and thus promote infection, yet can inhibit influenza entry into airway epithelial cells. In the
present study, we demonstrate that galectin-1 can enhance NiV attachment to and infection of
human endothelial cells by bridging glycans on the viral envelope to host cell glycoproteins. In
order to exhibit an enhancing effect, galectin-1 must be present during the initial phase of virus
attachment; in contrast, addition of galectin-1 post-infection results in reduced production of
progeny virus and syncytia formation. Thus, galectin-1 can have dual and opposing effects on
NiV infection of human endothelial cells. While various roles for galectin family members in
microbial-host interactions have been described, this is the first report of opposing effects of the
same galectin family member on a specific virus, with the timing of exposure during the viral life

cycle determining the outcome.
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INTRODUCTION
Nipah virus (NiV) is an emerging zoonotic paramyxovirus that targets endothelial and neural
cells. Infection with NiV may result in a severe encephalitic syndrome with mortality rates from
40-100% in humans.»?> While initial outbreaks involved transmission from bats-to-pigs, and
then from pigs-to-humans, more recent outbreaks have been shown to involve human-to-
human virus transmission.2 There are currently no approved vaccines or anti-viral agents
targeting NiV for human cases, and quarantine has been the predominant measure to restrain
the spread of the virus.3

NiV preferentially infects microvasculature endothelial cells that express the entry
receptor ephrinB2.4 The NiV attachment protein NiV-G binds to ephrinB2 on the host cell
plasma membrane, triggering the NiV fusion protein, NiV-F, to execute fusion of the viral
envelope with the host cell membrane. Infected microvascular endothelial cells produce NiV-F
and NiV-G which results in fusion of the cells into syncytia,5 and this syncytia formation
contributes to vascular compromise and hemorrhage, two hallmarks of Nipah virus infection.®

Endothelial cells respond to viral infection by producing inflammatory mediators
including cytokines, which regulate leukocyte trafficking into adjacent tissues, and by presenting
viral antigens.” Among the inflammatory mediators produced by endothelial cells are the
galectins, a family of mammalian lectins implicated in immune regulation. Vascular endothelial
cells express several galectin family members, including galectins-1 and -9. For example,
infection of vascular endothelial cells with Ebola virus results in endothelial cell activation® and
increased expression of galectin-1.91° Infection of endothelial cells with Dengue virus induces
expression of galectin-9,"* as does binding of double-stranded RNA to TLR-3 on endothelial
cells.r2

Galectins play several roles in modulating host-pathogen interactions. Galectins can
participate in innate immune recognition and clearance of pathogens, however pathogens can

also use galectins as attachment receptors. Galectins specifically recognize a subset of microbes
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based on binding to pathogen-specific polysaccharides.’3 For example, galectin-4 and galectin-8
bind and directly kill human blood group B-expressing Escherichia coli,’4 and galectin-3 binds
and directly kills Candida albicans® in the absence of immunoglobulin or complement. In
contrast, Pseudomonas aeruginosa and Trypanosoma cruzi use galectin-3 to bind and infect
human cells, and galectin-1 on human cervical epithelial cells is an attachment factor for
Trichomonas vaginalis.***® Similarly, galectin-1, which preferentially recognizes LacNAc
(Galb1,4GlcNAc) containing glycans, increases HIV infection of monocyte-derived macrophages
through stabilization of virus attachment,9-2* and galectin-9 promotes HIV infection of T cells by
regulating the cell surface redox status.2? Thus, different galectins can have pleiotropic and
sometimes opposing roles in the etiology and pathophysiology of microbial infections. However,
opposing effects of a single galectin on a specific virus have not been reported.

We have previously shown that galectin-1 produced by endothelial cells can inhibit
endothelial cell syncytia formation mediated by NiV-F and NiV-G.1°23 Galectin-1 reduced NiV-F
mediated fusion of endothelial cells by interfering with NiV-F maturation, reducing lateral
mobility of NiV-F on the plasma membrane, and inhibiting the conformational change in NiV-F
triggered by receptor binding to NiV-G that is necessary for cell-cell fusion.’® While galectin-1
produced by endothelial cells can clearly inhibit post-infection cell-cell fusion triggered by NiV-
F, the effect of galectin-1 on NiV attachment and entry into host cells is not known. In the
present study, we found that galectin-1 can enhance NiV attachment to and infection of
endothelial cells by bridging glycans on the viral envelope to cell surface glycoproteins. While
the presence of galectin-1 enhances NiV entry, galectin-1 also inhibits syncytia formation of
infected cells. In both cases, a specific N-linked glycan site on NiV-F plays a critical role in
mediating galectin-1’s effects. Our results highlight the complex roles galectin-1 may play in viral

pathogenesis.
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MATERIALS AND METHODS

Cells, virus, and reagents

Vero cells (ATCC) were maintained in MEM alpha (Invitrogen) with 10% FBS (Hyclone) and
2mM Glutamax in 5% CO2 at 37°C. 293T cells were maintained in DMEM (Invitrogen) with 10%
FBS (Hyclone) and 2mM Glutamax. VeroCCL-81 cells were maintained in DMEM (Gibco) with
10% FBS (Hyclone). HUVECs (BD Biosciences) were maintained in MDCB-131 complete media
with fetal bovine serum and antibiotics (VEC Technologies, INC). HUVECs (LONZA) were
maintained in Endothelial Basal Medium-2 (EGM-2) with EGM-2 SingleQuots.

Recombinant human galectin-1 was expressed in E. coli and purified by affinity
chromatography on lactosyl-Sepharose, as described?4; in all assays, buffer controls are PBS
with 1.2 mM dithiothreitol (DTT), as galectin-1 is prepared and stored in PBS with DTT.

NiV-F and -G were pseudotyped onto a reporter vesicular stomatitis virus (VSV)
expressing Renilla luciferase as described.?s Nipah virus (NiV) strain Malaysia (NiV-mar) was
kindly provided by the Special Pathogens Branch, CDC, Atlanta, GA, and propagated in VeroE6
cells. Stock virus was harvested 48 hr post-infection and virus titer determined by plaque assay
using VeroCCL-81 cells.

Quantitation of viral entry

Cells plated in 48-well plates were infected with pseudotyped virions in PBS plus 1% FBS for 2
hr at 25°C at 2000 rpm (spinoculation). After 2 hr, cells were washed, appropriate growth
medium was added, and cells were incubated at 37°C. At 24 hr post-infection, cells were lysed
and luciferase activity was measured as relative light units (RLU) using a Renilla luciferase
detection system (Promega, Madison, WI) and a Veritas microplate luminometer (Turner
Biosystems, Sunnyvale, CA). Galectin-1, buffer control, 100 mM lactose and 100 mM sucrose
were added just prior to spinoculation.

Reduction in complex N-glycans
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Cells (Vero, 293T, HUVECs) were treated with kifunensine (2 ug/ml) for 24 hr. To confirm loss
of complex N-glycans on the cell surface, cells were suspended in PBS with 5 mM
ethylenediaminetetraacetic acid (EDTA), washed, and resuspended in biotinlyated L-PHA in
PBS (1:1000) plus 1% bovine serum albumin (BSA) (Gemini Scientific) for 1 hr at 4°C. Cells were
washed in PBS and bound PHA detected with a FITC-conjugated streptavidin (SA) (1:60) in PBS
plus 1% BSA, for 1 hr at 4°C. Cells were washed in PBS with 1% BSA and flow cytometric analysis
was performed on a FACScan, using CellQuest software (Becton-Dickenson). Pseudotyped VSV
expressing NiV-G and NiV-F were produced by infecting kifunensine-treated or control cells
with VSV-rLuc virions for 24 hr. Supernatants were collected and virions purified by
centrifugation through 20% sucrose in NTE buffer. To examine loss of N-glycan processing by
immunoblot, NiV-G and NiV-F were separated and detected as previously described.23
Recombinant Nipah virus (NiV) production and in vitro luciferase assay

rNiV Rbz NP Gluc-p2A-eGFP was rescued in Galveston National Laboratory, TX, USA. Virus
stock was prepared by infecting Vero CCL-81 cells and collecting supernatant at 48 hours post-
infection. Virus titer in the supernatant was determined by plaque assay using VeroCCL-81 cells.
HUVECs were infected with rNiV Rbz NP Gluc-p2A-eGFP at different MOIs and cells
supernatants were collected at regular intervals. Luciferase assay were performed using BioLux
Gaussia Luciferase assay kit (New England BioLabs) according to the manufacturer’s protocol
and expression was measured on Modulus Luminometer (Turner BioSystems, Inc).

NiV live virus plaque titrations

For titrations, confluent monolayers of VeroCCL-81 cells were infected with 100 yl of serial ten-
fold dilutions of virus-containing cell supernatant. After 1 hr incubation at 37°C and 5% CO., the
inocula were removed and wells overlaid with a mixture of one part 1.0% methylcellulose (Fisher
Scientific) and one part 2xMEM (Gibco, Invitrogen) supplemented with 2% FBS and 2%
penicillin/streptomycin. The plates were incubated at 37°C and 5% CO. for 3 days and stained

with 0.25% crystal violet in 10% buffered formalin. Plates were washed and plaques
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enumerated. All work with live virus was carried out under Biosafety Level 4 (BSL4) conditions
in the Robert E. Shope BSL-4 Laboratory and in the Galveston National Laboratory BSL-4
laboratories at the University of Texas Medical Branch (UTMB).
NiV live virus galectin-1 experiments
HUVECs were infected with NiV-yar, at a multiplicity of infection of 0.1 for 1 hr at 37°C.
Infections were performed either in the presence of various galectin-1 concentrations (1, 7, and
20 uM) or cells were treated with galectin-1 post-infection. In the case of infections performed in
the presence of galectin-1, the inoculum was removed 1 hr post-infection and cells were washed
three times with 0.1 M p-Lactose, followed by incubation in complete EGM-2 media. Cells
infected only with NiV were washed three times with media and incubated in complete EGM-2
media containing different concentrations of galectin-1 (1, 7 or 20 uM). Supernatant aliquots
were harvested at 1, 12, 24 and 36 hpi and stored at -80°C until titration. DTT was used as
negative control and experiments were performed in triplicates.

For DAPI staining, HUVECs were grown in 12-well plates and incubated with NiV for 1
hr at 37°C. Galectin-1 treatment was performed as described above. At 24 hpi, cells were fixed in
10% buffered formalin and nuclei stained with 20 pg/ml DAPI (Sigma) before analysis by

fluorescence microscopy.

RESULTS

Galectin-1 increases viral infection of endothelial cells

Galectin-1 inhibits endothelial cell syncytia formation mediated by NiV envelope glycoproteins.°
Although galectin-1 can bind to both NiV-F and -G, we showed that inhibition of cell-cell fusion
was mediated largely by galectin-1 binding to abundant and accessible lactosamine moieties on
complex N-glycans at the “F3” N-glycan site (93NNT°!) on NiV-F.1%23 The F3 N-glycan site is
close to the cathepsin L cleavage site °3DLVGDVR 9. Binding of dimeric galectin-1 to F3 N-
glycans on different NiV-F protomers likely accounts for the suite of inhibitory activities that

108



galectin-1 exerts on NiV-F-mediated fusion.’® We therefore expected galectin-1 to inhibit NiV
infection just as potently. Surprisingly, when we examined the function of galectin-1 in Nipah
virus entry using NiV-F/G-pseudotyped particles (NiVpp),2® we found that addition of
recombinant galectin-1 significantly increased infection of target cells in a concentration-
dependent manner (Figure 2-11, panel A).

We confirmed that the galectin-1-mediated increase in infection was carbohydrate-
dependent. Lactose, but not sucrose, specifically abrogated the galectin-1 mediated increase in
infection, while lactose alone in the absence of galectin-1 had no effect (Figure 2-11, panel B).
Thus, exogenous galectin-1 increased viral infection in a dose-dependent and carbohydrate
binding-dependent manner.

Galectin-1 increases viral attachment to host cells

Viral entry requires two steps, viral attachment to the target cell surface mediated by NiV-G
followed by membrane fusion mediated by NiV-F. Viral attachment is largely energy-
independent while virus-cell fusion is an energy-dependent process.?” To examine the point at
which galectin-1 enhancement occurs, NiVpp was centrifuged onto target cells in the presence or
absence of galectin-1 for 2 hours at 4°C, to allow viral attachment, but not virus-target cell
fusion, before shifting to 37°C to permit fusion. Alternatively, virus was centrifuged onto target
cells in the absence of galectin-1, then incubated with or without galectin-1 for 1 hour at 37°C to
permit fusion. As shown in Figure 2-11 (panel C), galectin-1 present during the 4°C spinoculation
step clearly enhanced viral entry. In contrast, galectin-1 added after spinoculation at 4°C and
present only during the 37°C fusion step did not increase viral entry. These experiments suggest
that galectin-1 increased infection by enhancing viral attachment to host cells. Moreover, that no
inhibition was seen suggests that there are functional NiV-F envelope spikes on the virion
particles that are not bound by galectin-1 and are still capable of being triggered by receptor

binding to NiV-G.
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Galectin-1 bridges N-glycans on viral envelope glycoproteins to glycoproteins on
target cells

Galectin-1 stabilizes HIV-1 attachment and adsorption to host cells by binding specifically to
clustered complex N-glycans on gp120 and CD4, bridging the virus to the target cell.92* We
asked if complex N-glycans, which bear glycan ligands recognized by galectin-1, were involved in
the galectin-1-mediated increase in viral entry of NiVpp. To eliminate complex N-glycans from
viral envelope glycoproteins, virus was produced in 293T cells treated with kifunensine, which
blocks processing of high-mannose N-glycan precursors into complex N-glycans.28 We detected
equivalent expression levels of NiV-F by immunoblot from cells treated with and without
kifunensine (data not shown). We confirmed that kifunensine blocked N-glycan processing in
293T cells by flow cytometry with the lectin L-PHA (Figure 2-12, panel A); loss of L-PHA
binding indicates loss of complex N-glycans.

Vero cells were infected with control virus, with virus lacking complex N-glycans from
kifunensine-treated 293T cells, or with virus specifically lacking the F3 N-glycan in the presence
or absence of exogenous galectin-1 (Figure 2-12, panel B). As expected, addition of galectin-1
resulted in a 12.6-fold increase in target cell infection of virus with a full complement of complex
N-glycans (Figure 2-12, panel B, “wt NiVpp”). Remarkably, the loss of the F3 N-glycan site on
NiV-F resulted in a >80% reduction in galectin-1 mediated enhancement (3.2-fold vs 12.6-fold
enhancement for NiV-F3pp vs wt NiVpp, respectively), underscoring the contribution of the
complex N-glycan at the F3 site in the enhancement of virus entry as well as fusogenicity.'%-25
However, the galectin-1-mediated increase was further reduced (~95% reduction) when cells
were infected with virus lacking complex N-glycans (Figure 2-12, panel B, “Complex N-
glycanless NiVpp”), indicating that other complex N-glycans on NiV-F or NiV-G also contributed
to the galectin-1 enhancement effect.

To examine the role of host cell complex N-glycans in galectin-1-mediated enhancement

of viral infection, we treated uninfected Vero cells with kifunensine to reduce complex N-glycans
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on the target cells. Loss of complex N-glycans was confirmed by flow cytometry with L-PHA, as
described above (Figure 2-12. panel C). Loss of complex N-glycans from target Vero cells
reduced galectin-1-mediated enhancement of infection by approximately 30% (Figure 2-12,
panel D). Thus, complex N-glycans on host cell glycoproteins participate in the galectin-1
enhancement of viral infection; however, as loss of complex N-glycans on kifunensine-treated
host cells partially reduced the galectin-1 enhancement effect, other host cell glycans, likely O-
glycans, may also play a role on the host cell side.29 Collectively, the data in Figure 2-12
demonstrate that glycans on both the viral envelope and on the target cell surface are important
for galectin-1 enhancement. Our results support a model in which the enhancement effect
results from dimeric galectin-1 acting as a bridge or bivalent attachment factor between the virus
and the target cell, with complex N-glycans important for attachment on both the virus and the
host cell.

Galectin-1 enhances Nipah virus infection of human endothelial cells

Endothelial cells are primary targets of NiV infection in vivo, due to expression of the viral
attachment receptor ephrinB2.4 To determine if galectin-1 would enhance Nipah virus infection
of physiologically relevant target cells, we infected human umbilical vein endothelial cells
(HUVECs) with NiVpp (Figure 2-13) in the presence or absence of exogenous galectin-1. The
addition of galectin-1 resulted in a 6-fold increase in infection of HUVECs, similar to the effect
we had observed with Vero cells as targets of infection.

Thus far, we used NiVpp, rather than replication-competent native virus. NiVpp is a
VSV-based pseudotyped virus capable only of single cycle of infection, and the bullet-shaped
VSV-based particles may not fully recapitulate the morphology or envelope glycoprotein
densities present on native pleomorphic paramyxovirus particles.3° To determine if galectin-1
modulates infection by replication-competent NiV, we first generated and rescued, under BSL4
conditions, a recombinant NiV expressing secreted Gaussia luciferase (rNiV-GLuc) (see

Materials and Methods). To facilitate the generation of additional recombinant NiVs such as the
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one bearing the F3 N-glycan, we also developed an efficient and robust reverse genetics system
for henipaviruses. The salient points of thie improved genetic system are described in Figure 2-
14.

This rNiV-GLuc replicated to the same end-point titers as the parental NiV Malaysia
strain (data not shown) and was pathogenic in a lethal hamster challenge model (Chapter 2.5);
using rNiV-GLuc allowed us to accurately quantify enhancement or inhibition of live virus entry
by sampling the infected cell culture supernatant for GLuc activity. We first asked if rNiV-GLuc
would also exhibit enhanced infection of endothelial cells in the presence of galectin-1. HUVEC
cells infected at an MOI of 0.05 with rNiV-GLuc showed a dose-dependent enhancement of
infection in the presence of galectin-1 at 24 hours post-infection. The enhancement effect
plateaued at 7-10 mM galectin-1, with a 6-fold increase in infection compared to controls lacking
exogenous galectin-1 (Figure 2-15, panel A). This level of enhancement was similar to that
observed for NiVpp in HUVECS, albeit in the presence of 20 mM galectin-1.

Next, we reasoned that if galectin-1 was bridging virions to the cell surface, as suggested
by the data in Figure 2-12, then the relative level of enhancement should be increased when the
amount of viral inoculum was decreased. That is, when the number of infectious viral particles is
more limiting, the effect of galectin-1 on bridging viruses to the cell surface should become more
apparent. Thus, we reduced the viral inoculum by 5-fold and quantified the corresponding effect
of galectin-1 on virus infection. Indeed, at a MOI of 0.01, 10 mM of galectin-1 enhanced rNiV-
GLuc infection by up to 40-fold (Figure 2-15, panel B, black bars) compared to the 6-fold
enhancement seen with an equivalent dose of galectin-1 when a higher viral inoculum (MOI of
0.05) was used (Figure 2-15, panel A).

Galectin-1 enhances rNiV-GLuc virus infection by bridging complex N-Glycans
To confirm that galectin-1 enhances rNiV-GLuc infection by bridging complex N-glycans present
on virions and the endothelial cell surface, as we had seen in infection of Vero cells with NiVpp

(Figure 2-12), we generated either HUVECs or viruses deficient in complex N-glycans by
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treating HUVECs with kifunensine (Cells Kif+) or producing rNiV-GLuc viral stocks in the
presence of kifunensine (Virus Kif+). Complex N-glycanless Nipah virus (Virus Kif+) was
equally infectious when titered on Vero cells (data not shown). As shown in Figure 2-15 (panel
B), depletion of complex N-glycans on target cells (Cells Kif+) moderately reduced galectin-1-
enhanced rNiV-GLuc infection of HUVECs (black bars versus dark grey bars), as we had seen
with Vero cells. Depleting virus of complex N-glycans (Virus Kif+) also reduced galectin-1
enhancement of infection (light grey bars) more significantly, as we had seen with NiVpp. When
both virus and HUVECSs lack complex N-glycans (Virus Kif+/Cells Kif+), galectin-1 had the least
enhancement effect (white bars). In toto, our data reveal that galectin-1 enhanced infection of
both rNiV-GLuc and NiVpp by the same mechanism, i.e. the interaction between galectin-1 and
Nipah virus results primarily from galectin-1 binding to complex N-glycans on NiV envelope
glycoproteins, and that enhancement of infection involves galectin-1-mediated bridging of viral
glycans to glycans on the host cell surface. The remaining degree of galectin-1-mediated
enhancement seen with kifunensine-treated cells and virus suggest that lactosamine residues on
O-linked glycans might also serve as bridging receptors for galectin-1’s infection enhancement
effect. However, the role of these putative O-glycans may only be unmasked when cognate
complex N-glycans are limiting.

Timing of galectin-1 exposure has opposing effects in Nipah virus replication
Previous work in our labs has shown that galectin-1 inhibited NiV-F and -G-mediated syncytia
formation by endothelial cells.?*?3 Galectin-1 reduced NiV-F-mediated fusion by retarding NiV-F
maturation, reducing the lateral mobility of NiV-F in the plasma membrane, and inhibiting
triggering of NiV-F that results in fusion of the virus with the host cell plasma membrane.
Moreover, endogenous galectin-1 produced by endothelial cells was sufficient to inhibit syncytia
formation.° Importantly, all of the galectin-1-mediated effects that we had previously analyzed
would occur following Nipah virus infection, and were studied only in a cell-cell fusion context.

Thus, while the data presented demonstrate that galectin-1 enhances viral entry when present at
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initial infection, we asked if downstream events, i.e. syncytia formation and viral replication in
human endothelial cells infected with NiVuar, were affected by the presence of galectin-1.

To examine the effect on viral replication, HUVECs infected with the Nipah virus strain
Malaysia (NiVumar) were incubated post-infection with galectin-1 or buffer control. The presence
of exogenous galectin-1 post-infection at early time points (12 and 24 hpi) inhibited virus
replication titers below the limit of detection, effectively reducing viral titers by >3 logs at 24
hpi. This inhibitory effect of galectin-1 persisted at 36 hpi as a 15-fold reduction in viral titers
(Figure 2-16, panel A).

To examine the effect of galectin-1 on syncytia formation, wild type NiVwmar-infected
HUVECs were analyzed microscopically in three conditions: no exogenous galectin-1, galectin-1
added before infection, or galectin-1 added post-infection. Addition of exogenous galectin-1
before infection enhanced syncytia formation (Figure 2-16, panel B, image 2), consistent with
the effect of galectin-1 on increasing NiV infection of endothelial cells (Figure 2-15). In contrast,
addition of exogenous galectin-1 after NiV infection essentially abrogated syncytia formation
(Figure 2-16, panel B, image 3). This inhibitory effect of galectin-1 on fusion (quantified in
Figure 2-16, panel C) is consistent with our previous observation using pseudotyped virus.°

To determine if the NiV-F3 N-glycan contributes to the differential effect of galectin-1 on
syncytia formation in the context of live virus infection, we generated and rescued a rNiV-GLuc
bearing the NiV-F3 N-glycan mutant. Infection with the rNiV-GLuc F3 N-glycan mutant virus
resulted in an overall increase in syncytia formation, compared to wild-type NiV-yar (Figure 2-
16, panel B), consistent with the hyperfusogenic phenotype previously observed for the NiV-F3
mutant.?5 However, addition of galectin-1 before infection no longer enhanced syncytia
formation, in contrast to the enhancement seen with the wild-type virus in the presence of
galectin-1 (Figure 2-16, panel C). Galectin-1 was still able to inhibit syncytia formation of the
mutant virus when added after infection, although lack of N-glycans at the F3 site made the

mutant virus more resistant to the inhibitory effect of galectin-1 (Figure 2-16, panel C).
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Collectively, our data indicate that the timing of galectin-1 exposure differentially
modulates Nipah virus entry, syncytia formation and replicative spread in endothelial cells.
Galectin-1 present at the attachment/entry step of viral infection enhanced viral entry into
endothelial cells and also enhanced syncytia formation, likely due to increased virus envelope
production in initially infected cells. In contrast, galectin-1 added after NiV infection of

endothelial cells inhibited both syncytia formation and the replicative spread of progeny virus.

DISCUSSION

Innate immune mediators such as galectins have many functions, including triggering
endothelial activation, inducing cytokine production and release, promoting leukocyte
infiltration of infected tissues, and mediating pathogen clearance.®31531:32 Ags galectin-1 can
recognize both self (mammalian) and non-self (pathogen) glycans, depending on factors such as
glycan ligand density and presentation,33 galectin-1 has been proposed to be both a damage-
associated molecular pattern (DAMP) that is released from injured cells, and a pattern
recognition receptor (PRR), recognizing pathogen associated molecular patterns (PAMPs), such
as specific viral glycans.’* Thus, galectin-1 can have dual functions in innate immunity.34 Our
current data also demonstrate that galectin-1 has complex and dual roles in NiV infection.
Galectin-1 enhanced initial NiV attachment to and entry into human endothelial target cells
(Figure 2-15), while subsequently inhibiting cell syncytia formation (Figure 2-16),'023 a key
sequel of viral replicative spread. The ability of galectin-1 to produce these divergent effects
depends on when it is present during the viral replicative life cycle.

There are several examples of galectin-1 having complex or opposing roles in different
viral infections, via binding to glycan ligands on both the virus and the target cell. Galectin-1
bound to influenza virus reduced virus entry into host cells; moreover, intranasal administration
of galectin-1 enhanced survival of mice infected with a lethal dose of influenza virus, and

galectin-1-null mice were more susceptible to influenza virus infection than wildtype mice.35 In
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contrast, galectin-1 increased HIV-1 infection of monocyte-derived macrophages through
stabilization of virus attachment and adsorption.9-2° That galectin-1 stabilized HIV adsorption
to macrophages suggests that dimeric galectin-1 can act as a bridge between virus glycans and
host cell surface glycans, although this was not directly demonstrated in those studies.

Here we examined whether galectin-1 formed a bridge between viral particles and host
cells to enhance infection. The enhancement effect was clearly glycan-dependent, as the specific
inhibitor lactose, but not the non-cognate disaccharide sucrose, blocked the enhancement of
viral infection (Figure 2-11, panel B). To specifically address the step at which galectin-1 binding
promoted infection, we bound virus to host cells at 4°C and initiated viral entry at 37°C (Figure
2-11, panel C). Galectin-1 added only during the attachment step at 4°C enhanced infection,
while galectin-1 added after viral attachment, but during fusion at 37°C, did not enhance
infection. These data support a model whereby galectin-1 enhancement occurs as a result of
bridging glycoproteins on the virus to glycoproteins on the host cell. To determine whether the
essential glycans recognized by galectin-1 were on the virus, the host cell, or both, we eliminated
complex N-glycans on viral particles and on the surface of the target cells by treatment with the
a-mannosidase I inhibitor kifunensine. Complex N-glycans on viral glycoproteins were clearly
required for galectin-1 enhancement of infection (Figure 2-12, panel B and also Figure 2-15,
panel B). We have previously demonstrated that galectin-1 specifically interacts with the F3 N-
glycan on the NiV-F glycoprotein, and that the F3 N-glycan site is occupied by complex N-
glycans that bears cognate ligands for galectin-1.1925 In the present report, we show that this F3
glycan was the most significant viral determinant of galectin-1-mediated enhancement of
infection (Figure 2-12, panel B, and also Figure 2-16, panel C). On the target cells, both complex
N-glycans and O-glycans may contribute to galectin-1 enhancement of infection (Figure 2-12,
panel D, and also Figure 2-15, panel B).3°

Lectin-glycan interactions play complex roles in virus-host pathogenesis, and other types

of innate immune lectins have apparently dichotomous roles in viral pathogenesis. For example,
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mannan-binding lectin (MBL), a soluble innate immune lectin, binds to influenza A virus and
leads directly to virus inactivation.3” In contrast, another mannose-binding human lectin,
macrophage mannose receptor (MMR) potentiates HIV binding to target cells,38-4© and MMR
can also potentiate infection of macrophages by influenza virus,* so that different mannose-
binding lectins can bind to viruses to either reduce or potentiate infection. Considering the long-
standing evolutionary relationship between virus and host, it is not entirely surprising that
viruses have learned to co-opt host innate immune defenses for increased target cell entry and
replication.

In the present study, we demonstrate that galectin-1 enhanced infection of endothelial
cells by live NiV (Figure 2-15, panel B); as inflammation is known to increase endothelial cell
production of galectin-1,'° we speculate that, in vivo, galectin-1 produced by endothelial cells
may increase target cell infection. However, galectin-1 can also inhibit syncytia formation among
endothelial cells infected with NiV in vitro (Figure 2-16). This effect may limit the extent or
severity of NiV pathogenicity in vivo, potentially reducing endothelial cell damage and the
resulting hemorrhagic diathesis. It is remarkable that complex N-glycans on a specific site in
NiV-F (F3) can account for the majority of galectin-1’s effect. To gain further insight into how
galectin-1 binding to F3 N-glycan mediates its dual role in NiV infection and spread, we modeled
a trimeric spike with the cognate N-glycans at the relevant sites. Figure 2-17 (panel A) shows
that the F3 N-glycan (red) is positioned right “above” the fusion peptide (blue), and proximal to
the putative target cell membrane. The distance between glycan-binding sites on the dimeric
galectin-1 is ~50A (Figure 2-17, panel B), which is too short to span the F3 N-glycans between
any two F protomers on the same trimeric NiV-F spike. Thus, galectin-1 likely binds to the F3 N-
glycans on NiV-F protomers from distinct F spikes, forming a glycoprotein lattice that blocks the
triggering of the fusion peptide (Figure 2-17, panel A, legend). We propose that glycoprotein
lattice formation predominates when galectin-1 binds to NiV-F expressed on infected cells,

thereby inhibiting syncytia formation.’® However, on the virion surface that is tightly packed
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with envelope glycoproteins, glycoprotein lattice formation may be less efficient, and the ability
of galectin-1 to bridge virus predominates. This bridging can lead to an enhancement of
infection when receptor binding triggers fusion by the other virion-associated F spikes that are
not bound by galectin-1.

This study further characterizes the complex interaction between galectin-1 and NiV.
While other lectins have been shown to have effects both beneficial and detrimental to the host
in microbial infections,9-20:3235 we believe this is the first report of these opposing effects for a
single virus, NiV, and a single lectin, galectin-1, in the same host cell. These studies may help to
explain the range of clinical outcomes of NiV infection, as some patients recover fully after
infection, while other patients succumb. Perhaps differential expression of galectin-1 in different
individuals at different time points during infection either promotes virus-endothelial cell
interactions or prevents endothelial cell damage. The present work suggests a complex
spatiotemporal interplay between an immune regulator and a virus that may ultimately

determine the outcome of infection.
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Figure 2-11. Galectin-1 enhances infection of NiVpp in a carbohydrate binding-
dependent manner. (A) Quantification of galectin-1 enhancement of NiVpp infection. NiVpp
was titrated such that viral inoculum that gave luciferase activity in the linear range at 24 hpi
was used. NiVpp was added to monolayers of Vero cells, and virus entry in the absence (white
bars) and presence (black bars) of increasing concentrations of galectin-1 was quantified by
measuring luciferase activity in infected cell lysate 24 hpi as described in Materials and
Methods. Data from one of three replicate experiments are presented as mean fold-increase (+/-
SD of triplicate samples) over the virus only (no galectin-1) condition. Significant p-value
determined by two-way ANOVA. (B) Galectin-1 enhancement of NiVpp infection is
carbohydrate binding-dependent. NiVpp (white bars) and 10 mM galectin-1 (black bars) was
added to Vero cells in the presence of 100 mM lactose or 100 mM sucrose. Data are presented as
in (A); mean +/- SD of triplicate samples from one of three replicate experiments is shown. (C)
Galectin-1 added during spinoculation (at 4°C) shows an increase in NiVpp infection on Vero
cells. NiVpp infection in the absence (white bars) or presence (black bars) of 10 mM galectin-1
added during or after spinoculation, i.e. during or after attachment of virus to cells. Data are
mean +/- SD of triplicate samples from one of three replicate experiments. Significant p-value
determined by Student’s t-test.
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Figure 2-12. Galectin-1 enhances infection of NiVpp by bridging the virus to the cell
through binding of viral surface and cell surface complex N-glycans. Flow cytometric
analysis of L-PHA binding to 293T cells (A) or Vero cells (C) treated with kifunensine (grey
filled histograms) shows loss of cell surface complex N-glycans when compared to L-PHA
binding to untreated parental cells (bold outlined histograms). (B) Galectin-1-mediated
enhancement of NiVpp infection is dependent upon complex N-glycans found on the surface of
the virus. Virus infection of Vero cells in the absence (white) or presence of 20mM galectin-1
(black) is shown for NiVpp bearing three types of envelope glycoproteins; wild type NiV-F + -G,
NiV-F3 mutant (+ wild type G), or NiV-F + -G devoid of complex N-glycans. Data from one of
three replicate experiments are presented as mean fold-increase in infection (+/- SD of triplicate
samples) over the virus only (no galectin-1) condition. (D) Galectin-1-mediated enhancement of
NiVpp infection is dependent upon complex N-glycans on the surface of Vero cells. Virus
infection in the absence (white bars) or presence (black bars) of 20 mM galectin-1 is shown for
wild-type Vero cells and Vero cells devoid of complex N-glycans. Data (mean +/- SD of triplicate
samples) from one of three replicate experiments are presented exactly as described for (B).

121



[ virus only

B + Galectin-1

7.5=
c
IS p=0.001
©
=
£ 5 =
£
(0]
»
>
5 2.5
k=
© —_
(@]
L

0
HUVECs

Figure 2-13. Galectin-1 enhances NiVpp infection of HUVECs. NiVpp was added to
monolayers of HUVECS in the absence (white bar) and presence (black bars) of 20 mM of
galectin-1 for 1 hour, and infection was quantified by measuring Renilla luciferase activity at 24
hpi. Data are presented as mean fold-increase (+/- SD of triplicate samples) in infection over the
virus only (no galectin-1) condition. One of three replicate experiments is shown.
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Figure 2-14. Design of recombinant Nipah virus Gaussia Luciferase (rNiV-GLuc)
reporter virus for efficient reverse genetics. (A) Schematic of a T7 promoter (T7p)-
driven (anti)genomic construct of rNiV-GLuc. The reporter genes GLuc and EGFP are linked by
a P2A ribosomal skipping sequence and inserted as an extra open reading frame via duplication
of the N-to-P intergenic region. The HDV ribozyme (HDV=ry,) is a standard tool designed to
cleave and generate the exact 5 trailer (5'tr) sequence of the NiV genome. The hammerhead
ribozyme (HHgy4) is a novel application of thie cis-acting ribozyme to cleave and generate the 3’
leader (3’le) sequence T7t, T7-terminator sequence. (B) The T7 polymerase-derived
antigenomic transcript of rNiV-GLuc is shown with the 5 end expanded to illustrate the
cleavage context that gives rise to the exact 3’ le sequence. The HHrp.a also allows for use of the
full T7 promoter (T7p, shaded in light blue), which includes the triple GGG sequence that serves
as the transcriptional start-site (TSS) for the full T7p. (C) The N, P, and L gene products form a
RNA-dependent RNA polymerase complex (RdRp). Genome transcription and replication
requires recognition of the exact 3’le and 5'tr sequences and encapsidation by the RdRp
complex. In (A) and (B), cleavage by the HHgy,a and HDVry,, to generate these exact 3’ and 5’
termini sequences are represented by the red and blue arrowheads, respectively.
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Figure 2-15. Galectin-1 enhances NiVpp and live Nipah virus infection of HUVECs.
(A) Quantification of galectin-1 enhancement of recombinant GLuc reporter NiV (rNiV-GLuc)
infection of HUVECs. rNiV-GLuc was added to monolayers of HUVECs in the absence (white
bar) and presence (black bars) of the indicated amounts of galectin-1 for 1 hour, and infection
was quantified by measuring Gaussia luciferase activity. Data are presented as mean fold-
increase (+/- SD of triplicate samples) in infection over the virus only (no galectin-1) condition.
One of three replicate experiments is shown. (B) Galectin-1 mediated enhancement of rNiV-
GLuc infection is dependent upon complex N-glycans on the surface of HUVECs and on the
surface of the virus. Virus or HUVECs deficient in complex N-glycans were made in the presence
of 20 mM kifunensine (Virus Kif+ and Cells Kif+, respectively). rNiV-GLuc infection in the
absence or presence of increasing concentrations of galectin-1 is shown for wild type rNiV-GLuc
and HUVECs (Virus wt/Cells wt, black bars), wild type rNiV-GLuc and complex N-glycan-
deficient HUVECs (Virus wt/Cells Kif+, dark grey bars), complex N-glycan-deficient rNiV-GLuc
and wild type HUVECs (Virus Kif+/Cells wt, light grey bars), and complex N-glycan-deficient
rNiV-GLuc and HUVECs (Virus Kif+/Cells Kif+, white bars). Data represent the average fold-
increase in infection determined as in (A), and presented as mean +/- SD of triplicate samples
from one of three replicate experiments.
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Figure 2-16. Galectin-1 can have opposing effects on Nipah virus production and
syncytia formation. (A) Effect of galectin-1 added post-infection on the replicative spread of
Nipah virus. HUVECs were infected with NiVuar for 1 hour at 37 C, washed to remove excess
virus, and 20 mM galectin-1 (black bars) or buffer (virus only, white bars) added to the media
only post-infection. Viral titers (log scale) were quantified by plaque assay after o, 12, 24, and 36
hours post infection. (B) Syncytia formation induced by NiV infection. HUVECs infected with
live NiVmar or NiVumar F3 mutant virus in the absence (no galectin-1), presence of galectin-1
added before infection, or presence of galectin-1 added after infection. Cells were fixed at 24 hpi
and stained with DAPI to reveal nuclei. (C) Quantitation of panel B. Nuclei per syncytium per
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Figure 2-17. Modeling of the glycosylated pre-fusion trimeric NiV-F spike and
galectin-1. (A) A model of the glycosylated NiV-F ectodomain in the prefusion state was
created with the SWISS-MODEL server4> using the structure of the parainfluenza virus 5 F
protein in the metastable, prefusion conformation (PDB accession number 2B9B)43 as a
template. The model of the NiV-F ectodomain is shown in the surface representation, with each
protomer colored a different shade of gray. For each protomer, structures of complex-type
glycans44 were placed at N-linked glycosylation sites F2-F4 and oligomannose-type glycans4
were placed at F5. Glycans at sites F2 and F4 are colored pink, F3 are colored red, and at F5 are
colored green. Residues corresponding to the putative fusion peptide (residues 103-128) are
colored blue. The distance between equivalent F3 glycans is approximately 100A. (B) Homo-
dimeric crystal structure of C2S human galectin-1 in complex with lactose (PDB accession
number 1W60).46 Galectin-1 is shown as a surface representation with the two protomers
colored different shades of gray. b-lactose is bound to both protomers and is shown as pink
sticks. The distance between equivalent binding sites is approximately 50A. Structures and
models were rendered with pymol (www.pymol.org).
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CHAPTER 2.5

EVIDENCE FOR HENIPAVIRUS SPILLOVER
INTO HUMAN POPULATIONS IN AFRICA

131



ABSTRACT

Zoonotic transmission of lethal Henipaviruses (HNV) from their natural fruit bat reservoirs to
humans has only been reported in Australia and South/Southeast Asia. However, a recent study
discovered numerous HNV clades in African bat samples. To determine the potential for HNV
spillover events among humans in Africa, we examined well-curated sets of bat (Eidolon helvum,
n=44) and human (n=497) serum samples from Cameroon for Nipah virus (NiV) cross-
neutralizing antibodies (NiV-X-Nabs). Using a VSV-based pseudoparticle seroneutralization
assay, we detected NiV-X-Nabs in 48% and 3-4% of the bat and human samples, respectively.
Seropositive human samples were found almost exclusively in individuals that reported
butchering bats for bushmeat. Seropositive human sera also neutralized Hendra virus and Gh-
M74a (an African HNV) pseudoparticles, as well as live NiV. Butchering bat meat and living in
areas undergoing deforestation were the most significant risk factors associated with

seropositivity. Evidence for HNV spillover events warrants increased surveillance efforts.

INTRODUCTION

Nipah and Hendra viruses are highly pathogenic paramyxoviruses of the henipavirus genus that
cause acute encephalitis and respiratory illness. Their mortality rate in humans can be greater
than 90%"2 and they are the only paramyxoviruses that are classified as biosafety level 4 (BSL-4)
pathogens. Until recently, the Henipavirus genus contained only two species — Hendra (HeV)
and Nipah (NiV) viruses — which are phylogenetically closely related and exhibit serological
cross-reactivity.3 Fruit bats within the suborder Megachiroptera, particularly those of the genus
Pteropus, have been identified as the natural reservoir for HNVs.47 The geographical
distribution of these reservoir bats partially coincides with the distribution of HNV outbreaks
and spillovers events around the Indian Ocean, reaching from Australia (HeV) to Southeast Asia
and the Indian subcontinent (NiV). Ecological studies® have revealed several characteristics

common to all regions of HNV outbreaks: i) they are the natural habitat of Pteropid bats
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(Pteropus spp.), ii) bat habitats in the region have been dramatically altered by the introduction
of domestic plant and animal species and concomitant deforestation of the natural landscape,?
and iii) humans or domestic animals have direct contact with bats in the area. While these
characteristics can be observed in other locations around the world, to date, HNV outbreaks and
spillovers into human populations have only been recognized in Australasia and South Asia.

The geographic distribution of Pteropus and other Pteropodids (Old World fruit bats)
extends well beyond areas with documented HeV and NiV outbreaks. In 2007, a survey of
Pteropodid species in Madagascar® reported that 2.3% and 19.2% of serum samples from
Pteropus rufus and Eidolon dupreanum, respectively, tested positive for cross-reactive anti-
HNV antibodies. Malagasy fruit bats share ecological niches, either roosting in the same caves or
feeding in the same fruit trees. Since Eidolon species are extremely mobile (they can fly up to
2500km per year''?) and are present all around sub-Saharan Africa, Iehlé et al. raised the
possibility of lateral transfer of HNV from or to other Eidolon species on mainland Africa and
hypothesized a much wider distribution of HNV.1° Indeed, anti-HNV antibodies were soon
found in Eidolon helvum (the common straw-colored African fruit bat) from Ghana!3 on the
west coast of Africa, and more recently on Annob6n island4 in the Gulf of Guinea. Furthermore,
HNV-like RNA sequences have been identified in fecal droppings of urban roosting bats in
Ghana,’s and more ominously, in fruit bat bushmeat in the Republic of Congo.®

Recently, sequence analysis of a larger sample set collected from western and southern
Africa revealed a surprising diversity of paramyxoviruses in African bats, including 19 new
species of HNV-like viruses distinct from the Nipah and Hendra viruses found in Southeast Asia
and Australia.”” However, only one almost complete African HNV-like genome sequence (Gh-
M74a clone) has been published to date, and the corresponding viral isolate has not reported.
This sequence was derived from a bat specimen originating in Ghana. We will refer to this
putative HNV-like virus as the Ghana Virus (GhV), and GhV-F and GhV-G when referring to its

fusion (F) and attachment (G) envelope glycoproteins, respectively. In contrast to the 80-90%
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sequence identity shared between the F and G envelope glycoproteins of NiV and HeV, GhV-F
and GhV-G share only about 70% and 40% sequence homology and even lower sequence
identity (56% and 26%) with their respective NiV and HeV counterparts. Given this poor overall
sequence conservation, it is unclear whether humoral responses elicited against the F/G
proteins from African clades of HNV-like viruses would cross-react with F/G from NiV or HeV.
This sequence divergence highlights the limitations faced by current seroprevalence studies that
rely mostly on ELISA or Luminex based assays using recombinant NiV-G or HeV-G proteins as
the target antigen.10:13.14.18

ELISA-based screening assays, while efficient, can yield high false positive and false
negative rates compared to functional seroneutralization assays.!9 Thus, whenever possible,
ELISA/Luminex-positive samples are confirmed by a seroneutralization (SN) assay. Although
SN assays are considered a gold standard for seroprevalence studies,9-2* follow-up confirmation
with live virus SN assays is limited by the amount of sample available, and the requirement to
work with live HNV in a high containment facility (BSL-4). Consequently, in many prior studies,
only ELISA/Luminex positive samples, and often, only a small subset such as those with the
highest binding activity, were confirmed with a biological or surrogate SN assay (reviewed in LF
Wang et al., 20122; for example AJ Peel et al).>> The latter is based on serum antibody
competition of soluble receptor (sEphrinB2-Fc) binding to recombinant NiV-G or HeV-G
conjugated to Luminex beads.’® While these procedures can guard against false positives, they
do not address the loss of potential false negatives.10:13.14

Given the recent reports that a diversity of HNV-like viruses are present and may be
widely distributed in the bat reservoir host population across Africa,722 we sought to evaluate
the seroprevalence of HNV-like infections in both the bat and proximate human populations in
Cameroon, and to assess risk factors that might be associated with any putative zoonotic
transmission of African HNV-like viruses. To avoid the specificity and sensitivity issues

associated with ELISA based assays, as well as the impracticalities of using a live virus SN assay
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in BSL-4 as a screening test, we developed a VSV-based HNV envelope pseudotype particle
(VSV-HNVpp) infectious SN assay2° which can be used at BSL2 conditions as a primary screen
for anti-NiV cross-neutralizing antibodies (anti-NiV-X-Nabs). Wang and Daniels raised the
possibility that the high sensitivity and specificity of the pseudotyped particle platform may
allow for the combination of screening and confirmatory tests in a single assay.2* Thus, we
screened serum samples from hunted bats (E. helvum) in an urban area in Yaoundé, Cameroon,
and from almost 500 humans living in various villages across the south of Cameroon. The
specificity, breath, and potency of anti-NiV-X-Nabs were confirmed using numerous specificity
controls unique to our infectious SN assay, including isogenic viruses pseudotyped with
irrelevant (VSV-G) or related HNV envelopes (HeV and GhV), and follow-up confirmation with
a recombinant replication-competent reporter NiV specifically engineered for high sensitivity
detection of anti-NiV-X-Nabs. Remarkably, the seropositive human samples were found almost
exclusively in individuals that reported butchering bats for bushmeat. The geographical and
temporal clustering of these seropositive cases provides evidence for recent HNV-like spillover

events into the human population in this part of Africa.

MATERIALS AND METHODS

Mapping the putative GhV-G-ephrin binding interface

Based upon sequence similarity with the NiV (24%) and HeV (25%) attachment glycoproteins,
the C-terminal 430 amino acids of GhV-G are predicted to comprise a globular six-bladed b-
propeller domain.23 To predict if the GhV-G b-propeller also shares receptor-binding specificity
for ephrinB2 and ephrinB3, sequence conservation between GhV-G and NiV-G was mapped
onto the crystal structure of NiV-G in complex with ephrinB2 (PDB accession number 2VSM).24
NiV-G residues involved in ephrin binding were identified with the PISA EBI server? and a

structure-based sequence alignment of NiV-G, HeV-G, and GhV-G was calculated with
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ClustalW2¢ and plotted with ESPript?’. Residue conservation mapping and image rendering was
performed with the program PyMOL (www.pymol.org).

Bat serum samples

Blood samples were obtained from wild E. helvum fruit bats (n=45) hunted by local hunters in
Yaoundé, Cameroon between 8 May 2004 and 9 June 2007 in accordance with approvals from
the Cameroon government and Johns Hopkins University IACUC approvals (FSo3gM221 and
FSo6H205). No payments were made in relation to the collection of samples to ensure no
increased hunting of bats occurred as a results of this research. Dead bats were bled by cardiac
puncture shortly after death with a 3 ml syringe. The blood was transferred to EDTA (plasma) or
CAT Plus (serum) vaccutainer and centrifuged at 300xg / 1300 rpm for 15 min. Normal bat
serum samples were obtained from Pteropus hypomelanus that were born and raised in
captivity in the United States (a kind gift from the Brevard Zoo, Melbourne, Florida). Serum was
collected during a routine check-up of the animals in fall 2011.

Human serum samples

Participation in the study was voluntary. Description of the study, informed consent procedures
and questionnaire administration were done orally in either French or English, which are widely
spoken as second languages in study villages. Participants were offered compensation
approximately equivalent to 1 day of work, since participation precluded farm work on that day.
The study protocol was approved by the Johns Hopkins Committee for Human Research, the
Cameroon National Ethics Committee, and the HIV Tri-Services Secondary Review Board. In
addition, a single project assurance was obtained from the Cameroonian Ministry of Health and
accepted by the National Institutes of Health Office for Protection from Research Risks. The
UCLA Internal Research Board (IRB) confirmed that the use of these anonymized archival
serum samples did not constitute “human subjects” research and thus no independent IRB
review was required. Human blood samples were collected by on site Global Viral / Metabiota

(previously known as GVFI) team from 497 participants between 2001 and 2003 in 13 different
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areas around southern Cameroon. Once drawn, the blood was transferred to EDTA (plasma) or
CAT Plus (serum) vaccutainer and centrifuged at 300xg / 1300 rpm for 15 min. Sera were store
at -80°C until processing for utilization in assays.

Serum sample handling and preparation

All bat and human serum samples were handled according to proposed WHO guidelines for
working safely with diagnostic field specimens.’ Sera were first heat inactivated at 56°C for 30
minutes, and then treated with Triton X-100 under BSL-2 conditions to ensure pathogen
inactivation. All procedures were approved by the UCLA Institutional Biosafety Committee.
Production of vesicular stomatitis virus-based pseudoparticles (VSVpp)

Vesicular stomatitis virus (VSV)—based pseudoparticles were produced following established
protocols.2° Briefly, recombinant VSV with a Renilla luciferase reporter gene engineered in place
of its native envelope glycoprotein (VSV-DG-rLuc) was pseudotyped with either its own G
protein (VSV-Gpp), or the F and G envelope glycoproteins of NiV (NiVpp) (Genbank
Accession: NC_002728.1 GI:13559808), HeV (HeVpp) (Genbank Accession: NC_001906.3
GI1:529283690), or the newly described African HNV from Ghana (GhVpp) (Clone Gh-M74a,"”
Genbank Accession: HQ660129.1 GI:384476032). Pseudotyping was accomplished by
transfecting 293T cells with codon-optimized expression plasmids for the F and G envelope
glycoproteins of NiV and HeV, or for the VSV-G glycoprotein itself, and then infecting with VSV-
DG-rLuc (complemented with VSV-G). At 24 hpi, pseudotypes containing media were clarified
from cells debris by centrifugation at 1500 rpm for 5 min. Supernatants were then loaded on a
20% sucrose cushion and ultracentrifuged for 2 hours at 110,000xg. The pellet of concentrated
pseudoparticles was then resuspended in Opti-MEM (Life Technologies), aliquoted and stored
at -80°C.

GhV-F sequence rectification

Sequence inspection and bioinformatics analysis indicated that the GhV-F sequence in Genbank

(Accession no. AFH96010.1) is likely incorrect due to a single nucleotide deletion near the N-
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terminus which resulted in an extra-long N-terminus with no predicted signal peptide. The
details, rationale, and functional evidence for sequence rectification of the GhV-F gene are
provided in the accompanying manuscript.28
Generation of recombinant Sendai virus (rSeV) and Nipah virus (rNiV)
The rSeV is a modified version of RGVo (a kind gift of Nancy McQueen), a Fushimi strain
construct with F1-R strain mutations in F and M as described by Hou et al.2> We inserted an
eGFP reporter between the N and P genes and made further modifications to increase rescue
efficiency.3°

Recombinant NiV (reference Malaysia strain, Genbank Accession: NC_002728.1
GI:13559808), rNiV-GLuc, was engineered to express secreted Gaussia Luciferase (descriptive
name: NiVmar T7r-36 3'Ribozyme A-(N_GLuc-p2A-eGFP_P) as described in Chapter 2.2. The
Gaussia Luciferase (GLuc) ORF was modified with 2 mutations that provide greater signal and
stability, M60L and M127L3%32 (these references refer to corresponding residues M43 and M110
due to removal of the 17a.a. secretion signal peptide). Rescue of rNiV-GLuc and
seroneutralization assays were performed at the UTMB Galveston National Laboratory BSL-4
laboratory.
Optimization and validation of VSVpp seroneutralization (SN) assay
Using a reference panel of human and pig sera, we and our collaborators at the United States
Centers for Disease Control, Canadian Food Inspection Agency, and Merial Sanofi (Lyon,
France), previously validated our NiVpp SN assay to have a specificity of 94-100%, and an
equivalent or lower sensitivity when measured against a standard live NiV plaque reduction
neutralization test as the gold standard.2°

For our current study, we first determined the linear dynamic range of each
pseudoparticle preparation, and a fixed amount of virus within the linear range (corresponding
to the luciferase reporter output of ~20,000 RLU at 24 hpi) was chosen for subsequent SN

assays (Figure 2-18, panel A). Next, the optimal serum dilution to be used was determined by
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comparing the SN activity of a well-characterized hyper-immune rabbit sera made against Nipah
viral-like particles bearing both the NiV fusion (F) and attachment (G) envelope glycoproteins,33
and its pre-immune counterpart. Significant differences were observed for dilutions between
1:100 and 1:10,000 (Figure 2-18, panel B). Based on these data, we diluted bat and human sera
1:100 for all our SN assays. Use of high serum dilutions (>1:20) might also mitigate putative
serum-induced cytotoxicity effects that often occur at high serum concentrations, which can
confound SN results.3435 As an additional specificity control, we used an isogenic VSV-DG-rLuc
pseudoparticle containing the envelope glycoprotein of Vesicular Stomatitis virus itself (VSVpp)
(Figure 2-19 and Figure 2-21). VSV is endemic to the Americas, and has not been reported in
Africa since 1900,3%37 so any serum samples that show inhibition of both VSVpp and NiVpp
infection was considered non-specific or cytotoxic, and was discarded from further analysis.
1/45 and 10/497 bat and human samples, respectively, strongly inhibited both VSVpp and
NiVpp infection and were discarded from analysis.

For the valid samples, SN assays were performed in DMEM (Invitrogen) containing
1:100 dilution of sera and an optimized amount of pseudotyped virus inoculum (VSV-Gpp,
NiVpp, HeVpp, or GhVpp) that will result in ~20,000 RLU of luciferase activity at 24 hpi. The
medium containing infectious virus and serum was transferred to a monolayer of Vero cells and
incubated at 37°C for 2h before removal and replacement with fresh DMEM containing 10%
fetal calf serum (FCS). Cells were incubated at 37°C for another 24 hours before processing for
detection of Renilla luciferase activity according to manufacturer’s directions (Promega). SN
titers were performed using identical procedures except that the viral inoculum (NiVpp) was
pre-mixed with serial 5-fold dilution of sera from 1:50 to 1:31,250. All infections were performed
in quadruplicates.
Live virus seroneutralization assay
The relevant bat and human serum samples were also tested for neutralizing antibodies using

the replication-competent recombinant paramyxoviruses (rSeV-eGFP or rNiV-GLuc) generated
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as described above. Seroneutralization of live rSeV-eGFP and rNiV-GLuc infection was
performed in an identical fashion as VSVpp (the latter under BSL-4 conditions), except that
rSeV-eGFP infection was detected by FACS analysis and rNiV-GLuc infection was detected by
quantifying GLuc activity (BioLux Gaussia Luciferase Assay, New England Biolabs) in 10% (v/v)
of infected cell culture supernatant at 24 hpi.

FCS and hyper-immune rabbit anti-NiV serums33 were used as negative and positive
controls, respectively. Additional negative controls included normal human sera (NHS) from
Los Angeles blood donors (blood samples obtained from the virology core at the UCLA AIDS
Institute) and normal bat sera (NBS) from captive-bred bats (generously provided by Brevard
Zoo, Melbourne, Florida). All SN assays were performed in quadruplicates.

Geographical data

Raw geographical data were extract from www.openstreetmap.org (© OpenStreetMap
contributors) and are available under the Open Database License. Maps were then built and
modified with JOSM, Merkaartor, and Inkscape softwares. Forest cover and deforestation was
determined by onsite collaborators and documented in field reports.

Statistical Methods

SN assay results for quadruplicates were grouped for statistical analysis. Tests between groups
were done using Dunnett’s test, a multiple comparison procedure for testing groups against a
single control. Categorical data were tested and confidence intervals were estimated using
Fisher’s Exact test. The strengths of association of seropositivity with bat contact and butchering
were also estimated using two-tailed Fisher's exact test. Because no exposure was observed in
the unexposed, a value of 0.5 was added to all cells to allow the odds ratios to be
calculated.3839 Statistical tests were performed using R version 2.15.1 for Mac and version 3.0.1
for GNU Linux with the multcomp package. A modified R script was written to allow for use of

non-integers in the Fisher’s Exact test.
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RESULTS

Prevalence of anti-Nipah virus cross-neutralizing antibodies in bat serum samples
Despite the overall low sequence homology between GhV-G and NiV-G/HeV-G, mapping of the
GhV-G sequence onto the crystal structure of NiV-G complexed with ephrinB224 indicated that
the vast majority of the sequence conservation was located at the receptor-binding interface,
suggesting that GhV-G may also use ephrinB2 (and likely ephrinB3) as receptors for cell entry
(Figure 2-20). The clustering of conserved sequences around the receptor-binding site raises the
possibility of biologically significant anti-NiV cross-neutralizing antibodies (anti-NiV-X-Nabs)
in African bats exposed to African clades of HNV-like viruses despite their overall low sequence
identity with NiV. To determine the prevalence of anti-NiV-X-Nabs in that geographically
proximate part of Western Africa, we screened fruit bat (E. helvum) serum samples from
Cameroon, collected and curated by Global Viral/Metabiota. To conserve the use of such sera,
we further optimized a previously validated VSV-based (VSV-DG-rLuc) NiV envelope
pseudotyped particle (NiVpp) seroneutralization (SN) assay for high specificity screening, and
established appropriate control sera as described in Materials and Methods (Figure 2-18).

In our screen of bat serum samples, ~48% (21/44) were classified as being positive for
anti-NiV cross-neutralizing activity (Figure 2-21, panel 4; Figure 2-19, panel A) when compared
against the fetal calf serum (FCS) negative control group (Figure 2-21, panel 1) as determined by
the Dunnett’s test for multiple comparisons against a single control group. The specificity of our
NiVpp SN assay is underscored by the lack of inhibition of the relevant serum samples against
VSVpp. Furthermore, “normal bat sera” (NBS) from captive-bred bats in the United States did
not show significant neutralization activity against NiVpp or VSVpp (Figure 2-21, panel 2).
Anti-Nipah virus cross-neutralizing antibodies in human serum samples from
Cameroon
The relatively high prevalence of anti-NiV-X-Nabs in the bat populations surrounding Yaoundé

in southern Cameroon prompted us to examine archival human sera collected from this region
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of Africa for the presence of similar anti-NiV-X-Nabs, which might indicate potential spillover
event(s). Thus, we analyzed almost 500 blood samples collected from healthy adults by Global
Viral/Metabiota in southern Cameroon between February 2001 and January 2003 in 13
different locations. All samples were collected in rural areas, but represent different habitats
(savanna, gallery forest, and lowland forest) supporting wild game populations that provided a
source for the bushmeat trade (Figure 2-26 below).

The careful curation of samples allowed us to segregate the sera into various
dichotomous groups such as those who reported contacts with bats and those that did not. Sera
were analyzed using the same SN assay and criteria as described for the bat serum analysis
except that normal human sera (NHS) from blood donors were used as complementary negative
controls to FCS. Using the Dunnett’s test as a stringent measure of significance, 7/227 samples
(~3%) in the bat-exposed group were considered to have significant anti-NiVpp cross-
neutralizing activity when compared against the FCS group (Figure 2-22, panel 4; Figure 2-19,
panel B; and Table 2-2). The same 7 samples were identified as statistically different if the NHS
was used as the control group (data not shown). On the other hand, none of the 260 samples in
the non-bat exposed group were statistically different from the FCS control group (Figure 2-22,
panel 5; Figure 2-19, panel C; and Table 2-2). Seropositive samples exhibited different
neutralizing potencies. One seropositive sample gave an IC50 titer of ~ 1:1,000 whereas the
other only achieved ~40% inhibition at 1:50 (the lowest serum dilution tested) (Figure 2-19,
panel G). As expected, our hyperimmune anti-NiV control serum exhibited the highest IC50
titer of ~1:15,000. Interestingly, representative seronegative samples showed a slight enhancing
effect as serum concentrations were increased, suggesting that we may even have
underestimated the number of true positives.

Specificity of anti-NiV cross-neutralizing antibodies in human serum samples
To further confirm the specificity of the human sera positive for anti-NiV-X-Nabs, and to

determine the potential breadth of cross-reactivity of these antibodies, we chose two
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seropositive samples and tested them in our SN assay against three HNV pseudoparticles:
NiVpp, HeVpp and GhVpp, the latter bearing F and G from the Gh-M74a clone reported by
Drexler et al.,'” and an eGFP-expressing recombinant Sendai virus (rSeV-eGFP). SeV is a murine
paramyxovirus (Respirovirus genus) not normally found in humans that enter cells via a pH-
independent pathway using sialic acid-based receptors, and thus, should not be enhanced nor
inhibited by the seropositive human samples identified in Figure 2-22. Indeed, neither the
seropositive human Cameroon sera nor the hyper-immune rabbit anti-NiV serum inhibited the
pH-independent entry of rSeV-eGFP (Figure 2-23, blue bars). In contrast, seropositive human
Cameroon samples inhibited NiVpp, HeVpp and GhVpp to varying degrees (Figure 2-23, red,
orange, and grey bars, respectively). Interestingly, our hyper-immune anti-NiV sera showed
good to moderate (50-80%) inhibition of NiVpp and HeVpp infection but only minimal
inhibition (~10-15%) of GhVpp infection. The implications of these results will be discussed.

As a final confirmation regarding the specificity of the anti-NiV-X-Nabs that we
detected in the seropositive human samples, we repeated the SN assay with live NiV under BSL-
4 conditions. In order to conserve the use of these archival sera, which were only available in
small amounts, we generated and rescued a recombinant NiV expressing secreted Gaussia
Luciferase (rNiV-Gluc) (see Materials and Methods and also Figure 2-24, panel A). In vitro
growth kinetics of rNiV-GLuc was comparable to the parental NiV Malaysia strain and
pathogenicity was demonstrated in the hamster model where bioluminescence in ex vivo
harvested organs from the moribund animal correlated well with viral titers measured by
traditional plaque assays (Figure 2-24, panel B). rNiV-GLuc allowed us a highly sensitive and
dynamic method to monitor NiV infection (or inhibition thereof) in cell culture by sampling
infected cell culture supernatant for Gaussia luciferase activity. Thus, we chose four seropositive
and two seronegative human samples from our Cameroon cohort, and performed our SN assay
with rNiV-GLuc along with the other appropriate negative and positive controls.

Figure 2-25 shows that only the seropositive samples significantly inhibited rNiV-GLuc
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infection, albeit with varying degrees of potency (15 to 65% reduction in GLuc activity). A
relatively high inoculum was used (MOI = 1), and raw luciferase activity values (>107 RLU) are
presented to demonstrate the robustness of our assay. Seronegative samples showed no
significant inhibition of rNiV-GLuc infection, and the GLuc activity detected was no different
from the FSC or NHS negative controls. As expected, the hyper-immune rabbit anti-NiV serum
inhibited rNiV-GLuc infection by close to 90%.

Risk factor analysis. The questionnaire filled out by the participants before blood sample
collection covered their contacts with some animals known to be HNV hosts, some of their “at
risk” activities, and the location of the village with its associated environmental features. We
analyzed their answers to uncover any risk factors that might be associated with seropositivity.
Table 2-2 shows that all of the seropositive samples came from the group that reported contact
with bats in one form or another with those exposed to bats being 17 times more likely to be
HNV seropositive (OR=17.72, P=0.0021, two-tailed Fisher’s Exact test with zero-cell
correction3®39). The highly statistically significant difference between seroprevalence rates in the
bat exposed (7/227, 3%) versus non-exposed groups (0/260) (P=0.0045, Fisher’s Exact test)
supports the hypothesis that contact with bats increases one’s risk of being infected by an
antigenically related African HNV-like virus.

We next tried to determine whether a particular type of bat exposure was more
significantly associated with seropositivity. The detailed questionnaire allowed us to segregate
the tested serum samples into other dichotomous groups such as those that butchered bats (or
not), those that hunted bats (or not), and those that remembered bites/scratches from bats (or
not). Intriguingly, hunting bats alone was not a sufficient risk factor; however, those butchering
bats were 29 times more likely to be seropositive than those not having contact with bats (7/164
(4%) versus 0/316, respectively; P=0.0002; Table 2-2). While there was no statistically
significant association with gender, there appears to be one with associated with age although

the latter association may be due to the age of bat butchers (data not shown).
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Finally, we examined environmental and geographic parameters. Figure 2-26 shows a
map of the indicated areas of our sample collection sites. The majority of the seropositive
participants were from the ND area (4/7), while the others were from MB (C1), M (A2), and HA
(F2) areas. Ground reporting from Global Viral/Metabiota staff at the time of collection revealed
that seropositive samples came almost invariably from low forest cover areas (Figure 2-26).
Indeed, Table 2-2 shows that seroprevalence for HNV-like viruses were significantly higher in
samples originating from these four areas compared to those that did not (3.2% versus 0.3%,
respectively, p=0.0136). In effect, those living in areas of putative deforestation were 10 times
more likely to be HNV-seropositive than those who were not (OR=10.1, P=0.0088). In addition
to the seven “true” seropositive samples classified by the Dunnett’s test, there were three
borderline-positive samples (~ 50% inhibition) in the bat-exposed group (Figure 2-19, panel E,
blue) that also came from areas associated with deforestation: ND, MN, and HA (located in C3,
A2, and F3, respectively, in Figure 2-26 map). Within the ND area, 3 of the 4 seropositive
samples were from the same village, and only 12 persons from this village with known bat
contacts volunteered for this study, which would have resulted in a 25% seroprevalence rate

amongst the bat-exposed group if this village were considered alone.

DISCUSSION

In this study, we provide multiple lines of evidence that suggest HNV-like spillover events from
its natural bat reservoir into the human population in southern Cameroon. Using our optimized
pseudotyped virus SN assay as a primary screen for almost 500 human serum samples, we
confidently identified at least 7 HNV seropositive based on stringent statistical criteria, internal
specificity controls for both the virus and the sera, and follow-up confirmation with live
recombinant NiV (rNiV-GLuc) or SeV, a paramyxovirus from a different genus. Together these
precautions enabled the risk factor analysis that revealed highly significant associations of

seropositivity with the behavioral and environmental parameters that are known to facilitate
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zoonotic emergence.4°43

By combining behavioral, geographic and serological data, we can provide more
conclusive results than that which would be available from inclusion of one set of data alone. For
example, that seropositivity was exclusively and most significantly associated with intimate bat
exposure (p=0.0006), such as the slaughtering of bats for bushmeat (Table 2-2), is more
informative than results from a SN assay with perfect sensitivity and specificity unlinked to an
exposure risk. As for environmental factors, all seropositive samples come from villages located
near open savannah lands or areas of deforestation as documented by our local field staff. In
toto, we provide a strong body of evidence indicating spillover of HNV-like viruses into the
human population in Africa.

In recent years, several groups have detected henipavirus-like sequences in African
wildlife (bat) and domesticated pig populations.'>'417 A more recent study?? provides evidence
for continent-wide panmixia of the HNV reservoir host, the common straw-colored African fruit
bat (E. helvum), and reports an average seroprevalance of ~42% for cross-reactive NiV-G
binding antibodies using the Luminex assay. This is close to the 48% seroprevalance rate we
found in our cohort of E. helvum serum samples using our SN assay. However, the former study
reported a much lower seroprevalance rate (~5% in Tanzania and ~15% in Ghana) when using
their Luminex-based serum antibody/sEphrinB2 competition assay as a surrogate viral
neutralization test. These contrasting results suggest that our infectious NiVpp SN assay has
increased sensitivity, perhaps due to the ability of our SN assay to detect neutralizing anti-F
antibodies as well as neutralizing anti-G antibodies that do not compete for sEphrinB2
binding.44

The ability of seropositive bat sera to cross-neutralize NiVpp infection suggest a close
antigenic relationship between the envelope glycoproteins of NiV and that of the putative
“Cameroon” HNV strain(s). Drexler et al. also showed that serum from the African bat that was

infected with the parental GhV (Gh-M74a) exhibited cross-reactivity with antigens expressed on
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NiV infected cells.”” Mapping the sequence of GhV-G onto the NiV-G crystal structure indicated
that despite the low overall sequence identity (~25%) between the two attachment
glycoproteins, the ephrinB2 receptor-binding site was relatively conserved, suggesting common
receptor usage between these two divergent HNVs (Figure 2-20). Indeed, sEphrinB2-Fc inhibits
GhVpp infection, binds to cell surface-expressed GhV-G,2%45 and immunoprecipitates GhV-G,4¢
suggesting that GhV is a related African HNV that also uses ephrinB2 as an entry receptor.
Conservation of receptor usage is strong biological evidence that GhV is a bona fide HNV, albeit
distantly related to NiV and HeV. Indeed, the ability of a virus to use highly conserved receptors
has predictive value when considering the likelihood of viral emergence and cross-species
spillover.4247

The results of our SN assay comparing seropositive Cameroon human sera samples with
our hyperimmune rabbit anti-NiV serum (Figure 2-23) suggest that GhV, or at least the GhV-F
and/or -G, is antigenically closer to the putative HNV common ancestor than NiV or HeV.
Antibodies made against a more “ancestral” virus such as the presumptive African HNV-like
virus that infected the seropositive individuals, have a greater breadth of cross-neutralization
than antibodies made against a more divergent lineage isolated by genetic drift (e.g. anti-NiV),
which does not neutralize GhVpp well, if at all. Note that the putative “Cameroon” HNV strains
that infected and elicited the anti-NiV-X-Nabs from the seropositive individuals were not even
likely to be the same strain as GhV itself, and yet elicited antibodies that cross-neutralized NiV,
HeV, and GhV. These results have implications for a broad-coverage vaccine strategy: the use of
envelope glycoproteins from a more “ancestral” African HNV clade could induce more potent
cross- neutralizing antibodies against emerging HNV-like viral strains. The increased breadth of
cross-neutralization elicited by more ancestral viral envelopes have already been documented
for HIV48 and influenza virus49, and forms the basis of vaccine strategies to elicit broadly
neutralizing antibodies.

Given the relative ubiquity of HNVs or HNV-like viral agents in Africa, the commonality
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of the bushmeat trade in the resource poor areas under study, and the presence of HNV-like
sequences in up to one-third of E. helvum sold as bushmeat in neighboring Brazzaville, Congo,®
we surmised that the conditions were alarmingly optimal for zoonotic transmission of African
HNVs from a bat reservoir host to the human population group at highest risk for such
zoonoses. If we classify all 487 serum samples by those that reported butchering bats (n=171)
and those that did not (n=316), the seroprevalence rate for anti-NiV-X-Nabs amongst bat
batchers is ~4% (7/171, Table 2-2). As a reference point, HIV-1 prevalence in Cameroon was
estimated to be approximately 5% by UNAIDS in 2010.

Although no human HNV encephalitis cases have ever been documented in Africa, this
does not preclude the existence of outbreaks or spillovers. Considering the shortage of
physicians (1/10,400 according the WHO) and the endemicity of malaria, yellow fever, typhoid
fever, and meningococcal meningitis, it is not surprising that an emerging encephalitic virus
would remain misdiagnosed and unreported. Indeed, HNV infections have a history of being
mis-diagnosed: NiV was initially incorrectly identified as Japanese encephalitis virus when it
first appeared in 1998,5° and the Siliguri outbreak of NiV was originally reported as 'aberrant
measles'.5! It is also possible that some of these African HNV-like viruses are non-pathogenic,
not unlike Cedar Virus, a non-pathogenic strain of HNV isolated from Australian bats.5? In any
case, the virulence of African HNV-like viruses awaits experimental confirmation. In all
likelihood, the high diversity of HNV-like viruses in Africa suggests a virulence spectrum that is
equally diverse.

As humans and/or their domesticated animals encroach upon the ecological niche
occupied by the reservoir hosts, increased opportunities for contact with the virus reservoir also
increases the risk for cross-species infection.53:54 The destruction of natural habitats can also
lead wildlife to relocate, sometimes within greater proximity to human populations.4-4254:55 Qur
field data indicate that the vast majority of seropositive participants come from the western part

of the country (ND, MN, MB), where a lack of forest cover due to natural or human causes was a
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noted feature (C3, A2 and C1 in Figure 2-26). The clustering of seropositive participants is
particularly striking in a village of the ND area where 3/12 (25%) participants were positive.
These 3 participants are all young adults (25 — 35 years old) with documented bat butchering
activities. On the other hand, none of the >200 samples from the deep tropical forest locations
such as LE and MO (Figure 2-26, F4 and G5, respectively) were positive even though ~50% of
these samples came from the bat-exposed group.

Bat hunting in Cameroon — typically by use of firearm, nets, or catapults — do not
involve physical contact between bats and hunters. Consistent with these observations, hunting
bats per se was not associated with an increased risk for seroconversion. Furthermore, none of
the pig owners or hunters (that do not also butcher their catch) enrolled in our study was
seropositive. Thus, superficial contact with domestic animals does not appear to increase the
risk of a HNV-like infection. In contrast, that butchering bats is the most significantly associated
risk factor for HNV seropositivity suggests that close contact with bodily fluids (blood, saliva,
excreta) is likely required for successful cross-species transmission.

Until recently, the range of the reservoir hosts was thought to confine HNV spillovers to
Asia and Australia. However, there is increasing serological and molecular evidence
documenting the widespread occurrence and diversity of HNVs in Africa, mainly in African fruit
bat species. Our study now provides evidence for HNV spillover into human population groups
in Africa (Cameroon) at high risk for contracting zoonoses. In the various taxonomic schemes
proposed for the transitional dynamics of zoonotic pathogens,+-5¢ features such as the (i)
prevalence and diversity of HNVs in their African reservoir hosts, (ii) the increased
opportunities for zoonotic transmission provided by the bushmeat trade, (iii) the unusually
broad species tropism of HNVs facilitated by the use of highly conserved receptors, and (iv) the
documented human-to-human transmissibility of NiV, justifiably place HNV or HNV-like
viruses at or close to the penultimate stage for sustained transmission in human outbreaks. Our

data warrants increased surveillance efforts to determine the frequency of similar spillover
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events in Africa at large, and highlights the need for international collaborations and cross-

disciplinary approaches to determine the virulence spectrum of African HNVs.

150



FIGURES

a
105~
3 104
(ad
£ 1004
[
o
:l: 102_
(O]
[
Y
o _j I I I I
1 —
Ctrl 10° 108 107 108 10 104 103
Pseudotype dilution
b I pre-immune serum anti-NiV serum
30000 *
3 = ]
o 25000 *
[
g 20000 — _|_ -|-
'b’ 15000 -|-
[
Yo
£ 10000
5000 -
T -
0 -
Ctrl 108 10 104 103 102

Antibody dilution

Figure 2-18. Optimization of the seroneutralization assay. (A) Determination of the
linear dynamic range of VSV-DG-rLuc reporter NiV pseudotype particle (NiVpp) infection: Vero
cells were seeded in a 96-well plate and infected with 10-fold serial dilutions of a NiVpp
preparation (103 to 1079). At 24 hours post-infection (hpi), cells were lysed and luciferase
activity was quantified by luminometry as a measure of NiVpp infection. Mock infection (Ctrl,
infection medium only) gave negligible luciferase activity (RLU, relative light units) of less than
50 whereas a linear range of infectivity (~20,000 to ~200,000 RLU) was observed for viral
dilutions between 103 and 105. (B) Determination of the optimal serum dilution. Vero cells
were seeded in a 96-well plate and infected with NiVpp in the presence of serial 10-fold dilutions
(102 to 10°) of hyperimmune rabbit anti-NiV serum (grey) or its pre-immune counterpart
(control, black). 24 hpi, cells were lysed and infection was measured by quantifying luciferase
activity in the cell lysate as above. Significant differences (asterisks) between the two sera,
indicating specific neutralization activity, were observed for serum dilutions from 102 to 104 (p
< 0.0002 ; two-tailed Student t-test).
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Figure 2-19. Primary data for individual serum samples screened with the
infectious pseudotyped particle (VSVpp and NiVpp) seroneutralization assay. Dot
plots representing the primary seroneutralization (SN) data for bat sera (A), bat-exposed
human sera (B), and non-exposed human sera (C). SN data are presented as normalized %
infection with infectivity obtained with NiVpp in the presence of FCS (1:100) set at 100%. Each
sample, represented by the tick marks on the x-axis in panel (A), was tested in quadruplicate for
NiVpp (gold or red dots) and VSVpp (black dots) inhibition. VSVpp is the isogenic virus control
pseudotyped with VSV-G rather than NiV-F/G. Each vertical alignment of 8 dots (4 for NiVpp +
4 for VSVpp) represents the results from a single serum sample. For NiVpp, seropositive
samples, i.e., those classified as significantly different from the designated negative control
group by the Dunnett’s test, are indicated by red dots whereas the remaining seronegative
samples are shown as gold dots. For the bat serum samples in panel (A), SN data are presented
in order of their neutralization potency from left to right (sample with best SN activity is the first
one on the left). For the bat-exposed (B) or non-exposed (C) human samples, SN data are
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presented in the order they were performed. The apparent enhancement of VSVpp infection
seen with serum from the bat-exposed group (B), but not from the bat non-exposed group (C), is
likely due to different shipment conditions: the former was exposed to long periods of dry-ice
which resulted in carbon dioxide mediated acidification of the serum, thus enhancing entry by
pH-dependent VSVpp, but having no such effect on pH-independent NiVpp entry. (D-F) The
NiVpp SN data for the bat sera (D), bat-exposed human sera (E), and non-exposed human sera
(F) were converted into frequency distribution histograms by grouping together samples in
intervals of 10% of normalized infection. Seropositive and seronegative samples are indicated by
red and gold bars, respectively. The LOWESS (Locally Weighted Scatterplot Smoothing) lines
(in black) superimposed on the histograms identify two populations in panels (D) and (E), in
agreement with the results from the Dunnett’s test. The percentage of seropositive samples
according to the Dunnett’s test is indicated in red. In (B), serum samples (n=3) with >50%
seroneutralization activity but not classified as seropositive by the stringent Dunnett’s test
appear in blue in panel (E). Lastly, seroneutralization titers (SNTs) performed on representative
seropositive and seronegative samples from the bat-exposed group are shown in panel (G). The
SN assay was performed exactly as in (B) except that the viral inoculum was pre-mixed with 5-
fold serial dilution of the indicated sera (1:50 to 1:31,250). SN data are presented as normalized
% infection (mean values) with infectivity in 1:100 FCS set at 100% (dotted line) plotted against
the log reciprocal serum dilution on the x-axis. Hyperimmune rabbit anti-NiV served as the
positive control (inverted triangles). Infections were performed in quadruplicates. Mean values
are shown without error bars for clarity.
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I Conserved
B Similar

Figure 2-20. Mapping sequence conservation of GH-M74a onto the surface of NiV-
G. NiV-G surface is colored according to residue conservation with GH-M74a: red, conserved;
maroon, similar; white, no sequence conservation. EphrinB2 residues 107-127 are represented
as sticks. Although NiV-G shares relatively low sequence conservation with GhV-G
(approximately 25%), it shares greater sequence conservation (45%) in residues that make up
the receptor-binding site (calculation performed with PISA EBI server).
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Figure 2-21. Prevalence of anti-NiV cross-neutralizing antibodies in bat sera from
Cameroon. Box-and-whisker plots showing the infection (normalized to the negative control
Fetal Calf Serum, FCS) of Vero cells by VSVpp (isogenic control, striped pattern box) and NiVpp
(white box) in presence of 100X diluted sera from different groups: Panel 1 (FCS) and Panel 2
(NBS, normal bat sera), negative control sera; Panel 3 (rabbit anti-NiV), positive control;
Panel 4, bat sera from Cameroon (n=44). Seropositive (n = 21, median bar in red) and
seronegative (n = 23, median bar in yellow) bat sera in panel 4 were segregated based on the
Dunnett’s test for significance using the FCS control group. The boxes represent the first and the
third quartiles, and the solid horizontal lines within the box represent the median values. The
whiskers represent the lowest and highest value. Each sample was tested in quadruplicate. The
data for each serum sample are shown in Figure 2-19, panel A.
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Figure 2-22. Seroneutralization activity of NiV pseudoparticle infection by human
sera collected from Cameroon villagers with documented differential exposure to
bats. Box-and-whisker plots showing the normalized % infection of Vero cells by VSVpp
(isogenic control, striped pattern box) and NiVpp (white box) in presence of sera diluted 1:100
from the indicated sample groups (Panels 1 -5). Panel 1, all infections were normalized to the
infectivity observed for NiVpp in the presence of the fetal calf serum (FCS) negative control (set
at 100%); Panel 2, Normal Human Sera (NHS) from Los Angeles blood donors served as
additional negative controls; Panel 3, hyperimmune rabbit anti-NiV sera (positive control);
Panels 4 and 5, human sera from the bat-exposed (n = 227) or non-exposed (n= 260) cohort
of Cameroon villagers, respectively. For the bat-exposed group, the Dunnett’s test could stratify
the NiVpp SN results into seropositive (n=7, median bar in red) and seronegative (n=220,
median bar in yellow) subsets. In contrast, in the non bat-exposed group, the Dunnett’s test
could not identify any serum sample as being significantly different from the negative control
group (FCS) (Panel 5, asterisk indicates no seropositive samples). Boxes encompass the first and
the third quartiles, and the solid horizontal lines within the boxes represent the median values.
The whiskers represent the lowest and highest values in each sample group. The data for
individual serum samples (n=487), each tested in quadruplicates, are shown in Figure 2-19,
panels B and C.
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Figure 2-23. Characterization of seropositive human sera for anti-henipavirus
cross-neutralizing antibodies. Two seropositive human samples (Pos1 and Pos2) from the
bat-exposed group were tested for seroneutralization activity against different HNV
pseudoparticles: Hendra Virus (HeV, yellow), Nipah Virus (NiV, orange), and Ghana Virus
(GhV, grey). Infection of Vero cells was performed in presence of the indicated sera diluted
1:100 as in Figure 2-22. As a specificity control for the virus, we used a recombinant Sendai virus
expressing eGFP (SeV, blue). Data is presented as normalized % infection (mean +/- S.D. from
three independent replicates) as in Figure 2-22. FCS, fetal calf serum; anti-NiV, hyperimmune
rabbit anti-NiV serum. Significant differences (asterisks) of inhibition was observed between the
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NiVpp and GhVpp for the anti-NiV serum (two-tailed Student t-test, p < 0.001).
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Figure 2-24. The recombinant NiV construct and the detection of secreted Gaussia
Luciferase in different tissues. (A) Schematic representation of the reverse genetics
construct used to rescue the recombinant NiV expressing eGFP and secreted Gaussia Luciferase,
which we term rNiV-GLuc. The GLuc-P2A-eGFP reporter cassette was inserted between a
duplicated N-P intergenic region and the recombinant construct was rescued as described in
Chapter 2.2. Stocks of rNiV-GLuc were then expanded and tittered on Vero cells. (B) A hamster
was challenged with 1,500 pfu of the rescued rNiV-GLuc virus (LD5o of NiVma in hamsters ~250
pfu),5” and the moribund animal was euthanized 6 days post-infection. Major organs (brain,
liver, spleen, and lung) were collected and homogenized in PBS. GLuc activity was measured in
clarified organ homogenates and presented as relative light units (RLU)/gram of tissue (or per
ml of serum). Note that viremia is almost never detected in moribund animals as viral
replication at that point occurs mostly in the brain and lungs.5® Thus, the detection of secreted
Gaussia luciferase activity in serum in the absence of detectable viral titers further underscores
the sensitivity of this reporter for productive viral infection.
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Figure 2-25. Seropositive human samples neutralize live recombinant NiV
infection. Infection of Vero cells by live recombinant NiV expressing secreted Gaussia
luciferase (rNiV-GLuc, MOI=1) in the presence of 1:100 dilution of the indicated sera: FCS (fetal
calf serum, negative control), NHS (normal human serum, negative control), rabbit anti-NiV
(positive control), two seronegative samples (picked randomly among the 480 seronegative
samples), and four seropositive samples. 20 pL (out of 150 pL) of infected cell culture
supernatant was collected and analyzed for Gaussia luciferase activity at 24 hpi. Infectivity data
is presented as mean relative light units (RLU) +/- S.D. from 3 independent replicates.
Significant differences (asterisk) were observed between seropositive and seronegative sera (p <
0.05; one-tailed Student t-test followed by the Holm step-down procedure for multiple
comparisons).
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Figure 2-26. Map of collection sites in southern Cameroon. For each location, the
proportion of participants with self-reported contacts with bats (exposed) or not (non-exposed)
is indicated, respectively, by the brown or yellow segment of the accompanying pie-chart. The
superimposed red segments in some pie-charts represent the seropositive samples identified in
Figure 2-23 (also Figure 2-19, panel B). The number of participants from each location is shown
below the corresponding pie chart. Green or beige shaded areas represent regions with high or
low/no forest cover, respectively (see “geographical data” section in Methods and Materials for
further details).
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Odds Ratio$

Risk Factor Total (n) Seronegative (n) Seropositive (n)  Seroprevalence (%) P value* (95% CI) P value
o
. Yes 227 220 7 3.1%
Contact with bats No 260 260 0 0% 0.0045 17.7 0.0021
Total 487 (1.0 to 312)
. Yes 171 164 7 4.1%
Butchering Bats No 316 316 0 0% 0.0006 289 0.0002
Total 487 (1.6 to 508)
. Yes 99 96 3 3.0%
Hunting Bats No 388 384 4 1.0% 0.1523 3.0 0.1357
Total 487 (0.7 to 13.6)
Low Forest Cover/ Yes 185 179 6 3.2%
Deforestation No 302 301 1 0.3% 0.0136 104 0.0088
Total 487 (1.2t0 84.5)

* two-tailed Fisher's Exact test

§ 0.5 added to all cells where there is a zero cell count, see statistical methods

Table 2-2. Risk factors for seroconversion. Contact with bats, butchering bats, and
deforestation were all significantly associated with seroconversion.
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INTRODUCTION

The matrix protein is relatively conserved among the paramyxovirus proteins. A comparison of
Nipah virus matrix with other paramyxovirus matrix proteins indicates similarities ranging from
34-63%, comparable with the conservation of the nucleocapsid, fusion protein, and large protein
(the RNA-dependent RNA polymerase) (Figure 3-1). The attachment protein and
phosphoprotein appear less conserved. Further, the recent crystal structure of the Newcastle
disease virus (NDV) matrix protein' has allowed homology modelling of related matrix proteins,
including NiV-M (Figure 3-2). Despite these similarities, however, an analysis of the significance
of conserved residues in the paramyxovirus matrix protein has not been performed. An
alignment of matrix protein sequences from representative paramyxoviruses from each of the
five major genera within the Paramyxovirinae subfamily revealed 12 absolutely conserved
amino acid residues (Figures 3-2 and 3-3). With a view to gaining insight into matrix function,
we mutated each absolutely conserved residue in NiV-M to the minimal amino acid alanine to
disrupt its potential function. We then examined the effect of these mutations on the expression

and budding function of NiV-M.

MATERIALS AND METHODS

Alignments and homology modelling

Pairwise sequence alignments were performed using EMBOSS Needle on the EMBL-EBI
website. Multiple sequence alignment was performed using ClustalW2 on the EMBL-EBI
website. Homology modelling was performed via the Phyre2 Protein Fold Recognition Server
(http://www.sbg.bio.ic.ac.uk/phyre2), created by the Structural Bioinformatics Group at
Imperial College, London. Structures were visualized using UCSF Chimera. For visualization of
surface electrostatic potential, the pdb file was evaluated by APBS (Adaptive Poisson-Boltzmann
Software) on www.poissonboltzmann.org, using default settings.

Plasmids
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Untagged NiV-M in pcDNA3 and 3XFLAG-NiV-M in pCMV-3Tag-1 are as previously described.>
Mutations were inserted via standard overlapping PCR with Velocity DNA polymerase (Bioline),
digestion of insert and vector with HindIII and Xhol, and ligation with T4 DNA ligase (NEB).
Virus-like particle budding

HEK 293T cells as 70-90% confluency in 6-well dishes were transfected with 0.4 ug wild-type or
mutant untagged NiV-M, or a range of wild-type NiV-M from 0.15 to 0.7 ug to generate a wild-
type standard budding curve, with pcDNAS3 filler DNA to 2 ug total for each condition, using
BioT (Bioland) according to manufacturer’s instructions. Media was changed at 6 hours post-
transfection (hpt), and supernatants and cell lysates were collected at 24 hpt. Cells in PBS were
vortexed 1:1 with 2X Laemmli SDS sample buffer with 10% 2-mercaptoethanol, while clarified
supernatants were ultracentrifuged through 20% sucrose at 145 x g, with pellets resuspended in
1X Laemmli SDS sample buffer with 5% 2-mercaptoethanol.

Membrane flotation

HEK 293T cells in 6-well dishes were transfected with 0.3 ug wild-type or mutant untagged NiV-
M. At 24 hpt, cells were rinsed briefly in PBS, then collected in ice-cold TNE buffer (50 mM Tris-
HCI, 150 mM NaCl, 2 mM EDTA, 0.1% 2-mercaptoethanol, protease inhibitor cocktail (Roche)).
Resuspended cells were dounce-homogenized, clarified at 3000 rpm for 30 min at 4C, then
mixed with 85% sucrose in PBS to 73% final concentration before transfer to the bottom of an
ultracentrifuge tube. The sample was layered sequentially with 65% and 10% sucrose before
ultracentrifugation at 100k x g for 16 hours at 4C. Eight fractions were collected, and protein
from each fraction was isolated via methanol/chloroform extraction before resuspension in 2X
Laemmli SDS sample buffer with 5% 2-mercaptoethanol.

Lipid raft isolation

Similar to membrane flotation, transfected HEK 293T cells were collected in TNE buffer and
dounce-homogenized before clarification to remove cell debris and nuclei. Triton X-100 was

added to a final concentration of 1%, and the sample was incubated 30 min on ice (with all
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subsequent steps until post-centrifugation fraction collection being carried out at 4C), then
mixed with 60% OptiPrep for 40% final before transfer to the bottom of an ultracentrifuge tube.
The sample was layered sequentially with 30% and 5% OptiPrep before ultracentrifugation at
240k x g for 4 hours at 4C. 14 fractions were collected from the top, followed by
methanol/chloroform extraction and SDS-PAGE.

Immunofluorescence

HeLa cells on collagen-coated coverslips were transfected with untagged or 3XFLAG-tagged
wild-type or mutant NiV-M, using Lipofectamine LTX (Invitrogen) according to manufacturer’s
recommendations. At 24 hpt, cells were fixed in 2% paraformaldehye, washed 3 times in PBS,
incubated in blocking buffer (0.5% saponin, 3% BSA in PBS), then incubated with either 1:3000
rabbit anti-NiV-M or 1:5000 mouse anti-FLAG (clone M2, Stratagene) in blocking buffer. After
3 washes with 0.5% saponin in PBS, cells were incubated with 1:250 Alexa Fluor 647
(Invitrogen) and the appropriate Alexa Fluor 488 anti-rabbit or anti-mouse secondary
(Invitrogen). After a further 3 washes, samples were stained with DAPI to stain nuclei before
mounting on slides. Confocal imaging was performed on a Leica SP5 confocal microscope. 3D
rendering was performed with Volocity software (PerkinElmer).

Acyl-biotin exchange assay for palmitoylation

HEK 293T in two 6-wells were transfected with 0.5 ug untagged NiV-M each (balance pcDNAS3,
using BioT). At 24 hpt, cells were rinsed briefly with PBS before both wells were collected in 1
mL total ice-cold lysis buffer with N-ethylmaleimide (NEM) (Sigma): 1% NP-40, 50 mM Tris-
HCI pH 7.2, 150 mM NaCl, protease inhibitor cocktail (Roche), 5% glycerol, 50 mM NEM.
Lysates were passed several times through a 25-gauge needle, then clarified for 13k rpm for 5
min at 4C before incubation with 3 ug rabbit anti-NiV-M antibody, rotating overnight at 4C. The
following day, equilibrated protein G agarose was added to the lysates and rotated for 2 hours at
4C. All subsequent washes were performed by centrifuging the agarose at 1800 rpm for 2 min at

4C. The agarose was washed once in lysis buffer (as above, but with 10 mM NEM), then washed
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three additional times in lysis buffer with no NEM. The bound beads were split into two
equivalent samples, and one sample was incubated in lysis buffer with 1M hydroxylamine
(HAM) (Sigma), and the other without HAM, rotating for 1 hour at room temperature. Samples
were washed once in lysis buffer pH 6.2, then incubated with 4 uM BMCC-Biotin (Pierce) in
lysis buffer pH 6.2, rotating for 1 hour at 4C. After washing once with lysis buffer pH 6.2, then
three additional times in lysis buffer pH 7.2, samples were eluted by boiling in 2X Laemmli SDS
sample buffer with 5% 2-mercaptoethanol.
Crosslinking assay for oligomerization

HEK 293T cells transfected with 0.3 ug untagged NiV-M per 6-well were washed and
resuspended in ice-cold phosphate-buffered saline, pH 8. DSS crosslinker (21655, Pierce) in
DMSO was added to the cells at 1 mM final. After 30 min at room temperature, the reaction was
quenched with 20 mM Tris, pH 7.5 for 15 min at room temperature. The cells were pelleted,
resuspended in cold TNE buffer, and vortexed 1:1 with 2X NuPAGE LDS buffer with 10% 2-
mercaptoethanol. After boiling samples for 10 min at 95C, samples were run on 4-12% Bis-Tris
SDS-PAGE (Invitrogen).

Immunoprecipitation

HEK 293T in 6-well dishes were transfected with 1 ug 3XFLAG-tagged wild-type or mutant NiV-
M (balance pCMV-3Tag-1, using BioT). At 24 hpt, cells were rinsed briefly with PBS before being
collected in ice-cold lysis buffer (0.1% NP-40, 100 mM Tris-HCl pH 7.5, 150 mM NaCl, 5%
glycerol, 1 mM sodium orthovanadate, 1 mM b-glycerophosphate, 1 mM EDTA, protease
inhibitor cocktail (Roche)). Lysates were clarified at 13k for 5 min at 4C, then incubated with
anti-FLAG M2 agarose (A2220, Sigma), rotating for 2 hours at 4C. Samples were washed four
times with lysis buffer, then eluted with an excess of 3X FLAG peptide in elution buffer (lysis
buffer as above except without NP-40).

Immunoblotting
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All samples were boiled 10 min at 95C before Tris-glycine SDS-PAGE. Upon transfer to
Immobilon-FL PVDF (Millipore), membranes were blocked overnight at 4C (Odyssey Blocking
Buffer, LI-COR Biosciences), then incubated with the appropriate primary antibody: rabbit anti-
NiV-M, mouse anti-FLAG M2 (Stratagene), rabbit anti-phosphothreonine (9381, Cell Signaling),
or IRDye 800CW Streptavidin (LI-COR Biosciences). After incubation with the appropriate
IRDye fluorescent secondary antibody (LI-COR Biosciences) if necessary, fluorescence images
were obtained on a LI-COR Odyssey imaging system.

Beta-lactamase entry assay

The entry assay was performed as describeds with a few modifications. Briefly, HEK 293T in a
15-cm dish was transfected with a 1:1:2.5 ratio of AU1-tagged NiV-F, HA-tagged NiV-G, and
beta-lactamase-NiV-M fusion protein, using BioT (Bioland) according to manufacturer’s
instructions. Media was changed at 6 hpt. At 48 hpt, supernatant was collected, clarified, and
ultracentrifuged through 20% sucrose at 110k x g for 2 hours. The virus-like particle (VLP) pellet
was resuspended in Opti-MEM (Invitrogen) with 5% sucrose before storage at -80C. For the
entry assay, HEK 293T at 70-90% confluency in 24-well were mock- or VLP-infected via
spinoculation at 2000 rpm at 37C for 1.5 hours. Cells were incubated at 37C for another 30 min,
collected via trypsinization, then loaded with the beta-lactamase substrate CCF2-AM using the
CCF2-AM loading kit (K1032, Invitrogen). The blue-to-green fluorescence shift catalyzed by

beta-lactamase was detected on a TECAN Infinite M1000 PRO microplate reader.

RESULTS

Most mutations in conserved residues result in budding deficiency

Although we mutated all 12 conserved residues in NiV-M to alanine, the K258A mutant (part of
the conserved bipartite NLS) will be discussed in detail in Chapter 3.2 and will not be discussed
further here. To assess the budding function of our NiV-M alanine mutants, we first developed a

semi-quantitative budding assay. As discussed in Chapter 1.2, transfection of NiV-M leads to
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release of virus-like particles (VLPs) into the cell culture supernatant (Figure 3-4). Purification
and concentration of VLPs by ultracentrifuging and pelleting through a 20% sucrose cushion
allows a comparison of NiV-M VLP production to cell lysate expression by Western
immunoblotting. Since our mutants were likely to have variable expression, we normalized our
results to a titrated transfection of wild-type NiV-M, which was included with each experiment.
Comparison of relative VLP production to relative cell lysate expression for this wild-type
titration allowed us to plot a wild-type budding curve (Figure 3-5). Our calculated budding
efficiency was therefore the percent expected VLP for a given cell lysate expression.

Thus assaying our alanine mutants, we determined that all mutants were strongly
budding-deficient (15% or less) except for the C-terminal Q328A mutant, which had wild-type
budding efficiency (Figure 3-6). Further, only the three C-terminal mutants displayed cell lysate
expression comparable to wild-type (over 60%); the other mutants all displayed poor expression
(25% or less). Although poor expression may result from a block in trafficking that leads to
degradation, it may also indicate structural dysfunction, misfolding and instability that likewise
lead to degradation. We therefore chose to focus our follow-up on those mutants that displayed
cell lysate expression comparable to wild-type, and in particular one budding-deficient mutant,
C299A (position in threaded structure shown in Figure 3-9), and one apparently wild-type
mutant, Q328A (position in structure shown by dotted circle in Figure 3-2, panel B). Although
W314A also expressed well and had the interesting phenotype of being clearly at the membrane
and in long filopodial extensions despite being completely budding-deficient, it will not be
discussed further here.

C299 is a potential site of palmitoylation

The thiol group of cysteines is a potential site of post-translational modification, such as
disulfide bonding or lipid attachment. Since disulfides are typically not expected to form in the
reducing cytoplasm, and additionally there is no evidence for disulfide bond formation in the

NDV-M crystal structure,! we evaluated whether C299 might be a potential site of lipid
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attachment. The myristoylation of HIV-1 Gag is essential for its function, promoting and
regulating the membrane association of Gag;+5 no similar lipid attachment has been described
for paramyxovirus matrix proteins, however. Although the positively charged membrane-
binding surface of the paramyxovirus matrix protein is thought to be sufficient for membrane
association, lipid modification may regulate the strength and temporal dynamics of this
association. We first assessed whether the C299A mutant had reduced binding to membranes
compared to wild-type NiV-M, as would be expected if it had lost a lipid modification. Indeed,
membrane flotation revealed that C299A displayed about half the membrane binding of wild-
type matrix (Figure 3-7). Lipid modification of cysteines can proceed through S-prenylation
(attachment of a farnesyl or geranylgeranyl group) or S-acylation (most often attachment of
palmitate, but more rarely stearate or oleate).® Since S-prenylation occurs at a C-terminal
“CAAX” motif that is not present in NiV-M, we assessed whether NiV-M might be palmitoylated.
Further buttressing this possibility was our finding that NiV-M associates with detergent-
resistant membranes, or “lipid rafts” (Figure 3-8), and lipid raft association is regulated by
palmitoylation for many proteins.”8

Although there is no consensus motif for palmitoylation, we used an algorithmic
palmitoylation prediction program, CSS-PALM 3.0, that uses known sites of palmitoylation
from the literature to predict potential sites of palmitoylation.? Three of the six cysteines in NiV-
M, Ci157, C255, and C299, were predicted as potential sites of palmitoylation (Figure 3-9, red
asterisks). Of these, C255 and C299 are close to the predicted membrane-binding surface. To
evaluate whether a C255 mutant is budding-deficient, as would be expected if it also represents
a site of palmitoylation, we mutated all five remaining cysteines, including C255, to alanine. Of
these five mutants, only the budding of C255A was abrogated (Figure 3-10, panel A). As will be
discussed in detail in Chapters 3.2 and 3.3, C255 is flanked by both arms of the bipartite nuclear
localization sequence (NLS) in NiV-M that is important for viral budding (also compare Figure

3-9 with the orange highlight in Figure 3-2), although the molecular mechanism behind this
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importance is still unclear. To ensure that C255A was not interfering with NLS function, we
verified that C255A was not excluded from the nucleus (Figure 3-10, panel B).

With these findings consistent with potential palmitoylation of C255 and C299, we
assessed NiV-M palmitoylation with the acyl-biotin exchange assay.’>’> Free thiols on
immunoprecipitated NiV-M, representing non-modified cysteines, were first irreversibly
blocked with N-ethylmaleimide. Then, potential palmitoyl-thiol linkages were cleaved with
hydroxylamine (HAM) at neutral pH, thus liberating thiols at the cysteine residue(s) that were
previously palmitoylated. These free cysteines were then labeled with sulthydryl-reactive biotin,
which could then be detected with fluorescent streptavidin by Western immunoblotting. This
acyl-biotin exchange assay found that NiV-M is potentially palmitoylated (Figure 3-11). The lack
of detectable biotin labeling in the HAM-negative control adds confidence that the biotin
labeling was somewhat specific. Nonetheless, confirmation of NiV-M palmitoylation would
require a direct palmitate labeling assay using radioactive palmitate or palmitate analogs that
can be detected via click chemistry.'s
Q328A accumulates in large, angular structures that protrude from the cell
surface
Despite the absolute conservation of Q328 among paramyxovirus matrix proteins, the Q328A
mutation did not result in reduced budding efficiency (Figure 3-6). To determine whether this
front-line assay did not capture a deeper defect in virus assembly, we used an established beta-
lactamase (bla)-matrix fusion protein VLP budding assay that can assess the ability of matrix to
assemble infectious VLPs upon co-expression with the NiV-F and -G envelope proteins.3 The
bla-Q328A fusion was able to assemble the envelope proteins into infectious virus-like particles,
as determined by the bla substrate fluorescence shift in the subsequently infected cells (Figure
3-12).

We further examined the Q328A mutant by immunofluorescence to determine if it

displayed aberrant cellular localization. We were surprised to find that in contrast to wild-type
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NiV-M, which is diffuse throughout the cell with a punctate appearance (Figure 3-13, panel A),
the Q328A mutant appeared accumulated in large, angular structures that protruded from the
cell surface (Figure 3-13, panel B). The protrusions at the cell surface suggested association of
the Q328A mutant with the membrane, and indeed, membrane flotation suggested that the
mutant was more concentrated in the membrane fraction than wild-type NiV-M, with almost
half of the cellular Q328A associated with membrane (Figure 3-13, panel C).

We then considered if these structures might retain the virus assembly function of wild-
type matrix. Continued association with other structural components of the virus might suggest
that the structures represent mutant matrix trapped at an intermediate step of the budding
process, yet still competent to assemble viral components. We therefore co-expressed NiV-N,
NiV-G, and wild-type NiV-M with the Q328A mutant. Nucleocapsid, attachment protein, and
wild-type matrix all co-localized with the Q328A structures (Figure 3-14). Of note, the Q328A
phenotype was dominant over wild-type M, as Q328A structure formation was not prevented by
the presence of wild-type M, but rather the structures recruited wild-type M.

Q328 may mediate the dynamics of matrix multimerization

To assess whether there might be a structural basis for the Q328A phenotype, we examined the
solved dimer structure of NDV-M. The side chain of the corresponding glutamine in NDV-M,
Q330, has a potential hydrogen bond contact with the side chain of S120 in the other matrix
monomer (Figure 3-15). Q328 in NiV-M may therefore mediate the dynamics or structural
characteristics of matrix multimerization. Although the Q328A mutant appears to self-associate
into the large structures, even recruiting wild-type NiV-M, we confirmed that the Q328A
mutation does not abrogate dimer formation by exposing cells expressing mutant or wild-type
NiV-M to a 11.4A membrane-permeable amine-amine crosslinker, then running cell lysates on
SDS-PAGE. Western immunoblotting revealed dimer formation by both mutant and wild-type

NiV-M (Figure 3-16).

176



We reasoned that if disrupting the monomer-to-monomer contact with the Q328A
mutation was responsible for the Q328 phenotype, mutating the contacting amino acid on the
other monomer should result in a similar phenotype. The NDV-M S120 residue corresponds to
T120 in NiV-M (Figures 3-3 and 3-15). Like Q328A, the T120A mutant had wild-type budding
efficiency (Figure 3-17, panel A), and it also displayed large, angular structures, although in a
lesser proportion of transfected cells (Figure 3-17, panel B).

Interestingly, the T120 residue in NiV-M would have been absolutely conserved among
the paramyxoviruses except for the presence of a serine at that position in NDV-M (Figures 3-3
and 3-15). Serine and threonine residues share the property of potential phosphorylation, and
we hypothesized that phosphorylation (either static or dynamic) of this residue might modulate
the interaction between the two monomers. NiV-M has 12 threonine residues, and it was
surprising to find that the T120A mutation alone was sufficient to abrogate threonine
phosphorylation of NiV-M (Figure 3-18, panel A). Mutation of the flanking threonines T116 and
T124 did not likewise abrogate threonine phosphorylation (Figure 3-18, panel B). Although the
T120A mutation may indirectly cause loss of phosphorylation for other threonine(s), our
findings are nevertheless consistent with potential direct phosphorylation of T120.

In an effort to modulate this potential T120 phosphorylation and thus examine its
functional consequence, we evaluated the amino acid sequence of NiV-M for consensus kinase
recognition sites with the PhosphoMotif finder (Human Protein Reference Database). Potential
kinases for T120 included the PKA and PKC kinases, GRK1 (rhodopsin kinase), casein kinase 1,
and casein kinase 2. Circumstantially, we noticed that a E125A mutant was noticeably
downshifted relative to wild-type NiV-M on SDS-PAGE, indicating the potential loss of multiple
negative charges. E125 is part of a consensus casein kinase 2 (CK2) motif for S123, which, if
phosphorylated, would be part of the consensus CK2 motif for T120. Inhibition of CK2 with the
specific and potent inhibitor TBCA,“4 however, had no effect on NiV-M threonine

phosphorylation (Figure 3-18, panel C).
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NiV reverse genetics will further illuminate the significance of Q328

To gain further insight into the functional significance of the large, angular structures formed by
this mutant, we introduced the mutation into the rNiV-EGFPY? full-length Nipah virus reverse
genetics construct (see Chapter 2.2 for details on this construct). Efforts to rescue this mutant

NiV at BSL4 are ongoing.

DISCUSSION

To assay the effect of alanine mutagenesis on absolutely conserved residues in NiV-M, we first
established a reliable and semi-quantitative NiV-M budding assay. Traditionally and commonly,
the efficiency of virus budding is determined by SDS-PAGE and Western immunoblotting of
viral vs. cell lysate samples, and subsequent straightforward division of band densitometry from
virus samples vs. cell lysate samples. This method suffers from two faulty assumptions,
however: first, it is assumed that the relative changes in densitometry represent relative changes
in absolute protein. As is well known but not yet firmly established in practice, this is often not
the case, and it is therefore imperative to include a standard curve of sample dilutions on every
blot for accurate quantitation. Further compounding this issue is that virus and cell lysate
protein samples are typically run on separate blots due to space constraints, and relative
changes in densitometry can differ significantly between blots.

The second traditional assumption is that a fold-change in cell lysate expression yields
an equivalent fold-change in virus budding. This assumption, in our experience, is false: for
example, in the example wild-type NiV-M titration given in Figure 3-5, a 2-fold increase in cell
lysate expression (from relative cell lysate “1” to “2”) yields a 5-fold increase in virus-like particle
budding (from relative VLP “1” to “5”). Therefore, to better estimate the wild-type behavior of
virus budding in relation to cell lysate expression, a titrated transfection of wild-type NiV-M was
included with each experiment, with experimental conditions compared to this wild-type

behavior.
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Using this optimized budding assay, we found that all mutants were deficient in budding
except for the C-terminal Q328A (Figure 3-6). Most mutants were also not expressed well
compared to wild-type NiV-M. To focus our energies on mutants that were likely not
destabilized and degraded due to structural reasons, we decided to investigate in more depth
one well-expressed budding-deficient mutant, C299A, as well as one well-expressed budding-
normal mutant, Q328A.

Because cysteine residues are often sites of post-translation modification, we wondered if
C299 might be a site of palmitoylation. Modification by lipid has not been described for any
paramyxovirus matrix protein, or indeed any member of Mononegavirales, although
palmitoylation of the hepatitis C virus (a positive-sense RNA virus) core protein has been
described.’> Indeed, association of C299A with membrane was reduced as compared to wild-
type NiV-M (Figure 3-7), consistent with a potential loss of lipid attachment. In silico screening
of the NiV-M sequence with a palmitoylation prediction algorithm suggested potential
palmitoylation of C157, C255, and C299; of these, C255 and C299 are near the membrane in the
threaded structure of NiV-M (Figure 3-9). Interestingly, the region that contains C255 is
predicted not only to be a bipartite NLS sequence (discussed further in Chapter 3.2), but also
contains a hydrophobic loop that aligns with a membrane-spanning domain by homology
modelling in Phyre2. In a potentially analogous finding, a juxta-membrane hydrophobic region
in the Ebola virus matrix protein VP40 was recently shown to penetrate into the membrane.16-17
Consistent with a possible role for C255, a C255A mutant was budding-deficient, while mutation
of C157 did not affect budding (Figure 3-10).

The mutant phenotypes of C299A and C255A suggested that NiV-M is palmitoylated at
one or both of these cysteine residues, which is consistent with evidence provided by the acyl-
biotin exchange assay indicating that wild-type NiV-M is palmitoylated (Figure 3-11). Although
this finding should be confirmed with a direct labeling assay using radioactive palmitate or a

palmitate analog, lipid modification of NiV-M would help explain our findings in Chapter 3.2, in
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which a single point mutant, K258A, loses membrane association despite preservation of much
of the membrane-binding surface shown in Figure 3-2. The loss of membrane association of the
K258A mutant suggests the involvement of matrix modifications or cellular pathways in matrix
membrane association, perhaps involving direct modification of matrix with lipids. Our results
raise the exciting possibility that NiV-M palmitoylation and budding may be sensitive to broad-
spectrum inhibitors of palmitoylation such as 2-bromopalmitate.

We then examined the effect of mutating conserved residue Q328. Beyond the wild-type
budding efficiency of the Q328A mutant, a bla-Q328A fusion protein was able to assemble NiV-
F and -G into infectious virus-like particles (Figure 3-12), indicating further wild-type behavior.
Immunofluorescence of Q328A in transfected cells, however, revealed the accumulation of
Q328A in large, angular structures that protruded from the cell surface and appeared to
associate with the cell membrane (Figure 3-13). These structures co-localized with co-expressed
viral components such as NiV-N, NiV-G, and wild-type NiV-M (Figure 3-14). Analysis of the
corresponding Q330 residue in the solved NDV-M dimer structure suggested that the glutamine
side chain might contact S120 in the other monomer, and indeed, mutation of the corresponding
T120 residue in NiV-M resulted in a similar phenotype as Q328A (Figure 3-17). Since the Q328A
mutation does not affect dimer formation per se (Figure 3-16), it potentially modulates the
temporal timing or structural dynamics of this process. Potential direct phosphorylation of T120
(Figure 3-18) may represent regulation of this interaction between glutamine and threonine side
chains. Although inhibition of a potential Ti20 kinase, CK2, did not inhibit Ti20
phosphorylation, further screening of kinase inhibitors to specifically prevent Ti120
phosphorylation may provide a means to modulate the function of wild-type NiV-M, either on
its own or in the context of live virus replication.

Whether the Q328A mutation in the context of NiV reverse genetics allows viral
replication, and if so, how the mutation affects NiV-M localization and function within the full

virus life cycle will also give critical insight into the functional importance of this conserved
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residue. Even if the mutation does not allow full virus replication and spread, our results in
Chapter 3.3 for mutant Sendai virus rescue demonstrate that important findings can be revealed
by examination of individual cells that display rescue of mutant virus genome replication and
protein production. Importantly, for all conserved residues, including C299 and Q328, our
development of reverse genetics systems for paramyxoviruses spanning the five major genera

allows us to examine the significance of these residues outside of constraining BSL4 conditions.
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FIGURES

Nipahvs.: |3'lef{ N P/VIWIC M4 F G L 5'tr
Measles 51% 27% 63% 55% 31% 64%
Sendai 41% 29% 51% 51% 39% 55%
Mumps 42% 23% 34% 47% 32% 49%
Newcastle 47% 23% 39% 45% 34% 46%

Figure 3-1. Conservation of the matrix protein among the Paramyxovirinae. The
amino acid sequence of each Nipah virus protein was aligned against the corresponding protein
from representative viruses of the other four major Paramyxovirinae genera. The percent
similarity for each pairwise comparison is reported above. The NCBI reference sequences used
for the viruses are: Nipah, NC_002728.1; Measles, NC_001498.1; Sendai, NC_001552.1;
Mumps, NC_002200.1; Newcastle, NC_002617.1.
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A Membrane-facing view Cytoplasm-facing view

Figure 3-2. Homology structure of NiV-M via threading of the solved NDV-M
structure. The NiV-M sequence was evaluated by Phyre2, with surface electrostatic potential
calculated by APBS (see Materials and Methods). (A) The putative membrane-binding and
cytoplasm-facing surfaces are shown for NiV-M, in the orientation suggested for NDV-M.
Consistent with this possible orientation, the putative membrane-binding surface is highly
positively charged (green), but the opposite face of the structure is less so (negative charge
represented by shading to red). (B) Residues that are absolutely conserved among the
Paramyxovirinae are colored blue on the NiV-M structure, with the side chains shown. The
bipartite nuclear localization sequence characterized in Chapter 3.2 is colored orange. The Q328
residue is highlighted with a dotted circle. The position of the C299 residue is shown in Figure 3-

9.
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Nipah MEPDIKSISSE-SMEGVSDFSPSSWEHGGYLDKVEPEIDENGSMIPKYKIYTPGANERKY 59

Measles ~ -——-------—--- MTEIYDFDKSAWDIKGSIAPIQPTTYSDGRLVPQVRVIDPGLGDRKD 47
Sendai 00 o----------——- MADIYRFPKFSYEDNGTVEPLPLRTGPDKKAIPHIRIVKVGDPPKHG 47
Mumps - MAGSQIKIPLPKPPDSDSQRLNAFPVIMAQEGKGRLLRQIRLRKILSGDPSD 52
Newcastle ~  ------- MDSSRTIGLYFDSAHSSSNLLAFPIVLQDTGDGKKQIAPQYRIQRLDLWTDSK 53
Nipah NNYMYLICYGFVEDVERTPETG-------- KRKKIRTIAAYPLGVGKSASHPQDLLEELC 111
Measles ECFMYMFLLGVVEDSDPLGPP------------ IGRAFGSLPLGVGRSTAKPEELLKEAT 95
Sendai VRYLDLLLLGFFETPKQTASLGSVSDLTEHTGYSICGSGSLPIGVAKYHGSDQELLKACT 107
Mumps QQITFVNTYGFIRATPETSEFISES--SQQKVTPVVTACMLSFGAGPVLEDPQHMLKALD 110
Newcastle EDSVFITTYGFIFQVGNEEATVGIID--DKPKRELLSAAMLCLGSVPNTGDLIELARACL 111
* *
Nipah SLKVTVRRTAGSTEKIVFGSSGPLNHLVPWKKVLTSGSIFNAVKVCRNVDQIQLDKHQAL 171
Measles ELDIVVRRTAGLNEKLVFYNNTPLTLLTPWRKVLTTGSVFNANQVCNAVNLIPLDTPQRF 155
Sendai DLRITVRRTVRAGEMIVYMVDSIGAPLLPWSGRLRQGMIFNANKVALAPQCLPVDKDIRF 167
Mumps QTDIRVRKTASDKEQILFEINRIPNLFRHHQISADHLIQASSDKYVKSPAKLIAGVNYIY 170
Newcastle TMMVTCKKSATNTERMVFSVVQAPQVLQSCRVVANKYSSVNAVKHVKAPEKIPGSGTLEY 171
*
Nipah RIFFLSITKLNDSGIYMIPRTMLEFRR--NNATAFNLLVYLKIDADLSKMGIQGSLDKDG 229
Measles RVVYMSITRLSDNGYYTVPRRMLEFRS--VNAVAFNLLVTLRIDKAIGPGKIIDN--AEQ 211
Sendai RVVFVNGTSLGAITIAKIPKTLADLAL--PNSISVNLLVTLKTGISTEQKGVLPVLDDQG 225
Mumps CVTFLSVTVCSASLKFRVARPLLAARSRLVRAVQMEVLLRVTCKKDSQMAKSMLSDPDGE 230
Newcastle KVNFVSLTVVPKKDVYKIPAAVLKISG--SSLYNLALNVTINVEVDPRSPLVKSLSKSDS 229
*
Nipah FKVASFMLHLGNFV--RRAGKYYSVDYCRRKIDRMKLQFSLGSIGGLSLHIKINGVISKR 287
Measles LPEATFMVHIGNFR--RKKSEVYSADYCKMKIEKMGLVFALGGIGGTSLHIRSTGKMSKT 269
Sendai EKKLNFMVHLGLIR--RKVGKIYSVEYCKSKIERMRLIFSLGLIGGISFHVQVTGTLSKT 283
Mumps GCIASVWFHLCNLCKGRNKLRSYDENYFASKCRKMNLTVSIGDMWGPTILVHAGGHIPTT 290
Newcastle GYYANLFLHIGLMTTVDRKGKKVTFDKLEKKIRSLDLSVGLSDVLGPSVLVKARGARTKL 289
* * * * *
Nipah LFAQMGFQKNLCFSLMDINPWLNRLTWNNSCEISRVAAVLQPS----- IPREFMIYDDVF 342
Measles LHAQLGFKKTLCYPLMDINEDLNRLLWRSRCKIVRIQAVLQPS----- VPQEFRIYDDVI 324
Sendai FMGQLAWKRAVCFPLMDVNPHMNLVIWAASVEITDVDAVFQPA----- IPRDFRYYPNVV 338
Mumps AKPFFNSRGWVCHPIHQSSPSLAKTLWSSGCEIKAASAILQGSDYASLAKTDDIIYSKIK 350
Newcastle LAPFFSSSGTACYPIANASPQVAKILWSQTACLRSVKIIIQAG---TQRAVAVTADHEVT 346
* * *

Nipah IDNTGRILKG--------------- 352

Measles INDDQGLFKVL------------—- 335

Sendai AKNIGRIRKL--------------- 348

Mumps VDKDAANYKGVSWSPFRKSASMSNL 375

Newcastle STKLEKGHTLAKYNPFKK------- 364

Figure 3-3. Multiple sequence alignment of Paramyxovirinae matrix proteins.
Matrix proteins of representative viruses from all five major Paramyxovirinae genera were
aligned with ClustalW2. Absolutely conserved residues are marked by an asterisk.
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Transfection of matrix

203T b=

24h l 20% sucrose
Virus-like
— < S =
Cell lysate

Figure 3-4. Overview of NiV-M virus-like particle budding assay. Transfection of NiV-
M alone leads to production of virus-like particles (VLPs) that morphologically resemble NiV
virions by electron microscopy (without the visible envelope protein spikes). VLPs can be
purified and concentrated by pelleting through a 20% sucrose cushion via ultracentrifugation.
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Figure 3-5. Optimization of a semi-quantitative budding assay. An increasing titration
of NiV-M transfection allows comparison of relative NiV-M in VLPs versus cell lysate for
different levels of cell lysate expression. This titration can be graphed to yield a standard curve
of wild-type budding behavior for each experiment. Experimental conditions can then be
reported as % expected M in VLP for a given amount of relative M cell lysate expression. For
example, the red dot would represent about 40% of expected VLP budding (40% of wild-type).

.
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Figure 3-6. Almost all mutations in conserved residues result in budding
deficiency. Only the three C-terminal mutations resulted in cell lysate matrix expression
comparable to wild-type, and these mutants were both budding-deficient and budding-normal.
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Figure 3-7. The C299A mutant has reduced membrane association. Membrane
association was examined by flotation on a discontinuous sucrose gradient as described in
Materials and Methods. Membrane fractions float from the dense fraction (73%) to the 10%-65%

interface.

OptiPrep: 5%

30%

40%
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NiV-M

NiV-G

b..-

’ .""-.-

Figure 3-8. NiV-M associates with detergent-resistant lipid rafts. Membrane fractions
that resist solubilization by detergent at 4C, representing highly ordered lipid raft domains, float
in the discontinuous OptiPrep gradient, similar to the membrane flotation assay in Figure 3-6.
The lipid raft fraction is marked by the presence of caveolin-1. NiV-G, in contrast to NiV-M, does

not concentrate in the lipid raft fraction.
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Figure 3-9. C255 and C299 are predicted sites of palmitoylation. Evaluation of the
NiV-M sequence in CSS-PALM 3.0 predicted C157, C255, and C299 (marked by asterisks; all six
cysteines are highlighted) as potential sites of palmitoylation. Only C255 and C299 are near the

membrane-facing surface.
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Figure 3-10. C255A is budding-deficient. (A) C255A is budding-deficient, consistent with
potential loss of critical palmitoylation. (B) The mutation also did not abrogate NLS function
(the bipartite NLS that flanks C255 is further described in Chapter 3.2) as shown by the

presence of C255A in the nucleus.
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Figure 3-11. Acyl-biotin exchange indicates palmitoylation of NiV-M. The acyl-biotin
exchange assay was performed as described in Materials and Methods. The palmitate moiety is
shown by a dotted circle. NEM, N-ethylmaleimide; HAM, hydroxylamine; biotin was attached
with BMCC-Biotin, a sulfhydryl-reactive biotin. A minus-HAM control does not result in
detection of biotinylated NiV-M by Western immunoblot (detected by a fluorescent streptavidin
conjugate).
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Beta-lactamase (bla) entry assay

Co-transfection of bla-M fusion protein
with NiV fusion and attachment proteins

|

Pelleting of virus-like particles
(VLPs) through 20% sucrose

|

Infection of 293T cells with
resuspended VLPs, then detection via
blue-to-green shift of bla substrate

Figure 3-12. A beta-lactamase-Q328A fusion protein can assemble NiV-F and -G
into infectious virus-like particles. The assay was performed as described in Materials and
Methods, according to the method in Wolf et al. (ref. 3). The blue-to-green ratio for each
condition was normalized to mock infection. The inclusion of anti-NiV-F neutralizing antibody
during infection inhibited VLP entry, as a control for the specificity of the assay for viral entry

mediated by the NiV envelope proteins.
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Figure 3-13. The Q328A mutant assembles into large, angular structures that
associate with membrane. (A) Wild-type NiV-M is diffuse throughout the cell with a
punctate appearance. (B) The Q328A mutant forms large, angular structures that protrude
from the cell surface. Due to the intensity of staining for these structures, the presence of matrix
throughout the rest of the cell is not as apparent. (C) Membrane flotation was performed as for
Figure 3-7. The higher membrane association of wild-type M in this figure as compared to
Figure 3-7 is due to modification of the cell collection protocol (omission of PBS washing step in
eppendorfs, which led to the loss of a portion of the membrane fraction, likely due to shearing).
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Q328A
NiV-G
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NiV-G
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Figure 3-14. The Q328A mutant co-localizes with other NiV proteins. Co-staining for
FLAG-Q328A (anti-FLAG) with the indicated NiV protein (anti-HA): (A) HA-NiV-N, (B) HA-
NiV-G, and (C) HA-NiV-M. (A) represents extended focus, (B) represents a confocal z-slice, and
(C) represents a 3D-reconstructed surface view.
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Figure 3-15. Q330 contacts S120 in the NDV-M dimer structure. The Q330 side chain
extended from the orange monomer, while the S120 side chain extends from the blue monomer.
The hydrogen bond (using the FindHBond function in UCSF Chimera) is indicated by the green
line. The paramyxovirus matrix alignment for the residues surrounding NDV-M S120 is shown.
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Figure 3-16. The Q328A mutation does not abrogate dimer formation. Wild-type and
Q328A mutant NiV-M expressed in HEK 293T cells were crosslinked with a 11.4A membrane-
permeable amine-amine crosslinker (see Materials and Methods), run on SDS-PAGE and
examined by Western.
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Figure 3-17. Mutation of T120 mimics the phenotype of Q328A. (A) The budding of
T120A was examined as in Figure 3-6. (B) Random fields of HeLa cells transfected with the
Q328A or T120A mutant were imaged, and 40 cells selected at random for each mutant were
evaluated for the presence of matrix accumulated in large, angular structures.
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Figure 3-18. T120 may be phosphorylated. (A and B) Wild-type or mutant FLAG-M was
immunoprecipitated, run on SDS-PAGE and evaluated for phosphothreonine modification by
Western. Only T120A loses phosphothreonine modification. (C) Although T120 is a potential
CK2 phosphorylation site, inhibition of CK2 with 100 uM TBCA (ICso = 110 nM) did not affect
NiV-M threonine phosphorylation (despite observation of known visual effects of TBCA
treatment in cell culture, such as cell rounding).
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CHAPTER 3.2

UBIQUITIN-REGULATED NUCLEAR-
CYTOPLASMIC TRAFFICKING OF THE
NIPAH VIRUS MATRIX PROTEIN IS
IMPORTANT FOR VIRAL BUDDING
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Ubiquitin-Regulated Nuclear-Cytoplasmic Trafficking of
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Budding
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Abstract

Paramyxoviruses are known to replicate in the cytoplasm and bud from the plasma membrane. Matrix is the major
structural protein in paramyxoviruses that mediates viral assembly and budding. Curiously, the matrix proteins of a few
paramyxoviruses have been found in the nucleus, although the biological function associated with this nuclear localization
remains obscure. We report here that the nuclear-cytoplasmic trafficking of the Nipah virus matrix (NiV-M) protein and
associated post-translational modification play a critical role in matrix-mediated virus budding. Nipah virus (NiV) is a highly
pathogenic emerging paramyxovirus that causes fatal encephalitis in humans, and is classified as a Biosafety Level 4 (BSL4)
pathogen. During live NiV infection, NiV-M was first detected in the nucleus at early stages of infection before subsequent
localization to the cytoplasm and the plasma membrane. Mutations in the putative bipartite nuclear localization signal (NLS)
and the leucine-rich nuclear export signal (NES) found in NiV-M impaired its nuclear-cytoplasmic trafficking and also
abolished NiV-M budding. A highly conserved lysine residue in the NLS served dual functions: its positive charge was
important for mediating nuclear import, and it was also a potential site for monoubiquitination which regulates nuclear
export of the protein. Concordantly, overexpression of ubiquitin enhanced NiV-M budding whereas depletion of free
ubiquitin in the cell (via proteasome inhibitors) resulted in nuclear retention of NiV-M and blocked viral budding. Live Nipah
virus budding was exquisitely sensitive to proteasome inhibitors: bortezomib, an FDA-approved proteasome inhibitor for
treating multiple myeloma, reduced viral titers with an ICsq of 2.7 nM, which is 100-fold less than the peak plasma
concentration that can be achieved in humans. This opens up the possibility of using an “off-the-shelf” therapeutic against
acute NiV infection.
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Introduction

Nipah virus (NiV) is a highly pathogenic paramyxovirus that has
recently emerged from fruit bats to cause fatal diseases in humans
[1,2,3]. It was first identified as the etiologic agent responsible for
an outbreak of severe encephalitis in Malaysia and Singapore that

began in 1998 and continued into 1999 with a case-fatality rate of

40% [3]. In the initial cases of NiV infection, the virus is thought
to have transmitted from pigs to humans, although it is able to
infect a broad spectrum of animal hosts under natural and
experimental conditions [1,4]. Later outbreaks of NiV encephalitis
in Bangladesh were associated with an increased mortality rate (up
to 75%), and there has been evidence for direct human-to-human

transmission [5]. The high virulence of the viruses and the absence
of effective therapeutic modalities and vaccines have led to the
classification of NiV and the closely-related Hendra virus (HeV) as
Biosafety Level 4 (BSL4) pathogens [1]. Indeed, recent outbreaks
of Hendra virus in Queensland, Australia (Aug-Sep 2009) have
killed 3 horses and one veterinarian, and led to the quarantine of
affected horse farms and potentially infected individuals [6]. Thus,
NiV and HeV infections pose an ongoing threat to both
agriculture and public health.

NiV and HeV comprise a new genus Henipavirus within the
family Paramyxoviridae. This is a family of viruses with negative-
stranded RNA genomes and lipid envelopes derived from the host
cell membrane. The genome contains six principle genes:
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Author Summary

Nipah virus (NiV) is a lethal, newly emerging virus that
causes fatal inflammation of the brain and has a high
death rate in infected humans. NiV and the closely related
Hendra virus (HeV) can also infect agriculturally important
livestock such as pigs and horses. The lack of effective
vaccines and treatments, and the ongoing threat they
pose to both agriculture and public health, have led to the
classification of NiV and HeV as Biosafety Level 4 (BSL4)
pathogens. Paramyxoviruses such as NiV are known to
replicate in the cytoplasm and bud from the plasma
membrane. Viral assembly and budding is mediated by the
matrix structural protein. However, we found, quite
unexpectedly, that the matrix protein of NiV needs to
transit through the nucleus before gaining the functional
ability to localize and bud from the plasma membrane.
Although NiV-M has putative nuclear import and export
signals, we also found that ubiquitination of a conserved
lysine residue in NiV-M is critical for nuclear export,
subsequent membrane localization and viral budding.
Proteasome inhibitors, which deplete cellular pools of free
ubiquitin, potently reduce viral titers during live NiV
infection, opening up new possibilities for therapeutics
against acute NiV infection.

nucleocapsid (N), phosphoprotein (P), polymerase (L), matrix (M),
fusion (F) and attachment (HN, H or G) proteins [7].
Paramyxoviruses are known to replicate in the cytoplasm, and
progeny virions are released from the plasma membrane of the
host cell. Viral assembly and budding are orchestrated by the
matrix protein (M), a major structural protein underlying the viral
envelope [7,8,9]. Previous studies have shown that when expressed
alone in the cell, NiV-M 1n itself carries sufficient information for
the spontaneous formation and release of viral-like particles (VLPs)
in the absence of other viral components [10,11,12]. However,
despite the identification of the YMYL motif in NiV-M as a
potential late-domain [10] and the YPLGVG motif as another
requirement for budding [12], the intracellular trafficking and
budding pathways of NiV-M remain poorly defined. In our
attempt to characterize the trafficking pathway of NiV-M, we
found, quite unexpectedly, that it translocates to the nucleus at
early stages of infection before localizing to the plasma membrane,
suggesting a previously unappreciated role for the nuclear-
cytoplasmic trafficking of the Nipah matrix protein in the viral
life cycle.

Though paramyxoviruses replicate in the cytoplasm, nuclear
localization of viral accessory proteins has been described before.
For example, the W protein of NiV inhibits host interferon
response by sequestering STAT1 in the nucleus [13,14,15], and a
fraction of the V protein of human parainfluenza virus type 2 can
be found in the nucleus [16]. The nuclear localization of viral
structural proteins, however, is less expected. Within Paramyxovir-
idae, the matrix protein has been reported to localize to the nuclear
compartment in three cases so far: Sendai virus (SeV) [17],
Newcastle disease virus (NDV) [18,19,20] and human respiratory
syncytial virus (HRSV) [21,22,23]. In SeV and NDV, although the
nuclear localization of M was clearly described, the biological
function of this nuclear localization remains undefined. Faaberg
et al examined more than 10 strains of NDV and found that the
degree of M nuclear localization appears unrelated to virulence per
se [24]. In the case of HRSV, Ghildyal et al showed that nuclear
extract from HRSV-infected cells supports in vitro transcription
less efficiently compared to mock-infected cells, but it has yet to be

demonstrated that this inhibition is directly attributable to M [23].
A recent study on HRSV showed that Crml-dependent nuclear
export of the matrix protein is important for viral assembly and
budding, suggesting that nuclear trafficking of M is somehow
involved in effectuating proper viral budding [21]. However, it
remains unclear why M budding needs a nuclear transit phase or
whether M’s nuclear localization has additional biological
functions.

For proteins larger than 40 kD, efficient transport across the
nuclear membrane is mediated by specific import and export
signals [25,26]. There are two types of nuclear localization signals
(NLSs) that have been well characterized. A monopartite NLS
consists of one single cluster of positively charged amino acid
residues such as lysine (K) or arginine (R), whereas a bipartite NLS
contains two stretches of K/R residues conforming to the
consensus (K/R)(K/R)-X,q 19-(K/R)(K/R) (where X stands for
any amino acid residue) [27,28,29]. Nuclear export signals (NESs)
are less well-defined although leucine/isoleucine-rich stretches
have been identified as NESs. The most well-defined nuclear
export pathway involves the chromosomal region maintenance
protein 1 (CRM-1), which recognizes these leucine/isoleucine-rich
NESs [30,31]. Additionally, post-translational modifications such
as ubiquitination and SUMOylation have also been shown to
regulate the nuclear-cytoplasmic trafficking of cellular proteins
including p53, NF-kB, PTEN, and NEMO ([32,33,34,35,36],
although their involvement in viral protein trafficking is less
known. Nevertheless, many viruses have evolved to co-opt the
cellular ubiquitin/proteasome system as a means of manipulating
the host cell cycle, evading the immune system as well as egressing
from the infected cell [37,38].

Here, we find in one viral structural protein, the use and
convergence of three well known cellular pathways for nuclear-
cytoplasmic trafficking. We report that proper nuclear-cytoplasmic
trafficking of NiV-M is essential for viral budding, and that NiV-
M’s nuclear-cytoplasmic trafficking is regulated by a putative
bipartite NLS, a leucine-rich NES, as well as potential ubiquitina-
tion on a conserved lysine residue located in the bipartite NLS
itself. Not only does this lysine play key roles in both nuclear
import and export, it is also indispensable for the plasma
membrane targeting of NiV-M and its subsequent incorporation
into virions. Live Nipah virus budding is exquisitely sensitive to
ubiquitin depletion, which leads to the nuclear retention of NiV-
M. Our results suggest the clinical use of FDA-approved
proteasome inhibitors such as bortezomib (Velcade) as a potential
“off-the-shelf” therapeutic against acute NiV infection.

Results

Nipah virus matrix protein transits through the nuclear
compartment before it localizes to the plasma
membrane

In order to examine the subcellular localization of Nipah virus
matrix protein (NiV-M) during the natural course of viral
infection, NiV-infected cells were fixed at different time points
post-infection and processed for analysis by confocal microscopy.
The polyclonal anti-NiV-M antibody used in these experiments
was raised by immunizing rabbits with a peptide corresponding to
amino acids 29-49 of NiV-M. We verified that this affinity purified
antibody was highly specific to NiV-M and had very low
background staining in M non-expressing cells (Fig. S1).

At early time points (between 8 and 16 hrs) post-infection, many
cells had M protein primarily concentrated in the nuclei and
fluorescence followed a discrete punctuate staining pattern
(Figs. 1A to C). At later time points (20 to 24 hrs), NiV-M protein

200



t =8 hpi t =12 hpi

t = 16 hpi

ﬁ

Figure 1. Nuclear-cytoplasmic trafficking of Nipah virus matrix protein (NiV-M) during live viral infection. Hela cells plated on poly-
lysine-coated glass coverslips were incubated with Nipah virus Malaysia strain for 1 hr at 37°C and then fresh growth medium for up to 24 hrs. At (A)
8, (B) 12, (C) 16, (D) 20, and (E) 24 hpi, cells were fixed with 10% formalin, stained with rabbit anti-M polyclonal antibody and imaged on a confocal
fluorescent microscope (63 x magnification). DAPI was used for visualization of the nuclei. Insets in (B) and (C) indicate nuclear localization of M in

infected cells. Experiments were performed under BSL4 conditions.
doi:10.1371/journal.ppat.1001186.9001

was distributed diffusely in both the cytoplasm and nucleus of

infected cells (Figs. 1D and E). At the latest time-point examined
(24 hrs), when syncytia have begun to form, NiV-M was more
clearly localized to patches on the plasma membrane and
filamentous membrane extensions.

To facilitate further biochemical characterizations and muta-
genesis studies of NiV-M, we generated an N-terminally triple
FLAG-tagged NiV-M expression construct (3XFLAG-M). This
tagged protein, when expressed alone in HeLa cells, exhibited
similar localization patterns as those seen during the natural course
of viral infection. It concentrated in the nuclear compartment
before the cytoplasmic staining became prominent (Fig. S2). A
GFP-M fusion protein also behaved in a similar manner (data not
shown).

Table 1. Alignment of Nipah matrix sequence with known
NLSs.

Monopartite NLS consensus short stretch of K/R

SV40 T Antigen PKKKRKV
Histone H2B GKKRSKV
NiV matrix 8?KRKKIR®’

Bipartite NLS consensus (K/R) (K/R) -X10-12- (K/R) (K/R)

Nucleoplasmin KRPAATKKAGQAKKKKLDK
Human p53 KRALPNNTSSSPQPKKKP
NiV-M 24RRAGKYYSVDYCRRK?>®

(Note: NLS= Nuclear Localization Signal; K=lysine; R=arginine; X =any amino
acid residue. The positively-charged amino acid residues in each NLS are in
bold.)

doi:10.1371/journal.ppat.1001186.t001

NiV-M possesses a putative bipartite nuclear localization
signal (NLS) and a leucine-rich nuclear export signal (NES)
The calculated molecular weight of NiV-M is 39 kD, which is
around the upper limit for free diffusion across the nuclear
envelope. Efficient nuclear import and export of proteins >20—
40 kD usually require nuclear localization signals (NLSs) and
nuclear export signals (NESs), respectively [26]. Sequence analysis
of NiV-M revealed the presence of one cluster of positively
charged amino acids analogous to known monopartite NLSs as
well as a potential bipartite NLS consisting of two short stretches of
lysines/arginines separated by ten other amino acid residues
(Table 1). There are also two leucine/isoleucine-rich stretches in
NiV-M that conform to the consensus for NESs (Table 2).

To test whether the NLSs are functional, we performed alanine
substitution of key lysine/arginine residues. Subcellular localiza-
tion of these mutants was examined by immunofluorescence
microscopy (Fig. 2A), and quantification of the cytoplasmic/
nuclear fluorescence intensity ratio was performed as described in
Materials and Methods. The monopartite NLS mutant did not give a
very obvious phenotype compared to the wild-type matrix protein
and showed large cell-to-cell variations. This mutant was therefore
excluded from further analysis. Mutating the first part of the

Table 2. Alignment of Nipah matrix sequence with known
NESs.

NES consensus L-X,_3-L-X;_3-L-X-L

HIV Rev LPPLERLTL
Ad5 E1B LYPELRRILTI
NiV-M (N-ter) 106 11 EELCSLKV!®
NiV-M (C-ter) 2681,GSIGGLSL?’®

(Note: NES= Nuclear Export Signal; L =Leucine; | =Isoleucine; X =any amino
acid residue. The key L/I residues in each NES are in bold.)
doi:10.1371/journal.ppat.1001186.t002
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Figure 2. Mutagenesis studies of potential nuclear localization signals (NLSs) and nuclear export signals (NESs) in NiV-M. Positively
charged amino acid residues in the predicted monopartite and bipartite NLSs (A) or key leucine/isoleucine residues in the potential NESs (B) were
mutated to alanines using site-directed mutagenesis. HelLa cells expressing the indicated proteins were stained with an anti-FLAG monoclonal
antibody as well as DAPI. Representative fields are shown in (A) and (B), and (C) shows the quantification of cytoplasmic/nuclear fluorescence
intensity (C:N) ratios for ~10-50 individual cells analyzed for each mutant as described in Materials and Methods. Compared to Mwt, statistically
significant increases in C:N ratios were observed for My, (p<0.01), Mpp; (p<<0.0001) and My, (p<<0.0001) (unpaired t-test).
doi:10.1371/journal.ppat.1001186.9002
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bipartite signal (My,1) led to a mild nuclear exclusion phenotype,
whereas mutating the second part (My,2) had a more apparent
effect. When both parts of the bipartite NLS were mutated
(Myp1/9), nuclear import was most obviously impaired (Fig. 2A).
These visual differences were confirmed by the quantification of
the cytoplasmic/nuclear fluorescence intensity (C:N) ratios shown
in Fig. 2C. Note that My,;, Mype, and My,,1/0 had statistically
significant increases in C:N ratios compared to M,,, indicating
increased cytoplasmic retention relative to nuclear import.
Interestingly, we also noticed that while M, localized to punctuate
structures in the cytoplasm as well as patches on the plasma
membrane, the bi-partite. NLS mutants, especially Myyo and
M1 /9, exhibited more diffused localization patterns.

Similarly, the key leucine/isoleucine residues in the potential
NESs were mutated to alanines individually. All the NES mutants
demonstrated nuclear retention phenotypes (Figs. 2B and C).
However, previous studies have shown that deletion of the YMYL
motif or the YPLGVG motif, originally thought to be late domain
motifs, and neither of which conforms to a classical nuclear export
sequence, also resulted in the nuclear retention of NiV-M [10,12].
To test whether the two putative NESs in NiV-M are functional in
the context of a heterologous protein, we adopted an experimental
system similar to that developed by Henderson et al [39]. A
fluorescent protein mCherry was fused to the C-terminus of the
HIV Rev protein. This fusion protein localized to both the nucleus
and the cytoplasm (Fig. 3A, panel a). When the endogenous NES
in Rev was mutated (RevANES), the resulting fusion protein was
restricted to the nuclear compartment (Fig. 3A, panel b), whereas
the insertion of a short peptide corresponding to the first putative
NES of NiV-M (amino acids 106-117) between RevANES and
mCherry partially restored nuclear export (Fig. 3A, panel c).
Insertion of a peptide corresponding to the second putative NES of
NiV-M (amino acids 264-280) did not result in significant nuclear
export of the fusion protein (data not shown). As a control, the
endogenous Rev NES was inserted in the place of NiV-M NES,
which led to significant nuclear export (Fig. 3A, panel d) as
reported previously by other groups [39,40]. Fig. 3B provides a
semi-quantitative representation of the results in Fig. 3A by
counting the relative distribution of the Rev-mCherry fusion
proteins in the nucleus vs. cytoplasm of 100 transfected cells.
These experiments were done in the presence of 5 ug/ml
actinomycin D, which reduces the strength of the endogenous
Rev NLS and therefore allows for the detection of relatively weak
NESs in this reporter construct [39,41,42].

Our results so far show that NiV-M harbors a putative bi-partite
NLS and two leucine/isoleucine-rich stretches that are important
for nuclear export as suggested by mutagenesis studies. However,
only the first leucine/isoleucine rich motif acts as a bona fide nuclear
export signal in the context of a heterologous protein. These
nuclear import/export phenotypes were recapitulated when we
examined the localization of GFP-fused Mwt and NLS/NES
mutants (Fig. S3).

Nuclear localization of NiV-M correlates with budding
The most important known function of viral matrix proteins is
to mediate viral assembly and budding [7,9]. Indeed, NiV-M,
when expressed by itself in the cell, is able to form viral-like
particles (VLPs) that spontaneously bud into the supernatant
[10,11,12]. We confirmed that both 3XFLAG-tagged M and
GFP-M were functional in a VLP budding assay (Figs. S4 and S5),
although 3XFLAG-tagged M seemed to bud at reduced levels
compared to the untagged M, especially at lower concentrations of
transfected DNA. However, at concentrations we normally use for
the VLP budding assay (1-2 ug of DNA), the budding index of

3XFLAG-M was not dramatically lower than untagged M. Since
NiV-M was first localized to the nucleus before re-localizing to
patches on the plasma membrane (Fig. 1), we sought to determine
whether the nuclear-cytoplasmic trafficking of M is important for
its ability to bud. We first examined the VLP budding of the NLS
mutants (Fig. 4A) and found that, interestingly, the nuclear
localization of M correlates with its ability to bud. My, which
had a mild nuclear exclusion phenotype, formed VLPs at a
moderately reduced level compared to wild-type M, whereas My,
and My,;,1/9, which were more deficient in nuclear import, were
also more severely impaired in their abilities to bud. Fig. 4B shows
that all the NES mutants were also deficient in budding,
presumably due to their nuclear retention and consequentially
their inability to reach the plasma membrane where budding
occurs. The budding phenotype of the NLS and NES mutants
were quantified by determining their budding index as described
in Materials and Methods and shown in Fig. 4C and 4D, respectively.

The budding defect exhibited by the NLS and NES mutants is
likely due to their nuclear import or export phenotypes rather than
the disruption of their conformational integrity, as the budding
defective mutants can associate and oligomerize with wild-type M
(Fig. S6) and be rescued into VLPs by wild-type M (Fig. S7). Thus
far, our data suggest that nuclear-cytoplasmic trafficking contrib-
utes to the eventual ability of NiV-M to bud.

A conserved lysine residue plays dual roles in regulating
M nuclear-cytoplasmic trafficking

Functional NLSs have been described in the matrix protein of
two other paramyxoviruses, namely human respiratory syncytial
virus and Newcastle disease virus [18,22]. Our finding that NiV-M
possesses a putative NLS spurred us to look at the matrix proteins
of other paramyxoviruses to determine the degree to which this
motif might be conserved.

We aligned the matrix protein sequences of twelve viruses from
different genera within the family Paramyxoviridae. Interestingly, in
the same region where we identified the bipartite NLS in NiV-M,
all twelve viruses had clusters of positively charged amino acids
that could potentially function as bipartite NLSs (Fig. 5A).
Specifically, the lysine residue in the second part of the bipartite
NLS (K258 in NiV-M) was absolutely conserved, suggesting that
the lysine itself, and not just the positive charge, might serve
important functions. We therefore mutated K258 in NiV-M to an
alanine versus an arginine.

As expected, the loss of positive charge impaired the function of
the NLS. The K258A mutant was largely excluded from the
nucleus, confirming that K258 was a critical part of the bipartite
NLS (Fig. 5B). However, the K258R mutant, which retains the
positive charge and should therefore have a localization pattern
similar to wild-type M, gave a phenotype exactly the opposite of
K258A. K258R was retained in the nucleus. This phenomenon
was specific to K258, as mutating a nearby non-conserved lysine
residue (K263) to arginine did not give an obvious nuclear
retention phenotype (Fig. 5B). As in Fig. 2C, the C:N ratios
determined for each of these mutants confirmed the visual
phenotypes observed (Fig. 5C). Thus, compared to Mwt, the
nuclear-excluded K258A mutant had C:N ratios significantly
greater than 1 while the nuclear retained K258R mutants had C:N
ratios significantly less than 1 (p<<0.0001 for both comparisons,
unpaired t-test). This confirms the importance of the lysine residue
itself at position 258 and suggests that potential modification(s) on
K258 might be important for nuclear export. When K258 was
mutated to arginine, the positive charge still allowed for nuclear
import. However, arginines cannot be modified the same way that
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Figure 3. NiV-M NES partially restores nuclear export to an NES-defective HIV Rev. (A) Hela cells were transiently transfected with
plasmids encoding Rev-mCherry (panel a), RevANES-mCherry (panel b), RevANES-M'%%""7-mCherry (panel c), or RevANES-RevNES-mCherry (panel d).
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nuclei and imaged on a fluorescent microscope under 60 x magnification. Representative images are shown in (A), and (B) shows the quantification
of the percentage of cells with the fusion protein localized to only the nucleus (N>C), both the nucleus and the cytoplasm (N=C), or only the
cytoplasm (N<C). For each mutant, at least 100 cells were counted. Both M%7 and the endogenous NES from Rev were able to restore nuclear
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doi:10.1371/journal.ppat.1001186.g003
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Figure 4. Correlation between the nuclear localization of NiV-M and VLP budding. Viral-like particles were harvested from culture
supernatants of cells expressing wild-type NiV-M, NLS mutants (A) or NES mutants (B) at 24 hpt as described in Materials and Methods. VLPs and the
corresponding cell lysates were immunoblotted with an anti-FLAG antibody. The cell lysate blots were then stripped and re-probed with an anti-p-
tubulin antibody as loading control. Representative results are shown in (A) and (B). (C) and (D) show the quantification of the budding index for the
indicated wild-type and mutant NiV-M proteins as described in Materials and Methods. Error bars were calculated from three independent
experiments. M mutants that were deficient in either nuclear import or export were also deficient in budding.

doi:10.1371/journal.ppat.1001186.9004

lysines are. Therefore, the K to R mutation could potentially
compromise functions associated with the modified K258.

Ubiquitination regulates NiV-M nuclear-cytoplasmic
trafficking

Lysine residues could be modified in different ways including
ubiquitination, SUMOylation and acetylation. Interestingly,
ubiquitination has previously been shown to be involved in the
nuclear-cytoplasmic trafficking of cellular proteins such as NF-kB
and pd3 [35]. Specifically, monoubiquitination on the C-terminus
of p53 regulates its nuclear export [32,33]. Thus, we asked if NiV-
M might exploit similar pathways for its nuclear-cytoplasmic
trafficking behavior.

To test whether ubiquitin was involved, we took advantage of a
well-characterized proteasome inhibitor, MG132. MG132 blocks
proteasome-dependent degradation of poly-ubiquitinated proteins,
thus depleting the cellular pool of free ubiquitin for new
conjugations. It has previously been shown to inhibit retroviral
budding, presumably because ubiquitin is required for a late step
during viral assembly and egress [43,44,45,46].

MG132 treatment resulted in the nuclear retention of GFP-M
fusion protein (Fig. 6A, panel b) reminiscent of the phenotype of
the K258R mutant (Fig. 5B). Similar results were obtained when
another proteasome inhibitor, bortezomib, was used (Fig. S8).
Overexpressing an HA-tagged ubiquitin (HA-Ub) in the cells was
able to reverse the effect of MG132 (Fig. 6A, panel c), confirming

that MG132’s effect on the nuclear retention of NiV-M was indeed
due to its effect on depleting the cellular pool of free ubiquitin, and
suggesting that the ubiquitination of M is important for its nuclear
export. As a specificity control, GFP-M,,,; /o, which is impaired in
nuclear import (Fig. S3), did not accumulate in the nucleus upon
MG132 treatment (Fig. 6A, panel d).

To biochemically detect the ubiquitinated NiV-M, we co-
transfected triple-FLAG tagged M, or the indicated mutants
with HA-Ub. Since polyubiquitination is usually associated with
proteasome-dependent protein degradation, whereas monoubi-
quitination serves regulatory functions, we wanted to specifically
look at the monoubiquitinated M species by using a mutated
version of ubiquitin in which all the lysine residues are changed to
arginines [33]. We immunoprecipitated M with an anti-FLAG
antibody and detected the ubiquitinated species with an anti-HA
antibody (Fig. 6B). For M,,,, there were at least four distinct
bands at ~8 kD intervals starting from 60 kD which represents
the first monoubiquintinated band above the size of unconju-
gated 3XFLAG-M (Fig. 6B, arrow). These bands likely represent
M monoubiquitinated on four different lysine residues. When the
same experiment was performed using K258A or K258R
mutant, the banding patterns were different from M,,. The
bottom band (indicated by the arrow) was the same for M, as
well as the mutants, likely indicating monoubiquitination on a
lysine residue other than K258. The three bands above it,
however, were significantly reduced in the mutants compared to
the wild-type. These bands likely represent ubiquitinated K258
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of K258, was also mutated to arginine. Hela cells transfected with the indicated constructs were stained with mouse anti-FLAG antibody and DAPI.
K258A was excluded from the nucleus, whereas K258R was concentrated in the nucleus. The localization of K263R was similar to wild-type M.
Quantification of cytoplasmic/nuclear fluorescence intensity ratios is shown in (C).

doi:10.1371/journal.ppat.1001186.9005

as well as other lysines whose ubiquitination depends on K258. It
was not totally unexpected that the banding patterns of K258A
and K258R were not exactly identical. One of them was in the
cytoplasm while the other in the nucleus, where distinct
ubiquitination machineries might account for the difference. As
controls, K263R had the same banding pattern as wild-type,
whereas Myp9, in which all three basic amino acid residues in the
second part of the bipartite NLS including K258 were
simultaneously mutated to alanines, showed a banding pattern
similar to K258A.

We therefore hypothesized that ubiquitination on K258 in the
nucleus might be necessary for the subsequent nuclear export of
NiV-M. The altered subcellular localization of the K258R
mutant was likely due to its lack of ubiquitination. To test this
hypothesis, we constructed a fusion protein with one copy of
ubiquitin fused in-frame to the C-terminus of K258R to mimic
monoubiquitination [47,48,49,50]. It has previously been shown
that fusion to ubiquitin induces the nuclear export of p53 but
had no effect on Max, a nuclear protein known not to be
regulated by monoubiquitination [33]. Fusion to ubiquitin was
able to restore nuclear export to K258R. While K258R was
largely retained in the nucleus, the K258R-Ub fusion protein
was clearly more cytoplasmic although in some cells, it was
evenly distributed between the nucleus and cytoplasm (Fig. 6C).
Fig. 6D quantifies the nuclear:cytoplasmic ratios of K258R and
K258R-Ub in ~40-50 cells and confirms the visual phenotypes
seen in Fig. 6C.

K258 is important for the membrane association and
budding of NiV-M

Since K258 plays key roles in regulating NiV-M trafficking, we
asked whether it might also affect the ability of M to bud. We
therefore purified viral-like particles (VLPs) from the culture
supernatants of HEK293T cells expressing M,,, K258A, K258R,
or K263R as control. Both K258A and K258R were deficient in
budding, whereas K263R budded at similar levels compared to
M, (Figs. 7A and B). K258R was defective in budding
presumably because it was trapped in the nucleus and therefore
not able to reach the plasma membrane where budding normally
occurs, but it was less intuitively obvious why K258A, which was
localized to the cytoplasm, was also budding-deficient.

A closer look at the microscopic images revealed that while M,
localized to patches on the membrane as well as filopodia-like
membrane extensions, K258A exhibited a more diffused cytoplas-
mic localization pattern indicative of a defect in membrane
association (Fig. 7C). This was confirmed by a membrane flotation
assay (Fig. 7D). While My, was distributed in both the membrane
and non-membrane fractions, the K258A mutant was found
almost exclusively in the non-membrane fractions. As controls,
wild-type HIV Gag (Gag,,,) and a myristoylation site mutant G2A
were subjected to the same treatment. Gag,, was in both the
membrane and non-membrane fractions, but G2A, which lacks
membrane association, was found mainly in the non-membrane
fractions as described previously [51,52].

To confirm that the budding defect of K258A was due to its lack
of membrane association rather than a conformational defect that
prevented its incorporation into the virions, we tried to rescue the
budding of K258A by fusing membrane targeting signals to its N-
terminus. L10 is the minimal signal required for targeting p56'* to

the lipid rafts, whereas S15 from c-Src targets proteins to non-raft
membrane compartments [53,54]. Both 10 and S15 were able to
rescue the membrane association of K258A, as indicated by the
presence of these fusion proteins in the membrane fractions as
determined in our membrane flotation assay (Fig. 7E). Fusion to
L10 and S15 also restored VLP budding to the K258A mutant
(Figs. 7F and G). Indeed, a greater fraction of both L10-K258A
and S15-K258A appeared to be in the membrane fractions which
correlated with their increased budding index.

Proteasome inhibitors block Nipah virus budding

The proteasome inhibitor MG132, which we have previously
shown to inhibit NiV-M nuclear export (Fig. 6A), reduced M VLP
budding in a dose-dependent manner (Fig. 8A). This inhibition
was not due to potential cytotoxic effect of MG132, as both
endogenous (B-tubulin) and exogenous protein (NiV-M) expression
levels in the cell lysates were very similar between MG132-treated
and untreated samples. The budding inhibition was also seen
when a different proteasome inhibitor, bortezomib, was used (Fig.
S9). Moreover, the budding inhibition by MGI132 could be
reversed by overexpressing HA-Ub in the cells (Fig. 8A),
confirming that the inhibition was indeed due to the depletion
of cellular free ubiquitin. Similar phenotypes were also observed
when a different cell line, Hel.a, was used instead of HEK293T
(Fig. S10), suggesting that this phenomenon is not a cell-type
specific effect.

Next, we wanted to confirm the effect of proteasome inhibition
on M localization and activity in the context of a live viral
infection. MG 132 altered M localization during live Nipah virus
infection (Fig. 8B), restricting M to the nucleus similar to what we
have seen using the transfection system. It also reduced viral titers
in a dose-dependent manner, with an 1C5, of 0.47 nM (Fig. 8C).
Under our experimental conditions, at all concentrations tested
here, MG 132 did not seem to be toxic to the cells as indicated by
the cytotoxicity assay (Fig. S11), and the expression levels of
cellular (B-actin) and viral (matrix) proteins were very similar
between MG132-treated and DMSO-treated cells (Fig. 8C, lower
panel). However, MG132 has limited in vivo utility due to its
configurational instability [55]. Therefore, we tested another
proteasome inhibitor, bortezomib, which is an FDA-approved
drug for treating multiple myeloma [56]. A dose response curve for
bortezomib indicates that 50% inhibition of viral infection was
achieved at 2.7 nM (Fig. 8D), which is 100-fold less than the peak
plasma concentration (200-300 nM) that can be reached in
humans [57,58].

Discussion

Most negative-stranded RNA viruses, including paramyxovi-
ruses such as Nipah virus (NiV), are known to replicate in the
cytoplasm [7]. Quite unexpectedly, we found that the matrix
protein of NiV transits through the nuclear compartment before
reaching the plasma membrane both during live viral infection
and when expressed alone in the cells.

Within the Paramyxoviridae, nuclear localization of matrix
proteins has previously been described for Newcastle disease
virus, Sendai virus and human respiratory syncytial virus
[17,20,23]. However, to our knowledge, this phenomenon has
not been directly associated with any biological functions. Our
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Figure 6. Ubiquitination regulates NiV-M nuclear export. (A) Ubiquitin depletion by MG132 treatment inhibits M nuclear export. Hela cells
were transfected with GFP-M alone (panels a and b), GFP-M plus HA-Ub (panel c) or GFP-Mg1/, (panel d). 24 hpt, cells were treated with 50 uM
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Alexa594-conjugated goat-anti-mouse secondary antibody to identify cells expressing HA-Ub, and imaged on a fluorescent microscope.
Representative images are shown. (B) Ubiquitination patterns of wild-type M and the indicated mutants. HEK293T cells were co-transfected with HA-
Ub (in which all the lysines were mutated to arginines to specifically look at monoubiquitination) and the indicated 3XFLAG-tagged M mutants or
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immunoblotting using an anti-HA antibody. The banding patterns of K258A, K258R and My, were different from Mwt, whereas K263R was similar to
Mwt. (€) Mimicking monoubiquitination restores nuclear export to K258R. One copy of ubiquitin was fused in frame to the C-terminus of 3XFLAG-
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doi:10.1371/journal.ppat.1001186.g006

208



A Mwt K258A K258R K263R E 10 (p56): mgcgosshpe

VLP
.. - S15 (c-Src): mgsnkskpkdasqrr

Cell
lysate “ M

I sucrosel 10%| 65% | 73% I

Cell * B-tubulin

lysate 1 2 3 4 5 6 7 8
B K258A o v

E L10-K258A ko

g

X S15-K258A ) —_——

_'g 9

g Membrane Non-membrane

3

3]

Mwt  K258A K258R  K263R F
L10- S15-

Myt K258A Kk258A K258A

K258A VP ommp W EERess

Cell lysate| MENEGEG_G—_G—GG——
Cell lysate MEGEGE_G_—_—-——— -tubulin

D

G
[ sucrose] 10% | 65% 73% | 600-
1 2 3 4 5 6 7 8 £ soof
£ 4
Myt e g, % i —
g 300
{2}
K258A I G - 2004
°
@
&
Gag, . i T T
> > >
e o o
G2A — D amRe \:\Q' 5\‘)’
Membrane Non-membrane

Figure 7. K258 is critical for NiV-M membrane association and budding. (A) NiV-M K258 mutants are deficient in VLP budding. VLP and cell
lysate samples were prepared from cells expressing wild-type M, K258A, K258R or K263R at 24 hpt as described in Materials and Methods.
Immunoblotting was performed using an anti-FLAG monoclonal antibody, then the cell lysate blot was stripped and re-probed with an anti-p-tubulin
antibody as loading control. Both K258A and K258R were expressed in the cells at similar levels compared to wild-type M, but they were absent from
the VLPs. The experiment was repeated three times and representative results are shown. (B) Quantification of the budding index for the wild-type
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doi:10.1371/journal.ppat.1001186.g007
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doi:10.1371/journal.ppat.1001186.9g008

results suggest that the nuclear translocation of NiV-M is
important for viral budding, as all the nuclear-excluded mutants
are deficient in VLP formation (Figs. 4A, 4C, 7A and 7B). A
straightforward explanation would be that post-translational
modification(s) occurs in the nucleus which allows NiV-M to
interact with the budding machinery once it is exported into the
cytoplasm. Indeed, our data support the hypothesis that
ubiquitination might be a key regulator of NiV-M intracellular
trafficking and function.

The 76-amino-acid protein modifier ubiquitin is involved in the
activity of many cellular as well as viral proteins [38,59,60].

Previous studies have shown that the ubiquitin-proteasome
machinery is present in both the cytoplasmic and nuclear
compartments of the cell [33,61,62], and a role for ubiquitin in
protein nuclear/cytoplasmic trafficking has been demonstrated in
the cases of cellular proteins including p53, PTEN and NF-kB
[32,33,34,35,36]. We found that ubiquitination is important for
NiV-M nuclear export as well as budding. Mutation of the
putative ubiquitination site K258 altered M subcellular localiza-
tion (Fig. 5B) and abrogated budding (Fig. 7A). These phenotypes
were recapitulated when ubiquitin was depleted from the cells
(Fig. 6A and Fig. 8). The involvement of ubiquitin in NiV-M
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budding is also reflected in our observation that overexpression of
ubiquitin in the cells enhances M budding (Fig. S12). This effect is
likely due to the ubiquitination of M per se instead of stimulating
the cellular budding machinery, as the enhancement was not
observed when a ubiquitination-site mutant was used.

Ubiquitin has previously been shown to be required for a late
step during retroviral budding, namely the fission of virions from
the cellular membrane, a process that involves the interaction
between the late-domain in the Gag proteins and the cellular
ESCRT complexes [37,43,63]. In the case of NiV-M, however,
the dependence on ubiquitin seems to be via a different
mechanism. Our finding that the potential ubiquitination-site
mutant K258A was not membrane-associated seems to suggest a
role for ubiquitin in targeting M to the plasma membrane. Plasma
membrane targeting is usually mediated by N-terminal acylations
such as the myristoylation of HIV Gag and the palmitoylation of
Synaptosomal-associated protein of 25 kDa (SNAP-25) [64,65].
Our sequence analysis of NiV-M did not reveal the presence of
such signals, and membrane targeting is unlikely attributed solely
to the interaction between M and viral transmembrane glycopro-
teins such as F and G, as M was able to reach the plasma
membrane when expressed alone. It is possible that the
ubiquitination of NiV-M might contribute to its recognition by a
cellular factor that transports it to the plasma membrane. Fusing a
copy of ubiquitin to the C-terminus of the K258R mutant to
mimic monoubiquitination restored nuclear export (Fig. 6C), but
this fusion protein was still not membrane-associated and failed to
bud (data not shown), suggesting that the requirement for
ubiquitin in the case of membrane targeting might be context-
dependent. However, we cannot rule out the possibility that
modifications other than ubiquitination might be involved.

Additionally, we found that membrane targeting positively
correlates with budding. .10 and S15 peptides seem to be more
potent membrane-targeting signals compared to the endogenous
signal in NiV-M, as L10-K258A and S15-K258A were found
predominantly in the membrane fractions whereas Mwt was
present in both membrane and non-membrane fractions (Figs. 7D
and F ). The more efficient membrane targeting conferred by L10
and S15 translated to higher levels of budding (Figs. 7G and H).

The cholesterol- and sphingolipid-rich membrane microdo-
mains, or lipid rafts, have been implicated in the budding of some
enveloped viruses including a few paramyxoviruses [66,67,68].
The fact that both L.10 and S15, which target proteins to lipid raft
and non-raft compartments, respectively, were equally capable of
restoring NiV-M K258A budding seems to suggest that the
budding of NiV-M does not require localization to the lipid rafts.
This is also consistent with our observation that NiV-M localized
to, but did not concentrate in lipid raft fractions (our unpublished
observation). However, no conclusions can be drawn at this point
as to where budding occurs during live viral infection.

NiV-M possesses two leucine/isoleucine-rich stretches, both of
which are important for nuclear export, as mutating either one
resulted in nuclear retention phenotypes (Figs. 2B and C).
However, only one of them (amino acids 106-117) is functional
in directing the nuclear export of a heterologous protein (Fig. 3).
Moreover, the presence of a functional NES seems to be necessary
but not sufficient for the nuclear export of NiV-M. This is
demonstrated by the nuclear-retained K258R mutant, which still
failed to be exported despite the presence of an intact NES. It
seems that ubiquitination on K258, in addition to the NES, is
required for efficient nuclear export. This is consistent with the
hypothesis that ubiquitination changes the conformation of the
protein, exposing the NES that is otherwise not accessible to
cellular exportins [35,49]. Alternatively, it is possible that K258
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needs to be ubiquitinated for recognition by a yet-to-be-identified
cellular ubiquitin-binding protein that forms an indispensable part
of the nuclear export machinery. Previous studies have indicated
that deleting the YMYL and YPLGVG motifs in NiV-M also
results in nuclear retention [10,12]. Since those two motifs are in
proximity to the NES we identified in NiV-M, it is possible that the
altered localization is due to NES masking induced by conforma-
tional changes resulting from the deletions.

Nipah virus causes fatal encephalitis in humans with high
mortality rates, and there are currently no vaccines or effective
therapeutics. We report here that proteasome inhibitors including
MG132 and bortezomib potently reduce viral titers during live
NiV infection. Bortezomib (marketed as Velcade) is an FDA-
approved drug for treating multiple myeloma and mantle cell
lymphoma. It is usually given to patients at a dose of 1.3 mg/m?
twice a week, and the mean maximum plasma concentration of
the drug reaches 200-300 nM [57,58]. Our inhibition curve
(Fig. 8D) indicates that the 1Cs5q of bortezomib is 2.7 nM, well
below the clinically achievable plasma concentration, suggesting
that it could potentially be used as an anti-viral against acute NiV/
infection.

Although the nuclear localization of paramyxoviral matrix
proteins has been known for quite some time [17,19,20,23], the
biological function of this intracellular trafficking behavior remains
enigmatic. Here, we provide evidence that, at least for Nipah virus
matrix, nuclear transit and possible post-translational modification
play critical roles in subsequent matrix-mediated viral budding.
The Nipah matrix protein also illustrates the remarkably efficient
use of multiple cellular trafficking machineries: that a single lysine
residue in the putative bipartite NLS can serve as both a signal for
nuclear import and a regulator for subsequent nuclear export.
Also, the fact that the homologous lysine residue (K258 in NiV-M)
in the bipartite NLS is highly conserved in all 5 genera of
Paramyxoviridae suggests that the mechanisms described for NiV-M
budding may extend to other paramyxoviruses. Finally, our
findings suggest the potential use of bortezomib (Velcade) as
treatment for acute henipavirus infections, or even prophylaxis in
the case of high-risk exposure (such as veterinarians treating
symptomatic horses in the Australian Hendra virus outbreaks).
Although Velcade is an FDA-approved drug, it is not completely
innocuous. However, it has the benefit of well-documented
pharmacokinetic and toxicity profiles.

Materials and Methods

Cells and virus

VeroE6, HeLLa and HEK293T cells were grown in Dulbecco’s
modified eagle medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, 100 pg/mL streptomy-
cin, and 1% sodium pyruvate. The Nipah virus (NiV) strain
Malaysia (kindly provided by the Special Pathogens Branch, CDC,
Atlanta) was propagated in VeroE6 cells. Stock virus was
harvested 48 hours post infection (hpi) and virus titer was
calculated using the Reed-Muench method [69].

For infection, Hela cells were incubated with NiV for 1 hr at
37°C, and then fresh medium containing 2% FBS, 100 U/mL
penicillin and 100 pug/mL streptomycin was added. For generating
the dose-response inhibition curve in Figure 8, serial dilutions of
MG132 or bortezomib were added at 15 hpi, yielding final
concentrations ranging from 10 nM to 1fM. Considering the short
half-life of bortezomib (9-15 hrs), it was re-added 12 hrs later.
Supernatants were collected at 40 hpi and viral titers were
determined by plaque assay.



For plaque assay, confluent monolayers of Vero cells (seeded in
12-well plates) were infected with 100 pl of serial tenfold dilutions of
virus-containing cell supernatant. After 1 hr incubation at 37°C and
5% COs, the inocula were removed and wells overlaid with a
mixture of one part 1.0% methylcellulose and one part 2xMEM
(Gibco, Invitrogen) supplemented with 2% FBS and 2% penicillin/
streptomycin. The plates were incubated at 37°C and 5% COs for 3
days and then stained with 0.25% crystal violet in 10% buffered
formalin. Plates were then washed and the plaques enumerated. All
work with live virus was carried out under Biosafety Level 4 (BSL4)
conditions in the Robert E. Shope BSL4 Laboratory, UTMB.

Plasmids and reagents

The open reading frame encoding Nipah virus matrix protein
was codon-optimized and synthesized by Geneart Inc. (Regensburg,
Germany) to facilitate expression in mammalian cells. NiV-M
sequence was then amplified by PCR and inserted between the
HindIII and Xhol sites in the pCMV-3Tag-1 vector (Stratagene) to
generate 3XFLAG-M. 3XFLAG-tagged M mutants including
Mionos Mipi, Mipa, Mipi/e, LI06A/L107A, L268A, 1271A,
L274A, L276A, K258A, K258R, R256A/R257A and K263R
were generated by QuikChange site-directed mutagenesis (Strata-
gene). GFP sequence was fused in-frame to the N-terminus of NiV-
M by overlapping PCR to generate GFP-M, and untagged NiV-M
and mutants were constructed by PCR amplification and insertion
into the pcDNA3.1(+) vector (Invitrogen). HA-ubiquitin constructs
(wild-type and a mutant in which all the lysines were mutated to
arginines) have been described previously [70] and were purchased
from Addgene (Addgene plasmids 17608 and 17603). K258R-Ub
was generated by fusing one copy of ubiquitin in-frame to the C-
terminus of 3XFLAG-K258R. L10 and S15 sequences were fused
to the N-terminus of the untagged K258A mutant by PCR using
primers 5’-agaagcttgecaccatgggetgtgtetgeagetcaaacectgaagageecga-
catcaag, 5'- ataagcttgecaccatgggtageaacaagageaageccaaggatgecage-
cageggegegageecgacatcaag, and 5'- gtcagectegagteatcageectteagg.

Rev-mCherry was constructed by fusing the coding sequence of
mCherry at the C-terminus of HIV Rev via a GGS linker followed
by a Kpnl restriction enzyme site. Amino acids .78 and L81 in
Rev were mutated to alanines via site-directed mutagenesis to
derive. RevANES-mCherry. RevANES-M'*""7.mCherry, Re-
VANES-M?** 2**.;mCherry  and  RevANES-RevNES-mCherry
were constructed by inserting sequences corresponding to each
NES between the GGS linker and the Kpnl site. All the sequences
were verified by DNA sequencing. Cell transfection was
performed using BioT transfection reagent per manufacturer’s
instructions. MG 132 was purchased from Calbiochem as a 10mM
stock solution in DMSO, bortezomib (Velcade) was purchased
from ChemieTek, and actinomycin D was purchased from Sigma

Antibodies

Rabbit anti-NiV-M  polyclonal antibodies were raised by
immunizing rabbits with a purified peptide corresponding to amino
acids 29-49 of NiV matrix protein (2 1st Century Biochemicals Inc.).
Mouse anti-FLAG monoclonal antibody clone M2 was purchased
from Stratagene. Mouse anti-HA and anti-myc (9E10) monoclonal
antibodies were obtained from Covance and the Developmental
Studies Hybridoma Bank at University of Iowa, respectively. Mouse
anti-B-tubulin antibody was purchased from Sigma.

Production of viral-like particles (VLPs) and quantification
of the budding index

HEK293T cells were transfected with NiV-M or M mutants
expression constructs. 24 hpt, culture supernatants were collected

and centrifuged at 2000 rpm for 5 min to get rid of contaminating
cells. The cleared supernatants were then ultracentrifuged at
30,600 rpm on an AH-650 rotor (Thermo Scientific) for 2 hrs
through a 20% (w/v) sucrose cushion. VLPs pelleted at the bottom
of the tubes were resuspended in lysis buffer and subjected to
immunoblotting. The intensities of the bands were quantified by
densitometry with a VersaDoc Imaging System (Bio-Rad), and
budding index was defined as the amount of M in the VLPs
divided by the amount in the cell lysate and presented as % of wt
M which is set as 100%.

Immunoprecipitation and immunoblotting

HEK293T cells expressing NiV-M or M mutants were
harvested in a lysis buffer containing 50 mM Tris-HCI,
150 mM NaCl, 1% NP-40, | mM EDTA, 0.25% (w/w) sodium
deoxycholate, 5 mM N-ethylmaleimide (NEM) and protease
inhibitors cocktail (Roche). Cell lysate was clarified by centrifu-
gation at 21,000 xg for 5 min before incubation overnight with
mouse anti-FLAG antibody crosslinked to protein G-conjugated
agarose beads (Pierce) with 10 mg/ml dimethyl pimelimidate
(DMP). Beads were then extensively washed, and the bound
proteins were eluted by boiling for 10 min in SDS protein
loading buffer. Proteins were separated by SDS-PAGE, trans-
ferred to PVDF membranes and analyzed using appropriate
antibodies.

Immunofluorescence microscopy and image analysis

For the live viral infection experiments, cells infected with NiV
were fixed with 10% formalin for 24 hrs and removed from the
BSL4. Cells were then permeabilized with 0.2% Triton X-100 in
phosphate-buffered saline (PBS) for 5 min at room temperature
(RT), washed with PBS and then incubated with rabbit polyclonal
anti-NiV-M antibody. After extensive washing with PBS, cells
were incubated with Alexa488-conjugated goat anti-rabbit sec-
ondary antibody (Invitrogen Molecular Probes) for 30 min at RT.
Cells were then counterstained with DAPI. The slides were
imaged on a Zeiss LSM 510 confocal microscope in the UTMB
optical imaging core. For the cell transfection experiments, Hel.a
cells transfected with the indicated constructs were fixed with 2%
paraformaldehyde, permeabilized with 0.2% Triton in PBS and
stained with mouse anti-FLAG antibody followed by Alexa488 or
594-conjugated goat anti-mouse secondary antibodies. Cells were
imaged on a Nikon Eclipse TE300 fluorescent microscope with
MetaMorph software (Molecular Devices).

Image analysis was performed with MetaXpress software from
Molecular Devices using the Enhanced Translocation module.
The algorithm identifies nuclei as compartments using DAPI stain.
The nuclear region was defined as the central region 20 pixels
iset from the nuclear/cytoplasm boundary. The cytoplasmic
region was defined as a disc beginning at the nuclear/cytoplasmic
boundary and extending 5 pixels into the cytoplasm. Cells were
manually included or excluded by inspection to insure that all cells
included in the final scoring had the cytoplasm and nuclear
regions correctly defined. A minimum cutoff’ intensity level was
applied to ensure NiV matrix expression was sufficient. This was
to exclude aberrant cell morphology and non-transfected cells.
The statistic evaluated was the ratio of the average cytoplasmic
region intensity to the average nuclear region intensity for each
cell. Since the cytoplasmic/nuclear fluorescent intensity (C:N)
ratio for wild-type M is close to 1, C:N ratios greater than 1 implies
increased cytoplasmic retention whereas C:N ratios less than 1
indicates increased nuclear retention. Between 10-30 cells were
counted for Mwt and all mutants analyzed.
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Membrane flotation centrifugation

Membrane flotation centrifugation was performed as described
previously [71]. Briefly, transfected HEK293T cells were Dounce-
homogenized in cold TNE buffer containing 50 mM Tris-HCI,
150 mM NaCl, 2 mM EDTA, 0.1% 2-mercaptoethanol and
protease inhibitors cocktail (Roche). Cell homogenates were
clarified at 3,000 rpm for 30 min at 4°C to remove cell debris
and nuclei. The cleared cell homogenate was mixed with 85% (w/
v) sucrose solution to obtain 73% final concentration and loaded at
the bottom of a 5 ml ultracentrifuge tube. The sample was then
layered with 3 ml 65% and 0.8 ml 10% sucrose solutions and
centrifuged at 100,000xg for 16 hrs at 4°C. Eight fractions
(0.6 ml/fraction) were collected from the top and proteins were
extracted with methanol/chloroform. Membrane-associated ma-
terials were harvested at the interface between 10% and 65%
sucrose as “fraction 2”.

Supporting Information

Figure S1 Specificity of rabbit anti-M polyclonal antibody.
HelLa cells transfected with 3XFLAG-M (upper panel) or empty
vector as control (lower panel) were fixed at 24 hpt and stained
with rabbit anti-NiV-M antibody followed by Alexa 488-
conjugated goat anti-rabbit secondary antibody. DAPI was used
for visualization of the nuclei. All the pictures were acquired using
the same exposure time.

Found at: doi:10.1371/journal.ppat.1001186.s001
PDF)

(3.43 MB

Figure $2 Subcellular localization of NiV-M in transfected
HeLa cells. Triple FLAG-tagged NiV-M (3XFLAG-M) was
constructed by fusing three copies of the FLAG tag N-terminally
to the NiV-M sequence. HelLa cells transfected with 3XFLAG-M
were stained with a mouse anti-FLAG monoclonal antibody at (A)
12, (B) 16 or (C) 24 hrs post-transfection and imaged under 60 x
magnification on a fluorescent microscope. The cells were also
stained with DAPI for visualization of the nuclei. At early time
points, M staining was prominent in the nucleus (A), whereas at
later time points, it was diffused in both the nucleus and the
cytoplasm (B and C). At 24 hpt, M also localized to filamentous
membrane extensions.

Found at: doi:10.1371/journal.ppat.1001186.s002
PDF)

Figure 83 Subcellular localization of GFP-fused NiV-M and M
mutants. HeLa cells were transfected with the indicated expression
constructs and fixed at 24 hpt. Images were acquired under 60 X
magnification on a fluorescent microscope.

Found at: doi:10.1371/journal.ppat.1001186.s003 (1.64 MB PDF)

Figure S4 VLP budding of 3XFLAG-tagged and untagged NiV-
M. HEK293T cells were transfected with the indicated amounts of
DNA encoding 3XFLAG-M or untagged M. VLP and cell lysate
samples were prepared at 24 hpt and immunoblotted with rabbit
anti-M antibody. Arrows point to 3XFLAG-M while arrowheads
indicate untagged M.

(3.96 MB

Found at: doi:10.1371/journal.ppat.1001186.s004 (0.24 MB
PDF)
Figure 85 VLP budding of GFP-fused NiV-M. HEK293T cells

were transfected with M or GFP-M expression construct. VLP and
cell lysate samples were prepared at 24 hpt and immunoblotted
with rabbit anti-M antibody.

Found at: doi:10.1371/journal.ppat.1001186.s005 (0.08 MB PDF)

Figure S6 Association between Mwt and various M mutants.
HEK293T cells were co-transfected with untagged Mwt and

3XFLAG-tagged Mwt or mutants as indicated. Cells were
harvested at 24 hpt, and cell lysates were subjected to immuno-
precipitation using anti-FLAG monoclonal antibody M2-conju-
gated agarose beads (Sigma) per manufacturer’s instructions.
3XFLAG peptide was used for elution, and IP samples were
immunoblotted with a rabbit anti-M antibody. Arrows indicate
3XFLAG-tagged Mwt or mutants, and the arrowhead points to
untagged Mwt. All the mutants tested were able to co-
immunoprecipitate with Mwt.

Found at: doi:10.1371/journal.ppat.1001186.s006 (0.10 MB PDF)

Figure S87 Budding rescue of M mutants by wild-type M.
HEK293T cells were transfected with 3XFLAG-tagged M
mutants alone or together with untagged wild-type M as indicated.
VLP and cell lysate samples were prepared 24 hpt. VLPs were
immunoblotted with an anti-FLAG antibody to detect only the
budding of the mutants, and cell lysates were probed with an anti-
M antibody to visualize the expression of both untagged Mwt
(arrowheads) and FLAG-tagged mutants (arrows). Mwt was able to
rescue the VLP budding of all the mutants tested.

Found at: doi:10.1371/journal.ppat.1001186.s007 (0.10 MB PDF)

Figure S8 Bortezomib inhibits the nuclear export of M. HelLa
cells expressing GFP-M were treated with the indicated concen-
trations of bortezomib for 6 hrs. Cells were then fixed and
visualized under 60 x magnification on a fluorescent microscope.
Found at: doi:10.1371/journal.ppat.1001186.s008 (1.14 MB PDF)

Figure S9 Budding inhibition of NiV-M by proteasome
inhibitors. HEK293T cells expressing 3XFLAG-M were treated
with MG 132 (10 uM or 50 uM) or bortezomib (1 pM or 10 pM)
for 12 hrs. VLP and cell lysate samples were immunoblotted with
an anti-FLAG antibody (A), and the budding indices were
calculated and normalized to the DMSO control (B).

Found at: doi:10.1371/journal.ppat.1001186.s009 (0.11 MB PDF)

Figure S10 Overexpression of ubiquitin restores budding in the
presence of MG132. Hela cells expressing 3XFLAG-M (left three
lanes) or 3XFLAG-M plus HA-Ub (right two lanes) were
incubated with DMSO, 10 uM or 50 uM MG132 for 12 hrs,
and VLPs produced during this period were harvested as
described in Materials and Methods. VLPs and cell lysates were
immunoblotted with an anti-FLAG antibody, then the cell lysate
blot was stripped and re-probed with an anti-B-tubulin antibody as
loading control.

Found at: doi:10.1371/journal.ppat.1001186.s010 (0.12 MB PDF)

Figure S11 MG132 and bortezomib are not grossly toxic to the
cells under our experimental conditions. HeLa cells were treated
with MG132 or bortezomib at the indicated concentrations for
24 hrs. Culture supernatants were collected and the release of
adenylate kinase was measured using a ToxiLight BioAssay kit
(Lonza) per manufacturer’s instructions. Results are shown as
percent toxicity with DMSO background subtracted and complete
cell lysis by detergent set as 100%. ND = Not Detectable.

Found at: doi:10.1371/journal.ppat.1001186.s011 (0.23 MB PDF)

Figure 812 Ubiquitin promotes the budding of NiV-Mwt, but
not the K258A mutant. HEK293T cells were cotransfected with
3XFLAG-M or 3XFLAG-M K258A mutant plus increasing
amounts of HA-Ub as indicated. 24hpt, VLPs and cell lysates
were prepared as described in  Materials and Methods and
immunoblotted with an anti-FLAG antibody (A). Densitometry
was performed to determine the budding index (B) as described in
Materials and Methods.

Found at: doi:10.1371/journal.ppat.1001186.s012
PDF)

(0.03 MB
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Figure S1. Specificity of rabbit anti-M polyclonal antibody. HelLa cells transfected with
3XFLAG-M (upper panel) or empty vector as control (lower panel) were fixed at 24 hpt and
stained with rabbit anti-NiV-M antibody followed by Alexa 488-conjugated goat anti-rabbit
secondary antibody. DAPI was used for visualization of the nuclei. All the pictures were acquired
using the same exposure time.
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Figure S2. Subcellular localization of NiV-M in transfected HeLa cells. Triple FLAG-
tagged NiV-M (3XFLAG-M) was constructed by fusing three copies of the FLAG tag N-
terminally to the NiV-M sequence. HeLa cells transfected with 3XFLAG-M were stained with a
mouse anti-FLAG monoclonal antibody at (A) 12, (B) 16 or (C) 24 hrs post-transfection and
imaged under 60x magnification on a fluorescent microscope. The cells were also stained with
DAPI for visualization of the nuclei. At early time points, M staining was prominent in the
nucleus (A), whereas at later time points, it was diffused in both the nucleus and the cytoplasm
(B and C). At 24 hpt, M also localized to filamentous membrane extensions.
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Figure S3. Subcellular localization of GFP-fused NiV-M and M mutants. HeLa cells
were transfected with the indicated expression constructs and fixed at 24 hpt. Images were
acquired under 60x magnification on a fluorescent microscope.
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Figure S4. VLP budding of 3XFLAG-tagged and untagged NiV-M. HEK293T cells were
transfected with the indicated amounts of DNA encoding 3XFLAG-M or untagged M. VLP and
cell lysate samples were prepared at 24 hpt and immunoblotted with rabbit anti-M antibody.
Arrows point to 3XFLAG-M while arrowheads indicate untagged M.
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Figure S5. VLP budding of GFP-fused NiV-M. HEK293T cells were transfected with M or
GFP-M expression construct. VLP and cell lysate samples were prepared at 24 hpt and
immunoblotted with rabbit anti-M antibody.
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Figure S6. Association between Mwt and various M mutants. HEK293T cells were co-
transfected with untagged Mwt and 3XFLAG-tagged Mwt or mutants as indicated. Cells were
harvested at 24 hpt, and cell lysates were subjected to immunoprecipitation using anti-FLAG
monoclonal antibody M2-conjugated agarose beads (Sigma) per manufacturer's instructions.
3XFLAG peptide was used for elution, and IP samples were immunoblotted with a rabbit anti-M
antibody. Arrows indicate 3XFLAG-tagged Mwt or mutants, and the arrowhead points to
untagged Mwt. All the mutants tested were able to co-immunoprecipitate with Mwt.
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Figure S7. Budding rescue of M mutants by wild-type M. HEK293T cells were
transfected with 3XFLAG-tagged M mutants alone or together with untagged wild-type M as
indicated. VLP and cell lysate samples were prepared 24 hpt. VLPs were immunoblotted with an
anti-FLAG antibody to detect only the budding of the mutants, and cell lysates were probed with
an anti-M antibody to visualize the expression of both untagged Mwt (arrowheads) and FLAG-
tagged mutants (arrows). Mwt was able to rescue the VLP budding of all the mutants tested.
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¢

Figure S8. Bortezomib inhibits the nuclear export of M. HeLa cells expressing GFP-M
were treated with the indicated concentrations of bortezomib for 6 hrs. Cells were then fixed and
visualized under 60x magnification on a fluorescent microscope.
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Figure S9. Budding inhibition of NiV-M by proteasome inhibitors. HEK293T cells
expressing 3XFLAG-M were treated with MG132 (10 uM or 50 uM) or bortezomib (1 uM or 10
uM) for 12 hrs. VLP and cell lysate samples were immunoblotted with an anti-FLAG
antibody (A), and the budding indices were calculated and normalized to the DMSO
control (B).
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Figure S10. Overexpression of ubiquitin restores budding in the presence of
MG132. HelLa cells expressing 3XFLAG-M (left three lanes) or 3XFLAG-M plus HA-Ub (right
two lanes) were incubated with DMSO, 10 uM or 50 uM MG132 for 12 hrs, and VLPs produced
during this period were harvested as described in Materials and Methods. VLPs and cell lysates
were immunoblotted with an anti-FLAG antibody, then the cell lysate blot was stripped and re-
probed with an anti-g-tubulin antibody as loading control.
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Figure S11. MG132 and bortezomib are not grossly toxic to the cells under our
experimental conditions. HelLa cells were treated with MG132 or bortezomib at the
indicated concentrations for 24 hrs. Culture supernatants were collected and the release of
adenylate kinase was measured using a ToxiLight BioAssay kit (Lonza) per manufacturer's
instructions. Results are shown as percent toxicity with DMSO background subtracted and
complete cell lysis by detergent set as 100%. ND = Not Detectable.
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Figure S12. Ubiquitin promotes the budding of NiV-Mwt, but not the K258A
mutant. HEK293T cells were cotransfected with 3XFLAG-M or 3XFLAG-M K258A mutant
plus increasing amounts of HA-Ub as indicated. 24hpt, VLPs and cell lysates were prepared as
described in Materials and Methods and immunoblotted with an anti-FLAG antibody (A).
Densitometry was performed to determine the budding index (B) as described in Materials and
Methods.
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ABSTRACT

The paramyxovirus matrix (M) protein is a molecular scaffold required for viral morphogenesis
and budding at the plasma membrane. Transient nuclear residence of some M proteins hints at
non-structural roles. However, little is known regarding the mechanisms that regulate the
nuclear sojourn. Previously, we found that the nuclear-cytoplasmic trafficking of Nipah virus M
(NiV-M) is a prerequisite for budding, and is regulated by a bipartite nuclear localization signal
(NLSwp), a leucine-rich nuclear export signal (NES), and monoubiquitination of the K258
residue within the NLSy, itself (NLSyp-lysine). To define whether the sequence determinants of
nuclear trafficking identified in NiV-M are common among other Paramyxovirinae M proteins,
we generated the homologous NES and NLSy,-lysine mutations in M proteins from the five
major Paramyxovirinae genera. Using quantitative 3D confocal microscopy, we determined
that the NES and NLSy,-lysine are functionally conserved for the nuclear export of the M
proteins of Nipah virus, Hendra virus, Sendai virus, and Mumps virus. Pharmacological
depletion of free ubiquitin or mutation of the conserved NLSy,-lysine to an arginine, which
inhibits M ubiquitination, also results in nuclear and nucleolar retention of these M proteins.
Recombinant Sendai virus (rSeV-eGFP) bearing the NES or NLSy,-lysine M mutants rescued at
similar efficiencies to wild type. However, foci of cells expressing the M mutants displayed
marked fusogenicity in contrast to wild type, and infection did not spread. Finally, shotgun
proteomics experiments indicated that the interactomes of Paramyxovirinae M proteins are
significantly enriched for components of the nuclear pore complex, nuclear transport receptors,
and nucleolar proteins. We then synthesize our functional and proteomics data to propose a
working model for the ubiquitin-regulated nuclear-cytoplasmic trafficking of M proteins.
Altogether, our results shed light on the cell biology of paramyxoviral M proteins, and reveal

heretofore unappreciated aspects of M function.
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AUTHOR SUMMARY

Elucidating virus-cell interactions is fundamental to understanding viral replication and
identifying targets for therapeutic control of viral infection. Paramyxoviruses include human
and animal pathogens of medical and agricultural significance. Their matrix (M) structural
protein organizes virion assembly at the plasma membrane and mediates viral budding. While
nuclear localization of M proteins has been described for some paramyxoviruses, the underlying
mechanisms of nuclear trafficking and the biological relevance of this observation have
remained largely unexamined. Through comparative analyses of M proteins across five
Paramyxovirinae genera, we identify partially conserved mechanisms of nuclear trafficking.
These include a bipartite NLS as well as a NES sequence within M that may mediate the
interaction of M with host nuclear transport receptors. Additionally, a conserved lysine within
the NLS of some M proteins is required for nuclear export by regulating M ubiquitination.
Sendai virus engineered to express a ubiquitination-defective M does not produce infectious
virus but instead displays extensive cell-cell fusion while M is retained in the nucleolus. Thus,
some Paramyxovirinae M proteins undergo regulated and active nuclear and subnuclear
transport, a prerequisite for viral morphogenesis, which also suggests yet to be discovered roles

for M in the nucleus.

INTRODUCTION

Paramyxoviruses include pathogens of global medical and agricultural concern. These viruses
occupy broad ecological niches infecting a wide range of hosts including mammals, reptiles,
birds and fish, and they cause diverse outcomes ranging from asymptomatic infection to lethal
disease. Measles virus (MeV), mumps virus (MuV), the human parainfluenza viruses (hPIVs),
respiratory syncytial virus (RSV), and human metapneumoviruses remain significant causes of
human morbidity and mortality.! Animal pathogens, such as Newcastle disease virus (NDV) and

the recently eradicated Rinderpest virus,? have caused significant rates of lethal disease in birds
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and cattle, respectively. The newly emergent zoonotic paramyxoviruses Nipah virus (NiV) and
Hendra virus (HeV) are among the most deadly known pathogens, showing case-fatality rates in
excess of 70% in humans, and are classified as biosafety level 4 pathogens due to the absence of
vaccines or therapeutics approved for human use.3-¢

Paramyxoviruses are released as enveloped viruses from the host cell plasma membrane.
Virions tend to measure ~150-300 nm in diameter and are spherical, pleiomorphic or
filamentous in shape, depending on the virus and the producer cell-type. The non-segmented,
single-strand, negative-sense RNA genomes of paramyxoviruses consist of six principle genes:
nucleocapsid (N), phosphoprotein (P), matrix (M), fusion (F) and attachment (HN, H or G)
glycoproteins, and polymerase (L).%57 The attachment and fusion glycoproteins mediate binding
to sialic acid moieties or to specific protein receptors on the cell surface and the fusion of the
viral envelope with the host cell plasma membrane.8-°© Within the virion, the ribonucleoprotein
(RNP) consists of the RNA-dependent RNA polymerase complex formed by P and L associated
with the N-encapsidated RNA genome. L is required for viral RNA synthesis during viral
replication.5

M is the major viral structural protein.’57 A number of studies have found that M
proteins oligomerize, bind lipids, and form a grid-like array on the inner surface of the viral
membrane.”'-25 M proteins can serve as a molecular scaffold by interacting with the cytoplasmic
tails of the transmembrane glycoproteins and the RNP via N.717:2535 Many paramyxoviral M
proteins (NiV-M, MeV-M, NDV-M, SeV-M, and hPIVi-M) can drive viral budding and form
virus-like particles (VLPs) in the absence of other viral components,3:31:36-42 albeit with varying
efficiencies. However, the budding of some others (PIV5-M and MuV-M) requires coexpression
of N and/or the envelope glycoproteins.4344 MeV and SeV engineered with budding-defective or
deleted M proteins have been found to have severe defects in viral replication.4547

Although paramyxoviruses are classic cytoplasmic replicating viruses, some

paramyxoviral M proteins have been observed to traffic through the nucleus. For example, SeV-
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M, NDV-M and RSV-M can be detected in the nucleus at early stages of infection.48-53 These
findings suggest that paramyxoviral M proteins may perform roles beyond viral assembly at the
plasma membrane. However, with the exception of RSV, which belongs to the Pneumovirinae
subfamily, the cell biology of M protein nuclear trafficking has not been examined in a
systematic fashion for most Paramyxovirinae subfamily members. We previously found that
NiV-M translocates to the nucleus at early stages of infection. The high homology between NiV-
M and HeV-M (~90% amino acid identity) suggests that HeV-M also localizes to the nucleus,
and it was recently found that overexpression of ANP32B, a nuclear protein, results in nuclear
accumulation of HeV-M and NiV-M.54 We have shown that nuclear-cytoplasmic trafficking of
NiV-M is mediated by a classical bipartite nuclear localization signal (NLSpp), homologous to
NDV-M’s NLSyp, and a leucine-rich nuclear export signal (NES).3948 We further demonstrated
that nuclear trafficking is regulated by ubiquitination, presumably on a conserved lysine residue
(K258) located within the NLSy,, of NiV-M (244RR-X10-RRK?58). The K258A mutant is defective
in nuclear import, while the K258R mutant retains a functional NLS but is defective in nuclear
export; both mutants have decreased levels of ubiquitination and have budding defects.39

The canonical NES and NLSy, that we functionally characterized in NiV-M are highly
conserved across most, if not all members of the Paramyxovirinae. Therefore, it is important to
resolve whether ubiquitin-dependent nuclear-cytoplasmic trafficking of M is unique to NiV, or a
process shared by other members of the subfamily, as this has direct bearing on the
fundamental biology of paramyxoviral replication. Here, we specifically analyze ubiquitin-
dependent nuclear-cytoplasmic trafficking of M proteins across representative viruses from all
five major genera of Paramyxovirinae (Respirovirus, Rubulavirus, Morbillivirus, Henipavirus,
and Avulavirus). We use a panoply of methods including quantitative 3D confocal microscopy
analysis of M nuclear localization, bimolecular fluorescence complementation (BiFC) assays of
M ubiquitination, and introduction of M mutations into live recombinant virus with the use of

reverse genetics. Our findings demonstrate that ubiquitination of M, regulated by the conserved
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lysine within the NLSyp, controls the subnuclear and nuclear-cytoplasmic trafficking of M
proteins from prototypic viruses of the Henipavirus, Rubulavirus and Respirovirus genera.
Proteomic identification of nuclear transport receptors and nuclear pore complex components
that co-purify with paramyxoviral M proteins further supports a model for active transport of M

in and out of the nucleus, and also hints at possible non-structural functions of M proteins.

MATERIALS AND METHODS

Cell culture and transfection

HeLa, Vero, and HEK 293T cells were maintained at 37°C in a 5% CO. atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
100X penicillin/streptomycin solution (Gibco/Life Technologies, Gaithersburg, MD). For
confocal microscopy imaging, cells were seeded on 22 mm #1.5 coverglass coated with Collagen
Type I (BD Biosciences, San Jose, California). Cells were transfected using Lipofectamine LTX
per the manufacturer’s instructions (Invitrogen/Life Technologies). 3X-Flag-M Flp-In™ T-
REx™-293 cell lines, generated as described below, were maintained at 37°C in a 5% CO.
atmosphere in DMEM supplemented with 10% dialyzed FBS and 1% 100X
penicillin/streptomycin  solution. 3X-Flag-M protein expression was induced and
immunoprecipitated as described below.

Plasmids, cell lines and virus reverse genetics constructs

Codon optimization and cloning of 3X-Flag-tagged and 3X-Flag-GFP-tagged Nipah virus matrix
(NiV-M) and generation of corresponding NiV-M mutants is as described.3? We similarly codon-
optimized and cloned the open reading frames encoding M from Hendra virus (HeV-M, genus
Henipavirus), Sendai virus (SeV-M, genus Respirovirus), Mumps virus (MuV-M, genus
Rubulavirus), Measles virus (MeV-M, genus Morbillivirus), and Newcastle disease virus (NDV-
M, genus Avulavirus): briefly, eGFP was fused to the N-terminus of M by overlap extension PCR

(OE-PCR). WT or GFP-fused HeV-M, SeV-M, RSV-M, MuV-M, and MeV-M were inserted
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within the HindIII and Xhol sites of pCMV-3Tag-1, while NDV-M was inserted within HindIII
and Apal sites of pPCMV-3Tag-1 (Agilent Technologies, Santa Clara CA) to generate 3X-Flag- and
3X-Flag-GFP-tagged-M constructs. Alignment of M sequences using Clustal Omega identified
sequences motifs corresponding to NiV-M’s nuclear export sequence (NES) and bipartite
nuclear localization sequence (NLSpp).3955 Mutations were generated using the QuikChange II
site-directed mutagenesis kit using PAGE-purified mutagenesis primers designed using the
online QuikChange primer design tool (Agilent Technologies). The construct expressing HA-
UbKo (Addgene; plasmid 17603; all lysines mutated to arginines) is as described.5°

The FLP-In™ T-REx™ system (Invitrogen) was used to generate doxycycline-inducible
3X-Flag-M cell lines. Codon-optimized 3X-Flag-tagged NiV-M, HeV-M, SeV-M, and NDV-M
were inserted within the KpnI and Xhol sites of pcDNA5/FRT/TO. The constructs and pOG44
were co-transfected into Flp-In™ T-REx™-293 cells, and stable cell lines were selected with
hygromycin and blasticidin according to the manufacturers instructions.

Constructs for bimolecular fluorescence complementation (BiFC) analyses were
generated with split Venus residues 1-172 (VN173) and 155-238, A206K (VC155).5758 VN173 and
VCi55 were PCR-amplified from pBiFC-VN173 (Addgene plasmid 22010) and pBiFC-VCi55
(Addgene plasmid 22011), and were fused to the N-termini of Ub and M proteins via a flexible
linker encoding GGGGSGGGGGR by OE-PCR. VN173-Ub and VC155-M were inserted within the
NotI and Xhol sites of pcDNA3.1(+) (Life Technologies). Mutations within VC155-M constructs
were generated using the QuikChange II site-directed mutagenesis kit using PAGE-purified
mutagenesis primers designed using the online QuikChange primer design tool (Agilent
Technologies).

The recombinant Sendai virus (rSeV) anti-genome RGVo0, a Fushimi strain construct
with F1-R strain mutations in F and M, and helper plasmids encoding SeV N, P and L were the
kind gift of Dr. Nancy McQueen and are as described.?® The encoded virus has the ability to

replicate in mammalian cells without the addition of trypsin. We further modified the rSeV anti-
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genome construct by inserting an eGFP reporter flanked at the 3’ end by a unique NotI site
between the N and P genes. A hammerhead ribozyme sequence was inserted between the
optimal T77 promoter and the start of the anti-genome. Mutations were introduced into the SeV-
M ORF by OE-PCR using primers containing the desired mutations, followed by insertion into
NotI and Afel sites in the parental rSeV-eGFP construct.

Multidimensional protein identification technology (MudPIT) analysis of matrix
interactomes

3X-Flag-M Flp-In™ T-REx™-293 cell lines were grown to ~80% confluency and induced for
protein expression with 100 ng/mL doxycycline for 24h. Cells were washed three times in dPBS
and lysed in 100 mM Tris-HCL pH 8, 150 mM NaCL, 5 mM EDTA, 5% glycerol, 0.1% NP4o0,
complete protease cocktail (Roche), PhosSTOP (Roche) and 25 mM N-ethylmaleimide. Cell
lysate was clarified by centrifugation at >15,000xg for 15 min at 4°C and incubated with lysis
buffer-equilibrated anti-Flag M2 affinity gel (Sigma-Aldrich, St. Louis, MO) for 2 hours at 4°C.
The affinity gel was extensively washed with lysis buffer and then with elution buffer consisting
of 100 mM Tris-HCL pH 8, 150 mM NaCL, 5 mM EDTA, and 5% glycerol. Bound proteins were
eluted from the affinity gel with elution buffer containing 3X-Flag peptide (Sigma-Aldrich), were
precipitated with trichloroacetic acid, washed with acetone twice, dried, and stored at -20 °C
until further processing.

Protein samples were resuspended in 8M urea in 100 mM Tris pH 8.5, reduced,
alkylated and digested by the sequential addition of lys-C and trypsin proteases as previously
described.®® The digested peptide solution was fractionated online using strong-cation exchange
and reverse phase chromatography and eluted directly into an LTQ-Orbitrap mass spectrometer
(Thermofisher).626t1 MS/MS spectra were collected and subsequently analyzed using the
ProLuCID and DTASelect algorithms.®263 Database searches were performed against a human
database containing the relevant paramyxovirus M protein sequence. Protein and peptide

identifications were further filtered with a false positive rate of less than 5% as estimated by a
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decoy database strategy.64 Normalized spectral abundance factor (NSAF) values were calculated
as described.% Proteins were considered candidate M-interacting proteins if they were identified
in the relevant affinity purification but not present in 3 independent control purifications using
lysates from the parental Flp-In™ T-REx™-293 cells. Gene-annotation enrichment analysis was
performed using DAVID Bioinformatics Resources 6.7.°667 Physical and predicted protein
interaction networks were visualized using the GeneMANIA plugin for Cytoscape 3.1.68:69
Immunoblot analysis of matrix ubiquitination

HEK 293T cells were cotransfected with 3X-Flag-M and HA-UbKo for 24h. To
immunoprecipitate ubiquitinated M, cells were washed once in dPBS and lysed in 100 mM Tris-
HCL pH 8, 150 mM NaCL, 5 mM EDTA, 5% glycerol, 0.1% NP40, complete protease cocktail
(Roche) and 25 mM N-ethylmaleimide. The cell lysate was clarified by centrifugation at
>15,000xg for 15 min at 4°C before incubation overnight at 4°C with lysis buffer-equilibrated
anti-Flag M2 affinity gel (Sigma-Aldrich, St. Louis, MO). The affinity gel was extensively washed
with lysis buffer and then with elution buffer consisting of 100 mM Tris-HCL pH 8, 150 mM
NaCL, 5 mM EDTA, and 5% glycerol. Bound proteins were eluted from the affinity gel with
elution buffer containing 3X-Flag peptide (Sigma-Aldrich), were subjected to SDS-PAGE and
transferred to Immobilon-FL. PVDF membrane (EMD Millipore, Billerica, MA). Membranes
were simultaneously probed with mouse anti-Flag M2 primary antibodies (Sigma-Aldrich) and
rabbit anti-HA primary antibodies (Novus Biologicals, Littleton, CO) followed by anti-mouse-
680 and anti-rabbit-800 secondary antibodies (LI-COR, Lincoln, Nebraska) and imaged on an
Odyssey infrared scanner (LI-COR) according to the manufacturer’s instructions. To quantify
relative ubiquitination, the background subtracted integrated fluorescence intensities of the
monoubiquitin bands (Ub) normalized to total M (My+M,) was determined using LI-COR
Odyssey software.

Depletion of cellular free ubiquitin
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For 3D confocal microscopy analysis, transfected HeLa cells were treated with 50 yM MG132 or
0.5% DMSO at 16 h post-transfection for 8 hours, then fixed and processed for quantitative
image analysis as described below. For immunoblot analysis of M ubiquitination during
ubiquitin depletion, transfected HEK 293T cells were treated with 10 uM MG132 or 0.1% DMSO
at 18 h post-transfection for 6 hours, and 3X-Flag-M was immunoprecipitated as described
above.

Quantification of virus-like particle budding

VLP budding assays were performed as described.39 Briefly, precleared supernatants from 3X-
Flag-M-transfected HEK 293T were ultracentrifuged through a 20% (w/v) sucrose at 36,000
rpm for 2 h at 4 °C (AH-650 rotor, Thermo Scientific). VLP pellets and cells were resuspended in
lysis buffer and subjected to SDS-PAGE and anti-Flag immunoblotting. Relative integrated
intensity of VLP/cell lysate bands were quantified and normalized relative to the budding of 3X-
Flag-NiV-M.

Nipah virus infection and recombinant Sendai virus rescue

HeLa cells were infected with Nipah virus under biosafety level 4 (BSL-4) conditions as
described.39 For rescue of WT or mutant rSeV-eGFP, 2X10°® HEK 293T cells were transfected
with recombinant plasmid encoding the anti-genome (4 pg) along with the cognate accessory
plasmids encoding SeV NP (1.44 ug), P (0.77 ug), and L (0.07 ug), and a codon-optimized T7
RNA polymerase (4 ug) using Lipofectamine LTX (8.9 uL) and Plus Reagent (5.5 uL.), according
to manufacturer’s instructions. Cells were harvested for FACS analysis at 48 hours post-
transfection (the earliest time point when GFP-positive cells can be observed by epifluorescence
microscopy, yet when supernatant titer is still not detectable) to quantify rescue efficiency. The
number of GFP-positive cells (rescue events) was determined from 500,000 cells analyzed with
a FACSCalibur Flow Cytometer (BD Biosciences) and FlowJo software (TreeStar Inc., Ashland,
OR). Cells plated on coverslips were fixed at day 6 post-transfection for analysis of rescued virus

infection by 3D confocal microscopy. Supernatant was collected from rescue cells at day 6 post-
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transfection for quantification of viral titers. Briefly, supernatant stored at -80°C was thawed on
ice and serial diluted 2-fold in serum-free DMEM. 100 uL of each dilution was used to infect
~60,000 Vero cells in a 24-well plate for 1 hour. After 1 h, 500 uL. of DMEM 10% FBS was added
to each well and the cells were incubated at 37°C. Cells were harvested for FACS analysis at 24 h
post infection and titers were calculated based on percent infection in the linear range of
supernatant dilutions.

Microscopy and antibodies

Nipah virus-infected cells were fixed in 10% formalin solution for a minimum of 24h prior to
removal from the BSL-4 laboratory. For all other immunofluorescence microscopy, samples
were fixed with 2% paraformaldehyde in 100 mM phosphate buffer (pH 7.4) for 15 min. Fixed
cells were permeabilized in blocking buffer containing PBS, 1% saponin, 3% bovine serum
albumin, and 0.02% sodium azide. After incubation with antibodies/probes in blocking buffer,
samples were extensively washed in blocking buffer and mounted on glass slides with
Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, California, United
States). The samples were imaged with a Leica SP5 confocal microscope (Leica Microsystems,
Buffalo Grove, IL), acquiring optical Z-stacks of 0.3-0.5 ym steps. Z-stacks were reconstructed
and analyzed in three dimensions using Volocity 5.5 software (Perkin Elmer, Waltham,
Massachusetts). NiV-M was detected with rabbit anti-NiV-M antibodies (1:1000).39 SeV-M was
detected with mouse anti-SeV-M ascites (1:200), and SeV-F was detected with mouse anti-SeV-F
ascites (1:200) kindly provided by Dr. Toru Takimoto.”° Nucleoli were detected with mouse anti-
nucleolin antibodies (1:500) (Invitrogen/Life Technologies) or rabbit anti-fibrillarin antibodies
(1:500) (Abcam, Cambridge, MA). Alexa Fluor-conjugated Anti-IgG antibodies of appropriate
species reactivity and fluorescence spectra were used for secondary detection (1:300-1:1000)
(Invitrogen/Life Technologies). F-actin was visualized by incubating samples with Alexa Fluor-
conjugated phalloidins (1:300) (Invitrogen/Life Technologies).

Quantitative analysis of 3D confocal micrographs
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Random 40X fields were imaged using acquisition settings ensuring no under-saturated or over-
saturated pixel intensities. Volocity 5.5 software was used for quantitative analysis of 3D
confocal images. To determine the quantity of nuclear M, the nuclear compartment was defined
with the find objects function within the DAPI-fluorescence channel. Holes in objects (DNA-
absent regions such as nucleoli) were filled, and fluorescent objects smaller than nuclei were
excluded. The entire cell body was defined by drawing a region of interest (ROI) encompassing
all F-actin staining. The sum of voxel intensities in the GFP channel was measured within these
defined sets. The average voxel fluorescence of untransfected cells was used for background
subtraction. To quantify fluorescence from bimolecular fluorescence complementation images,
an ROI was drawn around cells fluorescent in the YFP channel. The average voxel fluorescence
of untransfected cells was used for background subtraction.

Statistical analysis

For analysis of M nuclear localization, p-values were generated with a Student’s t-test when
analyzing two sample groups. To analyze three or more sample groups, p-values were generated
by ANOVA with Bonferroni correction for multiple comparisons. To analyze BiFC experiments,
p-values were generated using a Mann-Whitney test. All graphs and statistical analyses were

generated with Prism 6 (GraphPad Software, La Jolla, CA).

RESULTS

Nuclear export of some Paramyxovirinae matrix proteins is regulated by the
ubiquitin-proteasome system

Since the nuclear-cytoplasmic trafficking of the Nipah virus matrix protein (NiV-M) is regulated
by its monoubiquitination,3® we wondered whether the ubiquitin-proteasome system similarly
regulates the nuclear sojourn of other Paramyxovirinae M proteins. We cloned 3X-Flag- and
GFP-tagged-M from prototypical members of the five Paramyxovirinae genera: NiV-M (genus

Henipavirus), Hendra virus M (HeV-M, genus Henipavirus), Sendai virus M (SeV-M, genus
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Respirovirus), Mumps virus M (MuV-M, genus Rubulavirus), Newcastle disease virus M (NDV-
M, genus Avulavirus), and Measles virus M (MeV-M, genus Morbillivirus). To biochemically
detect ubiquitination of M proteins, we co-transfected HEK 293T cells with HA-UbKo and each
of 3X-Flag-tagged NiV-M, HeV-M, SeV-M, MuV-M, NDV-M or MeV-M.5¢ HA-UbKo functions
as a ubiquitin (Ub) chain terminator or as monoubiquitin because all lysines have been mutated
to arginines. We used this construct to visualize discrete ubiquitin bands and to determine if
matrix proteins can be monoubiquitinated since this posttranslational modification can regulate
the function of proteins without promoting proteasome-dependent protein degradation.” Cell
lysates were subjected to anti-Flag immunoprecipitation (IP) and immunoblots were
simultaneously probed with anti-HA and anti-Flag antibodies. As shown in Figure 3-19 (panel
A), for all the M proteins the majority of M is unmodified (M,) at steady state. However, a
detectable minority of M (M,) is size-shifted by the molecular weight of at least one ubiquitin
monomer (Ub, ~8.5 kDa) (Figure 3-19, panel A, merge). No anti-HA bands were detected when
cells were cotransfected with HA-UbKo and an empty vector (data not shown). These results
indicate that all M proteins investigated are ubiquitin substrates.

We have found that proteasome inhibition results in nuclear retention of NiV-M in
transfected and in NiV-infected cells (Figure 3-20).39 Proteasome inhibition stabilizes
polyubiquitinated proteins and depletes the cellular levels of free ubiquitin available for
conjugation.”’>77 To determine whether ubiquitination is involved in the nuclear export of the
other Paramyxovirinae M proteins, we treated GFP-M-expressing HeLa cells with the
proteasome inhibitor MG132 (Figure 3-19, panels B-G). We used quantitative 3D confocal
microscopy to characterize the subcellular localization of M. The cells were counterstained with
DAPI to visualize nuclei, and with fluorescent phalloidin to visualize the entire cell, and the
proportion of nuclear M was determined computationally as described in Materials and
Methods. As with GFP-NiV-M, ubiquitin depletion via proteasome inhibition resulted in

significant nuclear retention of GFP-tagged HeV-M, SeV-M and MuV-M (Figure 3-19, panels B-
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E),39 but not NDV-M or MeV-M (Figure 3-19, panels F-G). We further confirmed biochemically
that MG132 reduces the direct conjugation of ubiquitin to NiV-M, HeV-M, SeV-M, and MuV-M
by co-IP of each 3X-Flag-tagged-M and HA-UbKo, as described above, with quantification of
immunoblot band integrated intensities as described in Materials and Methods (Figure 3-21).
These results indicate that the nuclear-cytoplasmic trafficking of NiV-M, HeV-M, SeV-M, and
MuV-M are controlled by the ubiquitin-proteasome system.

Nuclear export of some Paramyxovirinae matrix proteins is regulated by a
conserved NES and a conserved lysine within the NLSy,,

We have shown that the nuclear-export of NiV-M is regulated by a leucine-rich nuclear export
signal (NES) as well as by the K258 lysine residue located within the second basic patch of the
bipartite nuclear localization signal (NLSy,; Figure 3-22, panel A, blue residues).39 A K258A
mutation partially disrupts the NLSy, and increases nuclear exclusion of NiV-M, while a K258R
mutation is nuclear-retained despite preservation of the positive charge, and both mutants are
impaired for ubiquitination.3% Sequence alignment of M proteins indicates that this NLS;-lysine
is highly conserved across the Paramyxovirinae genera. Thus, we hypothesized that this residue
might be conserved for regulation of M ubiquitin-dependent nuclear export (Figure 3-22, panel
A, bold and underlined blue residues). To interrogate our hypothesis, we mutated the NLSy,-
lysine to an arginine in all M proteins studied and analyzed their subcellular localization by
quantitative 3D confocal microcopy as described above (Figure 3-22, panels B-G, and quantified
in Figure 3-22, panel H). Since NDV-M contains another lysine adjacent to this position, we
mutated both (Figure 3-22, panel A, bold and underlined blue residues). A lysine-to-arginine
mutation is expected to preserve the nuclear import function of the putative NLSy,, but prevents
posttranslational modification at that position. As a comparison for nuclear retention, we also
mutated the leucines that correspond to the NES of NiV-M within all M proteins (Figure 3-22,

panel A, bold and underlined blue residues).39
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Mutation of the NES of GFP-NiV-M (Muwiosa 11074) Tesulted in a significant increase in
nuclear localization of the protein, which confirms our previous findings (Figure 3-22, panels B
and H).39 Similarly, GFP-tagged HeV-Muio6a 1074, S€V-MLio24 11034, and MuV-Mrio6a were also
nuclear-retained compared to their respective wild type (WT) proteins (Figure 3-22, panels C-E,
H). In contrast, GFP-NDV-Mu03a L106sa had an apparent nuclear exclusion phenotype (Figure 3-
22, panels F and H), while the nuclear localization of GFP-MeV-Migoa 1914 Was not significantly
different than WT (Figure 3-22, panels G and H).

As quantified in Figure 3-22 (panel H), GFP-tagged NiV-Mkossr, HeV-Mkossr, SeV-
Mckossr, MUV-Mkosir, and NDV-Mxkosor ko60r, but not MeV-Mko40r, Were significantly enhanced in
nuclear localization. The spread in the degree of nuclear localization for any given M mutant
also emphasizes the need to score a sufficient number of cells by computationally defined
volumetric criteria (see Materials and Methods). In contrast to the NLSy,-lysine-to-arginine
mutations, disruption of the NLSy, consensus sequence through alanine substitutions resulted
in diffuse cytoplasmic localization of GFP-tagged NiV-M, HeV-M, SeVM, and MuV-M (Figure 3-
23), as has been previously shown for NDV-M.48 Combined, these results indicate that NiV-M,
HeV-M, SeV-M, and, MuV-M display ubiquitin-dependent nuclear-cytoplasmic trafficking, and
that a conserved lysine residue within the conserved NLSy, plays dual roles in regulating this
trafficking.

The conserved lysine within the NLSy, regulates ubiquitination of Nipah, Hendra,
Sendai and Mumps matrix proteins

Since the proteasome inhibitor MG132 inhibits the nuclear export of NiV-M, HeV-M, SeV-M,
and MuV-M (Figure 3-19), we tested whether the conserved NLSy,-lysine that regulates their
nuclear export (Figure 3-22) also regulates their ubiquitination. We first assessed the ability of
3X-Flag-tagged NiV-Mkossr, HeV-Mkossr, SeV-Mkossr, and MuV-Mrkasir to be ubiquitinated
biochemically, via co-IP of 3X-Flag-tagged-M with HA-UbKo, as described above (Figure 3-24,

panels A-D). 3X-Flag-tagged NiV-Mxkossr (Figure 3-24, panel A) and HeV-Mxkossr (Figure 3-24,
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panel B) exhibited the greatest reduction in relative monoubiquitination compared to the WT
proteins (>70%), while 3X-Flag-tagged SeV-Mxkosr (Figure 3-24, panel C) and MuV-Mkeeir
(Figure 3-24, panel D) showed only a modest to mild impairment in monoubiquitination (36%
and ~15% reduction, respectively).

Ubiquitination is a dynamic process determined in part by the rates of conjugation
versus de-conjugation, but our co-IP and immunoblot analysis of HA-UbKo-modified M is a
steady-state assay. It is possible that this assay for ubiquitinated M might not efficiently detect
subtle differences that arise from such dynamic processes since i) ubiquitinated M proteins are
of low stoichiometry relative to unmodified native protein, ii) M proteins might be mono-
and/or polyubiquitinated on multiple lysines, iii) ubiquitination is reversible, and iv) HA-UbKo
must compete with endogenous ubiquitin. To overcome these issues, we developed a
bimolecular fluorescence conjugation (BiFC) ubiquitination assay in which ubiquitin-
conjugation of M produces an irreversible fluorescence signal (Figure 3-25).7879 We fused Ub
and M to split fragments of the fluorescent protein Venus, VN173 and VCis55, respectively.
Covalent conjugation of ubiquitin to M brings the spilt Venus fragments into close proximity
and allows the two otherwise non-fluorescent Venus fragments to reconstitute a functional
fluorophore.57-8° This complemented Venus will remain associated with M (via VC155-M) even if
the VN173-Ub moiety is subsequently cleaved from M by a de-ubiquitinating enzyme (DUB)
(Figure 3-25). Analysis of total cellular fluorescence showed that the Ub-M BiFC signal was
decreased by almost 80% for the Henipavirus-M K258R mutants (Figure 3-24, panels E and F),
confirming the significant role of K258 in ubiquitination of NiV-M (Figure 3-24, panels A and E)
and HeV-M (Figure 3-24, panels B and F). In addition, we determined that SeV-Mxos4r (Figure
3-24, panel G) and MuV-Mk.eir (Figure 3-24, panel H) were also significantly decreased in
ubiquitination (~70% reduction in BiFC fluorescence) compared to the WT proteins. Thus, a
conserved lysine within the NLS;, regulates both nuclear export and ubiquitination of NiV-M,

HeV-M, SeV-M and MuV-M.
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Ubiquitination regulates the subnuclear localization of Nipah, Hendra, Sendai and
Mumps virus matrix proteins

We observed a punctate localization of GFP-tagged NiV-M, HeV-M, SeV-M, and MuV-M within
DNA-void regions of the nucleus when cells were treated with MG132 (Figure 3-19, panels B-E).
Native untagged NiV-M also exhibited similar subnuclear localization in NiV infected cells
treated with bortezomib, an FDA approved proteasome inhibitor (Figure 3-20). We determined
that MG132 redistributes GFP-tagged NiV-M, HeV-M, SeV-M and MuV-M to nucleoli by
counterstaining cells with anti-nucleolin antibodies (Figure 3-26, panels A-D, second vertical
panels). The nucleolar localization of M proteins during ubiquitin depletion predicts that
mutations in M that prevent efficient ubiquitination would also cause nucleolar retention.
Indeed, GFP-tagged NiV-Mxkossr, HeV-Mkossr, SeV-Mkaossr and MuV-Mrkasir phenocopied the
MG132-induced nucleolar localization of the WT proteins (Figure 3-26, panels A-D, compare the
second and third vertical panels). In contrast, the nuclear localized NES mutants, GFP-tagged
NiV-Muiiosa 1074, HEV-Mriosa 1074, S€V-Mrio2a 1103a, and MuV-Muriosa, Were primarily enriched
within the nucleoplasm and not the nucleolus. Thus, NES mutants are stalled at a different stage
of subnuclear trafficking compared to the NLSy,p-lysine mutants (Figure 3-26, panels A-D, fourth
vertical panels). Moreover, our data supports a model where proper matrix ubiquitination is
required for efficient nucleolar exit.

Ubiquitin-dependent nuclear-export of Sendai virus matrix regulates virus
replication and cell-cell fusion

We previously determined that NiV-Mrio6a 1074 and NiV-Mk.ssr are defective at budding virus like
particles (VLPs).39 We wanted to compare the effects of the corresponding mutations in SeV-M
or MuV-M, however these proteins have a poor budding efficiency that is less than 10% of
Henipavirus-M proteins (Figure 3-27, panel A). Indeed, SeV-M and MuV-M do not efficiently

bud VLPs without the support of other viral proteins.443 To overcome this technical difficulty
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and to study these mutations in a biologically relevant context, we engineered SeV-Mui.io24 Li0sa
and SeV-Mkosr into a recombinant T7-driven, GFP-expressing Sendai virus genome (rSeV-
eGFP) that can be rescued as live virus via the cotransfection of support plasmids expressing N,
P, L (comprising the necessary replication complex) and a codon-optimized T7 polymerase. This
highly efficient reverse genetics system allows us to quantify the number of rescue events
directly in transfected producer cells at early time-points (see Materials and Methods). At two
days post-transfection, GFP-positive cells (rescue events) could be observed by epifluorescence
and quantified by FACS analysis. As a control for background GFP expression in the absence of
virus production, we found that cotransfection of WT rSeV-eGFP and T7 polymerase without the
N, P and L support plasmids resulted in no GFP-positive cells (data not shown). We determined
that rSeV-eGFP-M1.024 11034, and rSeV-eGFP-Mkqs4r rescued at similar if not higher efficiencies
than rSeV-eGFP-Mwr (Figure 3-27, panel B). However, only rSeV-eGFP-Mwr produced
infectious viral titers (~107 I.U./ml) at day 6 post-rescue, while the mutants did not produce
detectible infectious virus (<10 I.U./ml) (Figure 3-27, panel C).

To determine the nature of the defect in viral replication, we counterstained the viral
rescue cells with anti-SeV-M or anti-SeV-F antibodies and analyzed them by 3D confocal
microscopy. By day 6 post-rescue of rSeV-eGFP-Mwr, infection has spread to all cells without
evidence of cell-cell fusion (Figure 3-27, panel D). It is known that SeV replication in cell culture
does not result in cell-cell fusion,+54781 an unusual phenotype as most paramyxovirus infections
result in extensive cell-cell fusion (e.g. see Figure 3-20 and Figure 3-28 for NiV). Interestingly,
although the rSeV-eGFP-Muriooa 1103a and rSeV-eGFP-Mrkossr rescue cells did not produce
infectious virus, the GFP-positive rescue cells did initiate the formation of large foci of fused
cells (Figure 3-27, panel D, second and third horizontal panels). Virus-cell and cell-cell fusion
require the presence of F and HN,%° and we confirmed that SeV-F is expressed on rSeV-eGFP-

Mii024 L1034 and rSeV-eGFP-Mxk.s,r foci (Figure 3-27, panel E).
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To determine the nuclear localization of SeV-M, we counterstained rSeV-eGFP rescue
cells with DAPI to visualize nuclei and anti-fibrillarin antibodies to visualize nucleoli. SeV-Mwr
was primarily extranuclear at the cell periphery (Figure 3-27, panels D and F). SeV-Muvio2a 1.103a
did not have an obvious nuclear localization in the viral context, although intracellular
inclusions were apparent, suggesting that this mutant nonetheless had an altered localization
(Figure 3-27, panel F). SeV-Mxkos4r, on the other hand, was strongly nuclear and enriched within
the nucleoli (Figure 3-27, panels D and F). These results are consistent with the previous
transient transfection experiments in which SeV-Mk.54r Was also more strongly localized to the
nucleus than SeV-Mrio2a 11034 (Figure 3-22, panel H). Thus, these live virus results support our
model that ubiquitination regulates the nuclear and subnuclear trafficking of SeV-M.
Proteomics analysis supports a model of regulated nuclear transport of
Paramyxovirinae matrix proteins that involves a critical nucleolar transit phase
Having characterized determinants of Paramyxovirinae M nuclear-cytoplasmic trafficking
encoded within the M proteins, we turned to identifying potential cellular regulators of this
process. We generated inducible 3X-Flag-M-expressing stable HEK 293 cell lines to efficiently
co-purify M-interacting proteins and analyzed their composition using multidimensional
protein identification technology (MudPIT) as described in Materials and Methods. We opted to
determine the protein interactomes of NiV-M, HeV-M, SeV-M and NDV-M since these are the
Paramyxovirinae M proteins with confirmed nuclear trafficking during live virus infection
(Figure 3-27, also Figure 3-28),394851-54.82 and because these proteins cover the widest range of
sequence homology to NiV-M: ~90% amino acid identity for HeV-M, ~37% amino acid identity
for SeV-M, and ~20% amino acid identity for NDV-M.

Comparisons of the NiV-M, HeV-M, SeV-M, and NDV-M interactomes revealed
significant overlap; over 60% of the proteins found in any single interactome were also found in
the interactomes of one or more of the other three. Furthermore, we identified 178 proteins

common to all M interactomes despite using highly conservative specificity criteria (e.g. a
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putative M interactor must not be present in 3 independent control purifications using lysates
from the parental/isogenic Flp-In™ T-REx™-293 cells). This common set of proteins represents
24-48% of all the proteins in any single viral M interactome (Figure 3-29, panel A).
Interestingly, proteins associated with the nuclear pore complex were significantly enriched
within individual M interactomes as well as the subset of common interacting proteins (Figure
3-29, panel B, -log.o(p-value)>10). These include nuclear pore complex components (RanBP2,
Nup37, Nup93, Nup1o7, Nupis5, Nup205, Sec13, Seh1), nuclear transport receptors (NTRs)
required for nuclear import of proteins (o./B-importins), nuclear export of proteins (Exp1/Crmi,
Exp2), nuclear export of dsRNA/dsRNA-binding proteins (Exp5), nuclear export of tRNA
(Exportin-T), nuclear export of mRNA (Rae1), and a regulator of the RanGTP/GDP cycle that
modulates the association/dissociation of cargo with NTRs (RanGAP1) (Figure 3-29, panel C).
Thus, Paramyxovirinae M proteins interact with a highly inter-connected network of proteins
necessary for transport of NLS and NES containing cargo proteins across the nuclear pore. Our
cell biological and proteomic findings are synthesized into a working model for ubiquitin-
regulated nuclear-cytoplasmic trafficking of M proteins shown in Figure 3-29 (panel D).
Consistent with the nucleolar transit phase exhibited by the Paramyxovirinae M proteins under
study, the M interactomes also revealed a significant enrichment of resident or transient

nucleolar proteins (Figure 3-29, panels E and F).

DISCUSSION

Whether or not they replicate in the nucleus, many viruses are known to target, modify, and
hijack nuclear components and nuclear functions to promote the infectious life cycle. It is
generally thought that paramyxoviruses replicate in the cytosol without a nuclear stage.
However, it is becoming increasingly clear that nuclear trafficking of M is shared by a number of
paramyxoviruses. It was previously observed that SeV-M, NDV-M and RSV-M traffic through
the nucleus+95282 and a functional bipartite nuclear localization signal (NLSy,) has been defined
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within NDV-M.48 Here, we show that the NLSy,, of NDV-M is functionally conserved for nuclear
import along with NiV-M, HeV-M, SeV-M and MuV-M (Figure 3-29, panel D, and also Figure 3-
23).3948 Since NiV-M and NDV-M have the most divergent sequences within Paramyxovirinae,
our findings suggest that most M proteins within this subfamily retain a functional NLSy,. NLSs
specify translocation through the nuclear pore through high-affinity interactions with importins,
which in turn interact with cognate nuclear pore components on the cytoplasmic side.®3 In our
proteomic analyses we identified numerous importins, exportins and nuclear pore complex
components as common interactors of NiV-M, HeV-M, SeV-M and NDV-M (Figure 3-29). Thus,
the size of Paramyxovirinae M proteins (>40 kDa), the presence of a functional NLSy, within M
proteins, and the interaction with nuclear transport receptors are strong evidence that the
nuclear localization of M proteins is an active and regulated transport process. That the M
interactomes show such a strong enrichment of proteins involved in nuclear-cytoplasmic
transport also suggests that M proteins may antagonize the nuclear-cytoplasmic trafficking of
host proteins and RNA to facilitate viral replication.84

In addition to the NLS;,, we show that a leucine-rich NES sequence is functionally
conserved within NiV-M, HeV-M, SeV-M and MuV-M (Figure 3-22, Figure 3-26, Figure 3-29,
panel D). We note that mutation of the corresponding region in NDV-M resulted in decreased
nuclear localization. However, this sequence is not as well conserved as in the other M proteins
(Figure 3-22, panel A) and a recent study identified other functional NES motifs within different
regions of NDV-M.52 Thus, Paramyxovirinae M proteins appear to have both shared and unique
determinants of nuclear-cytoplasmic trafficking depending on their evolutionary heritage. We
also acknowledge that our experimental system utilizing human cells may not fully recapitulate
the regulation of NDV-M trafficking since NDV is an avian virus, while NiV, HeV, SeV, MuV and
MeV are mammalian viruses.

Nuclear export of NiV-M, HeV-M, SeV-M and MuV-M is also regulated by a conserved

lysine within the NLSy,,. Mutating this lysine to an arginine results in decreased ubiquitination
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and a nuclear retention phenotype that is phenocopied by pharmacological depletion of free
ubiquitin with a proteasome inhibitor (Figure 3-19, panels B-E; Figure 3-22, panels B-E; Figure
3-24). We hypothesize that mutation of this lysine prevents its ubiquitination. Alternately,
mutation of this lysine may prevent the ubiquitination of a nearby lysine within the NLS;, by
preventing the interaction of M with a ubiquitin ligase.

How could NLS ubiquitination regulate nuclear trafficking? Protein import into the
nucleus is regulated by the affinity of importins for cargo NLSs, which can be modulated by
intermolecular or intramolecular masking of the NLS itself.858¢ For example, ubiquitination of
the NLS of p53 by MDM2 has been shown to block p53 nuclear import by preventing the
binding of importin-a3.87 It was recently shown that the ubiquitin-conjugating enzyme UBE20
multi-monoubiquitinates tumor suppressor BAP1 on its NLS,, to promote cytoplasmic
localization. It was further determined that UBE20 specifically binds and ubiquitinates a
number of similar bipartite NLSs within nuclear trafficking proteins known to regulate RNA
processing, transcription, DNA replication, and chromatin remodeling.8®8 We hypothesize that
ubiquitination of M on a lysine within the NLSy,, itself prevents importin binding as a means to
prevent nuclear re-entry once the protein has completed its nuclear sojourn (Figure 3-29, panel
D). Given this model for ubiquitin-dependent nuclear-cytoplasmic trafficking, it is possible that
M utilizes a nuclear-resident E3 ubiquitin ligase (Figure 3-29, panel D).89 Our proteomic
analyses identified a number of candidate ubiquitin ligases that interact with M proteins
including UBE20, which was found within the NiV-M and NDV-M interactomes. Further study
of these ubiquitin ligases will help resolve the spatiotemporal dynamics of M ubiquitination vis-
a-vis nuclear trafficking.

Nuclear-cytoplasmic trafficking is a prerequisite for M budding and viral morphogenesis.
We previously showed that NiV-M mutants defective in either nuclear import or nuclear export
were also defective at budding VLPs.39 Here, we engineered M nuclear export mutants into
recombinant SeV. rSeV-eGFP-Muio2a Liosa O 1SeV-eGFP-Mk.s,r Were completely attenuated for
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production of infectious virus, but formed large foci of fused cells at sites of viral rescue.
Moreover, nuclear localization of SeV-Mxkos4r, the ubiquitination mutant, was observed in both
virus rescue and transient transfection experiments (Figure 3-22, panel D; Figure 3-26, panel C;
Figure 3-27, panel F). It is known that mutations that abrogate the interaction of M with the
glycoproteins, including M deletion, can increase cell-cell fusion in SeV and MeV, while
mutations that enhance their interaction can decrease cell-cell fusion.33:3445-47.81 Since M and F
proteins were expressed in the foci of fused cells, our results indicate that rSeV-eGFP-Murio24 11034
and rSeV-eGFP-Mxk.s4r are defective in proper assembly of viral components at the plasma
membrane rather than in expression of viral components necessary for budding per se. The link
between viral replication and M ubiquitin-dependent nuclear-cytoplasmic trafficking may
explain why proteasome inhibitors that deplete free cellular pools of ubiquitin have been found
to inhibit SeV and NiV replication.39:9°

Beyond regulating nuclear import/export itself, we previously found that ubiquitination
of NiV-M is necessary for membrane targeting and budding.3° It is possible that the
ubiquitination of M proteins promotes recognition by cellular factors such as ESCRT complexes
known to mediate transport and budding of many enveloped viruses,”>9-92 especially in light of
known sequence motifs in PIV5-M, SeV-M and MuV-M that can bind ESCRT complex
components.>74393 The status of M ubiquitination may also regulate the interactions of M with
cellular factors inside the nucleus and within subnuclear compartments such as the nucleolus. A
number of cellular proteins become enriched in the nucleolus upon proteasome inhibition,
including p53.941°3 Similarly, pharmacological or genetic inhibition of NiV-M, HeV-M, SeV-M,
and MuV-M ubiquitination sequesters these proteins in the nucleolus (Figure 3-26), and
nucleolar localization of SeV-Mk.s;r was also confirmed in the context of rSeV-eGFP rescue
(Figure 3-27, panel F). Nucleolar localization of M proteins is a natural feature of the nuclear
sojourn of some M proteins, with M enriched at nucleoli during the early stage of live NiV and

NDV infections (Figure 3-28).82104 Qur proteomics experiments identified many nucleolar
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proteins whose interaction with M proteins may determine localization to this subnuclear
compartment (Figure 3-29, panels E and F), especially since our M proteins do not have evident
nucleolar localization sequences distinct from their NLS.105

Most, if not all, viral families interact with the nucleolus, often to usurp cellular functions
and promote viral replication,'6-198 as the nucleolus is a dynamic structure involved in a vast
array of biological functions beyond ribosome biogenesis, including tRNA and mRNA
processing and export from the nucleus, cell cycle regulation, and response to cellular stress.
Additionally, there is growing recognition that NLS-containing viral proteins target the nuclear
pore complex to alter the export of macromolecules and mRNA, thereby counteracting antiviral
responses and promoting viral gene expression at the expense of host gene expression.84 For
example, influenza NS1 is a multifunctional protein known to translocate to the nucleolus and to
the nuclear pore, where it inhibits host mRNA export factors, thus resulting in impaired
immune responses and enhanced viral virulence.* Vesicular stomatitis virus M also inhibits
mRNA nuclear export through interaction with nuclear pore components.841© Further, RSV-M
is shuttled to the host cell nucleus where it inhibits host gene expression and induces cell cycle
arrest, indicating that paramyxovirus M proteins also antagonize nuclear functions."'»12 We
hypothesize that ubiquitin-dependent nuclear and subnuclear trafficking of some
Paramyxovirinae M proteins is part of a viral strategy to promote viral replication. Therefore,
the study of M interactions with the nucleolus and the nuclear pore complex represents an
opportunity to gain new insights into the cell biology of the nucleus and to identify novel

antiviral targets.

252



MeV-M

NDV-M

253

HA-UbKO
MuV-M

SeV-M

FIGURES

HeV-M

NiV-M

3X-Flag-

d49 VNa

ujoe-4 / abisy

unoe-4 \ abioy Ll

% eeelt %% H oo onlmeam
H Do g ®
=
M. (%) Xujey pazijesoT JesjdonN M. (%) Xuje pazijeso JesjonN W (%) xuep pazijeso JesjonN
> >
© F] =
o
+ M m £ = m ol
wlg o g ofg
o o
g
ok x
[ § + w w w
s 020 | 3 & 3
[ I -+
£88 ¥I5 & &) L 449 WNG  unoe-3;eBioy (D uipoe-4 / ooy
K X
T + . ot ..w... "
3 + * . * . . l . l‘. < o 0Vr5 @ . . -e o - nVﬂ:
—— I * x 40, E (7] “
L W |+ * X % 3§ 2 %
§38 35 8 * * g ....._!... oy,
3 ; 3 E 3 3 I o
+ M (%) x1yep uwn__auo._ hmw_u:z W (%) Xuje pazijeso JesjdonN W (%) xuyep pazijeso JesjonN
4 (7] 4
T i
o |« o Vo
K & n_.w m i m & m
= o s Ol=s
+
+
§88 Do0<q ® % % w
25 o g 2 2
[T ]
gd ==

d49 ¥YNa  unoe-4/obisiy



(Previous page)

Figure 3-19. Analysis of the ubiquitin-regulated nuclear export of matrix proteins
from five Paramyxovirinae genera. (A) Ubiquitination of M proteins. HEK 293T cells
were cotransfected with HA-UbKo and 3X-Flag tagged NiV-M, HeV-M, SeV-M, MuV-M, NDV-
M, or MeV-M. After 24h, 3X-Flag-tagged-M was immunoprecipitated, and M and its
ubiquitinated species were detected by immunoblotting against Flag and HA, respectively. (B-
G) 3D confocal analysis of M nuclear localization in cells depleted of free ubiquitin. Extended-
focus view of HeLa cells transfected with GFP-tagged (B) NiV-M, (C) HeV-M, (D) SeV-M, (E)
MuV-M, (F) NDV-M, or (G) MeV-M. At 16 h post-transfection, cells were treated with 50 uM
MG132/0.5% DMSO or 0.5% DMSO for 8h. Cells were counterstained with DAPI to visualize
nuclear DNA, blue, and fluorescent phalloidin to visualize the F-actin cytoskeleton, red. Scale
bar 10 ym. In the corresponding graphs, the nuclear M fluorescence per cell was quantified from
3D-reconstructed confocal micrographs. *p<0.05; ****p<0.0001; NS, not significant by
Student's t-test.

DMSO Bortezomib

Matrix / DNA

Figure 3-20. Proteasome inhibition sequesters Nipah virus matrix in the nucleus
during live virus infection. Extended focus view of HeLa cells infected with Nipah Malaysia
strain at MOI 0.1. DMSO or 1 yuM bortezomib was added at 8 h post-infection and cells were
fixed at 23 h post-infection. Cells were stained with anti-NiV-M antibodies, green, and
counterstained with DAPI to visualize nuclear DNA, blue.
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Figure 3-21. Proteasome inhibition reduces monoubiquitination of Nipah, Hendra,
Sendai and Mumps virus matrix proteins. HEK 293T cells were cotransfected with HA-
UbKo and 3X-Flag tagged NiV-M, HeV-M, SeV-M, or MuV-M. At 18 h post-transfection, cells
were treated with 10 yM MG132/0.1% DMSO or 0.1% DMSO for 6h. 3X-Flag-tagged-M was
immunoprecipitated, and M and ubiquitinated species were detected by immunoblotting against
Flag and HA, respectively. The background subtracted integrated fluorescence intensities of the
monoubiquitin bands (Ub) normalized to total M (Mo+M,) was determined using LI-COR
Odyssey software.
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Figure 3-22. Mutational analysis of the role of a putative NES and a conserved
lysine within the NLS;,; in nuclear export of Paramyxovirinae matrix proteins. (A)
Alignment of Paramyxovirinae M sequence motifs that correspond to NiV-M's leucine-rich NES
and NLSy,, which contains a putative ubiquitinated lysine. Predicted critical residues are colored
blue. Residues mutated in this study are also underlined in bold font. (B-G) Extended focus
views of HeLa cells transfected with WT, or the indicated mutant GFP-tagged (B) NiV-M, (C)
HeV-M, (D) SeV-M, (E) MuV-M, (F) NDV-M or (G) MeV-M. Cells were counterstained with
DAPI to visualize nuclear DNA, blue, and fluorescent phalloidin to visualize the F-actin
cytoskeleton, red. Scale bar 10 yum. (H) The amount of nuclear M fluorescence per cell was
quantified from 3D reconstructed confocal micrographs. *p<0.05; ***p<0.001; ****p<0.0001;
NS, not significant by one-way ANOVA with Bonferroni adjustment for multiple comparisons.

WT bp2
NiV-M 240GNFVRRAGKYYSVDYCRRKIDRMKL 240GNFVRRAGKYYSVDYCAAAIDRMKL
HeV-M 240GNFVRRAGKYYSVEYCKRKIDRMKL 240GNFVRRAGKYYSVEYCAAAIDRMKL
SeV-M 236GLIRRKVGKIYSVEYCKSKIERMRL 236GLIRRKVGKIYSVEYCAAAIERMRL
MuV-M 243LCKGRNKLRSYDENYFASKCRKMNL 243, CKGRNKLRSYDENYFASACAAMNL

Putative bipartite NLS

GFP-NIV-M GFP-HeV-M GFP-SeV-M GFP-MuV-M

WT bp2 WT bp2 WT WT bp2

GFP
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DNA |
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Figure 3-23. Alanine substitution within the second part of the NLS;, disrupts
nuclear localization of GFP-tagged Nipah, Hendra, Sendai and Mumps virus
matrix proteins. Top, alignments of the NLS;, in WT and bp2-mutants of GFP-tagged NiV-M,
HeV-M, SeV-M, and MuV-M. Residues mutated to alanines are underlined in blue. Bottom,
extended focus views of HeLa cells transfected with the WT or bp2-mutant GFP-tagged NiV-M,
HeV-M, SeV-M and MuV-M. Cells were counterstained with DAPI to visualize nuclear DNA,
blue, and fluorescent phalloidin to visualize the F-actin cytoskeleton, red. Scale bar 10 ym.
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Figure 3-24. Biochemical and quantitative BiFC analysis of Nipah, Hendra, Sendai
and Mumps virus matrix ubiquitination regulated by the conserved lysine within
the NLSy,. (A-D) Immunoblot analysis of ubiquitination of the NLSy,,-lysine mutants of NiV-
M, HeV-M, SeV-M and MuV-M. HEK 293T cells were cotransfected with HA-UbKo and the WT
or the indicated NLSy,-lysine mutant 3X-Flag tagged (A) NiV-M, (B) HeV-M, (C) SeV-M and
(D) MuV-M. After 24h, 3X-Flag-tagged-M was immunoprecipitated, and M and its
ubiquitinated species were detected by immunoblotting against Flag and HA, respectively. (E-
H) Bimolecular fluorescence complementation (BiFC) analysis of ubiquitination of WT or
NLSpp-lysine mutants of (E) NiV-M, (F) HeV-M, (G) SeV-M and (H) MuV-M. Top, extended
focus view of HeLa cells cotransfected with VN173-Ub and WT, or the indicated NLSy,-lysine
mutants of VCi55-tagged NiV-M, HeV-M, SeV-M or MuV-M. At 24h post-transfection, cells
were counterstained with DAPI to visualize nuclear DNA, blue, and fluorescent phalloidin to
visualize the F-actin cytoskeleton, red. BiFC fluorescence is pseudocolored green. Scale bar 10
pm. Bottom, the background subtracted BiFC fluorescence per cell was quantified from 3D-
reconstructed confocal micrographs. *p<0.05; ****p<0.0001 by a Mann-Whitney test.
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Figure 3-25. Experimental schema of ubiquitin-matrix bimolecular fluorescence
complementation (BiFC). (A) The N and C-terminal fragments of Venus (VN173 and VCi55,
respectively) are fused to the N-terminus of Ubiquitin (Ub) and viral Matrix (M) proteins as
described in Materials and Methods. Covalent conjugation of VN173-Ub to VCi55-M by a
ubiquitin ligase (E3) brings the spilt Venus fragments (VN173 and VCi55) into close proximity
to reconstitute a functional Venus fluorophore. The reconstituted fluorescent Venus moiety is
stable and essentially irreversible. Thus, the fluorescent Venus tag remains associated with M
even if M is subsequently de-ubiquitinated by a de-ubiquitinating enzyme (DUB). (B)
Background controls for ubiquitin-matrix BiFC include mutations in M or ubiquitin that prevent
conjugation. (C) Extended focus view of HeLa cells cotransfected with VC155-NiV-M and HA-
VN173-Ub or a nonconjugable control, HA-VN173-Ubko.g76v. At 24h post-transfection, cells were
counterstained with DAPI to visualize nuclear DNA, blue, anti-HA antibodies to visualize the Ub
containing Venus fragment, red, and anti-NiV-M antibodies to visualize the NiV-M containing
Venus fragment, greyscale. BiFC fluorescence is pseudocolored green. The matrix mutations
that result in decreased ubiquitin-matrix BiFC are the data shown in Figure 3-24, panels E-H.
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Figure 3-26. Subnuclear localization of Nipah, Hendra, Sendai and Mumps virus
matrix during perturbation of ubiquitination. (A-D) Confocal micrographs of HeLa cells
transfected with WT or the indicated mutants of GFP-tagged (A) NiV-M, (B) HeV-M, (C) SeV-
M or (D) MuV-M for 16 h then treated with 50 uM MG132/0.5% DMSO or 0.5% DMSO for 8h.
Cells were counterstained with DAPI to visualize nuclear DNA, blue, and anti-nucleolin
antibodies to visualize nucleoli, red. Scale bar 10 ym.
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Figure 3-27. Analysis of rescue efficiency, replication, cell-cell fusion and matrix
localization of recombinant Sendai virus bearing matrix nuclear export mutants.
(A) Comparison of virus-like particle (VLP) budding between 3X-Flag-tagged NiV-M, HeV-M,
MuV-M, and SeV-M. Anti-Flag immunoblots of cell lysate and purified VLPs from HEK 293T
cells 24 h post transfection with the indicated constructs. Normalized budding index was
calculated from immunoblot integrated intensities. (B) Quantification of rescue events (GFP+
cells) from three independent rescues of rSeV-eGFP containing WT, L102 L103 mutant, or
K254R mutant SeV-M at day 2 post rescue in HEK 293T cells. (C) Quantification of viral titers
from the rescues of rSeV-eGFP containing WT, L102 L103 mutant, or K254R mutant SeV-M at
day 6 post rescue in HEK 293T cells. (D) Extended focus view of HEK 293T cells at day 6 post
rescue of rSeV-eGFP containing WT, L102 L103 mutant, or K254R mutant SeV-M. Cells were
counterstained with anti-SeV-M antibodies, red. (E) Extended focus view of HEK 293T cells at
day 6 post rescue of rSeV-eGFP containing WT, L102 L103 mutant, or K254R mutant SeV-M.
Cells were counterstained with anti-SeV-F antibodies, red. (F) XY, XZ and YZ planes through
3D confocal micrographs of HEK 293T cells at day 6 post rescue of rSeV-eGFP containing WT,
L1o2 Li103 mutant, or K254R mutant SeV-M. Cells were counterstained with DAPI to visualize
nuclei, blue, anti-SeV-M antibodies, red, and anti-Fibrillarin antibodies to visualize nucleoli,
grayscale.
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Figure 3-28. Nipah virus matrix localizes to nucleoli during live virus infection. (A)
Extended focus view of HeLa cells infected with Nipah Malaysia strain at MOI 10. Cells were
fixed with 10% formalin at the indicated time point and stained with anti-NiV-M antibodies,
green, and counterstained with DAPI to visualize nuclear DNA, blue. Note prominent nuclear
localization at 12 h post-infection. (B) XY, XZ and YZ planes through a 3D confocal micrograph
of HeLa cells infected with Nipah Malaysia strain at MOI 10 for 12 hours. Cells were stained with
anti-NiV-M antibodies, green, and counterstained with anti-nucleolin antibodies to visualize
nucleoli, red, and with DAPI to visualize nuclear DNA, blue.
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Figure 3-29. Identification of nuclear pore complex proteins, nuclear transport
receptors and nucleolar proteins that interact with Paramyxovirinae matrix
proteins. (A) Overlap of NiV-M, HeV-M, SeV-M and NDV-M protein interactomes identified
by MudPIT analysis. (B) Functional annotation enrichment of proteins associated with the
nuclear pore within the NiV-M, HeV-M, SeV-M, NDV-M and common interactomes using
DAVID Bioinformatics Resources. (C) Protein-protein interaction network of nuclear pore-
complex proteins and nuclear transport receptors within the NiV-M, HeV-M, SeV-M and NDV-
M interactomes using Cytoscape with the GeneMANIA plugin. The nuclear pore complex
diagram was adapted from 3. (D) A model for matrix nuclear-cytoplasmic trafficking. Import
through the nuclear pore complex is mediated by the interaction between an importin and the
NLSy;, of M proteins. Nuclear export is mediated by the interaction between an exportin and the
NES of M proteins. Ubiquitination of some matrix proteins by as yet unknown E3 ubiquitin-
ligases regulates nuclear export and/or nuclear re-import by masking the NLSy,;,. (E) Functional
annotation enrichment of proteins associated with the nucleolus within the NiV-M, HeV-M,
SeV-M, NDV-M and common interactomes using DAVID Bioinformatics Resources. (F)
Protein-protein interaction network of a subset of proteins associated with the nucleolus within
the NiV-M, HeV-M, SeV-M and NDV-M interactomes using Cytoscape with the GeneMANIA
plugin. M proteins and the nucleolar proteins bound by only one M-bait were omitted for clarity.
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CHAPTER 4.1

HOST FACTORS INVOLVED WITH
INTRACELLULAR TRAFFICKING AND
CYTOSKELETAL DYNAMICS INTERACT
WITH NIPAH VIRUS MATRIX PROTEIN
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INTRODUCTION

Despite the nuclear-cytoplasmic trafficking of NiV-M and its potential requirement for
interaction with specific host factors for its intracellular trafficking, membrane targeting and
budding, only one interacting partner, ANP32B, has been described for NiV-M.! While
overexpression of ANP32B caused retention of the henipavirus matrix proteins in the nucleus,
confirming their direct or indirect interaction, knockdown of ANP32B levels did not affect virus
replication. Even from this single study, however, it is abundantly clear from the silver-stained
SDS-PAGE of Hendra virus matrix immunoprecipitate that many cellular proteins interact
directly or indirectly with the henipavirus matrix protein.! To gain deeper insight into the
cellular interacting partners of NiV-M and their potential role for virus replication, we
immunoprecipitated NiV-M from HEK 293 cell lysates, comprehensively identified NiV-M-
interacting host factors by mass spectrometry, and investigated the potential role of three of
these factors: the COPII complex responsible for ER-to-Golgi transport, the 14-3-3 proteins that
regulate many processes including nuclear-cytoplasmic transport, and the predominantly

nucleolar TCOF1/treacle, one of the most abundant factors co-immunoprecipitated with NiV-M.

MATERIALS AND METHODS

For details on virus-like particle budding, immunofluorescence, and immunoprecipitation, refer
to Materials and Methods in Chapter 3.1. For details on mass spectrometry and subsequent data
analysis, refer to Materials and Methods in Chapter 3.3. For virus growth curves and titrations
of virus supernatants, refer to Materials and Methods in Chapter 2.2.

Cell lines, plasmids, and antibodies

NiV-M-inducible cell line. The 3XFLAG-NiV-M-inducible cell line was created by cloning
3XFLAG-NiV-M into pcDNA5/FR/TO (Invitrogen), co-transfecting this plasmid with the
pOG44 recombinase (Invitrogen) into Flp-In T-REx-293 cells (Invitrogen), and selecting for

recombination of the 3XFLAG-NiV-M into the FRT site with 100 ug/mL hygromycin, along with
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5 ug/mL blasticidin to maintain the Tet-off transactivator already present within the cell line.
Due to the high efficiency of recombination with this system, it is usually not necessary to single-
cell clone, and colonies was therefore pooled before expansion.

Plasmids. GFP-Sec16A was obtained from Addgene (plasmid 15776). Sar1A was obtained from
Addgene (plasmid 25531), N-terminally tagged with HA, and inserted into pcDNA3 with or
without the H79G dominant negative mutation. CMV-driven VSV-G was as previously
described.2 Arf4-GFP was obtained from Addgene (plasmid 39556). The TCOF1 ORF was
obtained from Thermo (Mammalian Gene Collection, Accession BC016144, Clone ID 3921754),
N-terminally tagged with HA, and corrected to match isoform e (also known as isoform 7),
UniProt Accession Q13428-7. Untagged NiV-M and 3XFLAG-NiV-M were as previously
described (see Chapter 3.1).

Antibodies. Mouse monoclonal anti-VSV-G, clone 8G5F11 (EB0010), directed against the
ectodomain of VSV-G, Indiana serotype; rabbit polyclonal anti-GFP (598, MBL); rabbit
polyclonal anti-14-3-3, pan-reactive against all isoforms (sc-629, Santa Cruz); rabbit polyclonal
anti-phospho-(Ser) 14-3-3 binding motif (9601, Cell Signaling); rabbit monoclonal anti-acetyl-
o-tubulin (Lys40), clone D20G3 (5335, Cell Signaling), for detection of cilia. Rabbit anti-NiV-M
and mouse anti-FLAG were as previously described (see Chapter 3.1).

Flow cytometry

HEK 293T cells in 6-well, transfected with indicated conditions, were resuspended at 16 hours
post-transfection in ice-cold PBS with 10 mM EDTA, incubated with mouse anti-VSV-G in ice-
cold FACS buffer (PBS with 2% FCS), followed by anti-mouse Alexa Fluor 488 (Invitrogen) in

ice-cold FACS buffer, with final fixation in 2% paraformaldehyde.

RESULTS
NiV-M interacts with ribonucleoprotein complexes in RNA-independent

interactions
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To identify cellular factors that interact with NiV-M, we first created a HEK 293 cell line that
inducibly expresses 3XFLAG-tagged NiV-M. Use of a stable cell line that inducibly and
uniformly expressed NiV-M avoided the pitfalls of transfection, in which a minority of cells
express very high levels of protein, thus skewing results towards chaperones and other factors
that respond to overexpression and misfolding, and thus masking potential low stoichiometry
interactions of interest during mass spectrometry.3 Induction of 3XFLAG-NiV-M expression
with doxycyline resulted in uniform expression of NiV-M, indeed avoiding the pitfall of very
high expression seen with transfection (Figure 4-1).

Immunoprecipitation of NiV-M from HEK 293 cell lysates and subsequent identification
of co-immunoprecipitated cellular factors by mass spectrometry identified over 130 NiV-M-
interacting factors. Analysis of this data set in the DAVID Bioinformatics Resource
(NIAID/NIH) revealed that the most highly enriched gene ontology category was
“ribonucleoprotein complex” (p=2.4e-60), comprising half the data set. This finding was not
altogether surprising, considering that some paramyxovirus matrix proteins have been shown to
bind RNA,4 perhaps due to positively charged surfaces on matrix that can bind the negatively
charged RNA (Figure 3-2 in Chapter 3.1). We therefore questioned how much of the interactome
might rely on an indirect RNA-mediated association. We repeated the immunoprecipitation of
NiV-M in the presence or absence of RNase, with mass spectrometric analysis of both samples.
The overall data revealed that RNase treatment did result in loss of identification of almost half
the interacting partners (Figure 4-2); surprisingly, however, RNase treatment resulted in the
new identification of over 50 NiV-M-interacting factors, including the Golgi-associated adaptor
protein complex AP-3. The detection of new proteins after RNase treatment is likely due to
reduced noise, resulting in more sensitive detection of low abundance interacting partners —
indeed, the spectral counts of some protein clusters that pulled down regardless of the presence
or absence of RNase were significantly increased when RNase was used. Further, all of these

subsets were significantly enriched for the ribonucleoprotein complex gene ontology category,

278



suggesting that the interaction of NiV-M with specific RNA complexes is mediated by protein-
protein interactions and of potential significance for structural or non-structural functions of
NiV-M. For example, the entire exon junction complex, which associates with spliced mRNA in
the nucleus and subsequently regulates mRNA transcription in the cytoplasm,5¢ pulled down
strongly with NiV-M regardless of RNase treatment (Figure 4-2).

We chose to focus our initial efforts on three NiV-M-interacting factors/complexes that
pulled down regardless of RNase treatment and had the potential to regulate NiV-M
intracellular trafficking: the COPII pathway required for ER-to-Golgi transport, the 14-3-3
proteins that can regulate trafficking via direct binding and resultant steric hindrance of
adjacent motifs such as nuclear localization and export sequences, and the predominantly
nucleolar TCOF1, which specifically lost interaction with a budding-deficient NiV-M mutant.
The COPII pathway is not required for NiV-M budding
NiV-M co-immunoprecipitated Sec13 and Seci6A, both integral components of the COPII
pathway that sorts and transports cargo from the ER to the Golgi. The Ebola virus matrix
protein VP40 was previously suggested to rely upon COPII, mediated via VP40 interaction with
the COPII inner coat component Sec24, for its transport to the cell surface.” We therefore
considered whether COPII might play a role in NiV-M budding. Sec13 forms a heterotetramer
with Sec31, forming the outer coat of the COPII vesicle, while Sec16A defines and may organize
the sites on the ER where COPII coat assembly and vesicle budding take place.81* Although
Sec13 is also present within the nuclear pore,'24 thus playing a dual role, the sole known role for
Sec16A is for COPII function. We therefore confirmed NiV-M co-immunoprecipitation of Sec16A
(Figure 4-3). The interaction localized to the C-terminal half of NiV-M, giving greater confidence
as to the specificity of the interaction (Figure 4-3). COPII assembly and cycling requires the
coordinated activity of the Sar1 GTPase, and constitutively inactive or active Sari acts as a
dominant negative for COPII function.’'5 We first confirmed that we could use the Sari

dominant negative (constitutively active, H79G mutant) to inhibit the well-known COPII-
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dependent trafficking of the vesicular stomatitis virus envelope glycoprotein (VSV-G)* under
our experimental conditions. Co-transfection of dominant negative Sar1 strongly reduced cell
surface expression of VSV-G, while co-transfection of wild-type Sari did not affect this
trafficking (Figure 4-4, panel A, left). Western immunoblotting confirmed that VSV-G was
expressed equivalently under these conditions, indicating a specific block to trafficking to the
cell surface (Figure 4-4, panel A, right). The downshift in the VSV-G band on SDS-PAGE caused
by COPII inhibition is consistent with loss of Golgi-derived post-translational modification. We
then assayed the effect of COPII inhibition on NiV-M budding in our semi-quantitative budding
assay (see Chapter 3.1 for more details). COPII inhibition had no effect on NiV-M release,
indicating that at least for the budding of NiV-M when expressed alone, COPII is not required.
However, co-transfection of wild-type Sari, but not dominant-negative Sar1, causes NiV-M to
accumulate in large, saucer-shaped structures that are not seen with NiV-M alone (Figure 4-5).
Although these unusual NiV-M structures are seen with variable frequency, they only occurred
when Sari was overexpressed, suggesting molecular crosstalk between COPII and NiV-M.
Therefore, as discussed further below, while the COPII pathway may not play a role in NiV-M
budding when matrix is expressed in the absence of other viral components, a role for COPII
may become more apparent in a fuller context. It is also possible that NiV-M may interact with
COPII for non-structural functions: ER-to-Golgi vesicular trafficking is important for signaling
components involved in acute cellular stress and innate immune responses, and pathogens can
modulate COPII to effect their own mechanisms of virulence.”

14-3-3 may regulate the nuclear-cytoplasmic trafficking of NiV-M

The 14-3-3 proteins are a family of isoforms that homo- or hetero-dimerize and bind specific
phosphoserine/phosphothreonine motifs. The dimer forms a rigid clamp, and binding can lead
to masking of a motif via steric hindrance, structural changes that lead to altered function, or
even linking of different proteins via separate binding of each monomer. The 14-3-3 proteins

thus perform an important regulatory function in numerous fundamental cell processes,
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including cytoplasmic-nuclear trafficking, ER localization, cell proliferative signaling, apoptosis,
etc.’8-20 We noticed that NiV-M harbors a near-consensus 14-3-3-binding site, as well as an
additional potential degenerate binding site about 30 a.a. away (Figure 4-6); no other (S/T)XP
motifs exist in NiV-M. Although the canonical site is initiated by an arginine, the lysines present
in NiV-M are also suitable for 14-3-3 binding.2»2> Remarkably, these potential binding sites
flank the functional nuclear export sequence (NES) we characterized in Chapter 3.2. Binding of
14-3-3 near nuclear localization sequences (NLSs) and NESs can impede nuclear import or
export, respectively, by masking these motifs by steric hindrance.23

We reasoned that if 14-3-3 binding to NiV-M would mask the NES and thus prevent
nuclear export, mutation of the motif should result in apparent nuclear exclusion. Indeed,
mutation of S101, the potentially phosphorylated serine in the near-consensus motif, resulted in
apparent nuclear exclusion (Figure 4-7). Despite this nuclear exclusion, which for the K258A
mutant in Chapter 3.2 correlated to lack of membrane association and budding, the S101A
mutant was able to bud with wild-type efficiency (Figure 4-8).

We then attempted to determine if the nuclear exclusion of the S101A mutant was due to
loss of 14-3-3 binding to the mutated motif. Mutation of the potentially phosphorylated serines
S101 and S132 in both potential 14-3-3-binding motifs did not abolish co-immunoprecipitation
of endogenous 14-3-3 with NiV-M (Figure 4-9, panel A). Further, attempts to demonstrate a
direct interaction between wild-type NiV-M and 14-3-3 via crosslinking yielded ambiguous
results. We therefore considered whether 14-3-3 co-immunoprecipitation with NiV-M might be
due to indirect interactions. Use of an antibody highly specific for the phosphorylated
(R/K)xpSxP consensus 14-3-3-binding motif detected cellular factors that co-
immunoprecipitated with NiV-M, while NiV-M itself was not detected (Figure 4-9, panel B).
This result indicated that at least under the conditions tested, Si01 was likely not
phosphorylated and thus did not mediate direct 14-3-3 binding, while 14-3-3 may partially or

wholly co-immunoprecipitate with NiV-M through indirect interactions. It still remains possible
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that dynamic phosphorylation of S101 regulates 14-3-3 binding to NiV-M under conditions not
yet tested, perhaps especially during earlier time points when NiV-M is more concentrated in
the nucleus, as described in Chapter 3.2.

To further establish whether the potential 14-3-3-binding motif might have an effect on
virus replication, we introduced the S101A mutation into a NiV reverse genetics construct (the
rNiV-EGFPN? design, see Chapter 2.2). Consistent with our previous finding that S101A had
wild-type budding efficiency in the M-alone budding assay (Figure 4-8), the mutant virus grew
similar to wild-type NiV when Vero cells were infected at a multiplicity of infection of 1 (Figure
4-10). While infection at high dose of this interferon-deficient cell line did not allow for multiple
rounds of replication under conditions in which immune responses might reveal differences,
these results at least demonstrate that the mutant virus is not overtly defective. Future analysis
of growth curve kinetics in innate immune-competent and relevant primary cells such as
neurons and microvascular endothelial cells at low multiplicity of infection will be illuminative.
This S101A matrix mutant is also the first nuclear trafficking mutant we have observed that also
localizes to membrane (Fig. 4-7, see S101A present in filopodial extensions) and is replication-
competent when rescued by reverse genetics. This will be a useful construct for ongoing studies
in my mentor’s lab to study the anti-innate immune function of NiV-M.

TCOF1/Treacle may be required for NiV-M budding

The N-terminus of NiV-M harbors a potential ciliary targeting motif, KVxP (Figure 4-11). In
contrast to motile cilia, which are present on specialized cells such as sperm and respiratory
epithelial cells, nearly all cells have a single non-motile primary cilium, which plays important
roles in sensing and signal transduction.242¢ The primary cilium is a privileged compartment,
and the ciliary trafficking of some cilium components is known to rely on Arfg-mediated
recognition of a VxP or RVxPx motif.27-3° We therefore considered whether NiV-M might traffick
to the cilium, or alternatively use this trafficking pathway for its own purposes. Although

common cell lines do not typically display the primary cilium in cell culture, the cilium can often
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be induced by serum starvation of confluent cultures.3* We found that incubation of confluent
HEK 293T cells in the reduced serum medium Opti-MEM (Invitrogen) resulted in nearly
universal display of the primary cilium (Figure 4-12). Expression of NiV-M either before or after
induction of cilium formation did not result in observable localization of NiV-M to the cilium,
however (Figure 4-13, panel A). Further, although NiV-M co-immunoprecipitates Arf4, alanine
mutagenesis of the KVxP motif did not result in loss of Arf4 binding (Figure 4-13, panel B).
These results suggested that the KVxP motif in NiV-M does not mediate Arf4-dependent
trafficking to the cilium.

We noted, however, that the KVP mutant was completely deficient in virus-like particle
budding (Figure 4-14, panel A). Co-expression of wild-type NiV-M was able to “rescue” the
budding of the KVP mutant, suggesting that the KVP mutant was not grossly defective in matrix-
matrix association and function (Figure 4-14, panel B). To gain further insight into this budding
deficiency, we visualized the localization of the KVP mutant by immunofluorescence. Unlike any
other NiV-M mutant we have studied, the KVP mutant had an entirely punctate appearance
within the cytoplasm (Figure 4-15), as opposed to wild-type NiV-M, which was mostly diffuse as
well as punctate, as well as clearly at the membrane and in filopodial extensions (Figures 4-7
and 4-17). The KVP mutant also displayed an often striated appearance (Figure 4-15, panel A), at
times reflecting apparent decoration of actin filaments (Figure 4-15, panel B). We therefore
considered the possibility that the trafficking of the KVP mutant was blocked due to lost
association with a host factor. Consistent with this hypothesis was the N-terminal localization of
the KVxP motif, which sits within a flexible region below the homology NiV-M structure, away
from the putative membrane-binding surface.

Comparison of cellular factors co-immunoprecipitated with the KVP mutant vs. wild-
type NiV-M revealed the striking loss of one high molecular weight band, which was excised and
determined by mass spectrometry to be TCOF1/Treacle (Treacher Collins-Franceschetti

syndrome 1) (Figure 4-16, panel A). TCOF1 was also identified in our comprehensive NiV-M
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interactome, giving more confidence to our finding (Figure 4-2), and we also confirmed the
interaction by Western immunoblotting (Figure 4-16, panel B). TCOF1 is known to be both
cytoplasmic and nuclear, although it is predominantly within the nucleolus, where it is critical
for ribosome biogenesis.3233 Co-expression of epitope-tagged TCOF1 with NiV-M revealed co-
localization in cytoplasmic punctae, which was not evident with mutant NiV-M (Figure 4-17).
We therefore attempted to determine the effect of TCOF1 depletion on NiV-M budding. As a
long-lived essential gene, TCOF1 knockdown can take days to achieve with siRNA,33:34 with the
corresponding experimental complications and potential side effects representing major
concerns. We therefore used the recently developed and efficient CRISPR/Cas gene-editing
method to knock-in a N-terminal destabilization tag at all copies of the TCOF1 allele in HEK
293T cells (see chapter 4.2 for details). Tagged TCOF1 was stabilized in the presence of the
compound Shield-1, but removal of Shield-1 resulted in rapid destabilization of TCOF1, by over
3-fold, at the protein level. Destabilization of TCOF1, however, did not affect NiV-M budding
(Figure 4-18). The implications of these results are discussed below.

Inclusion of an inhibitor of deubiquitination during NiV-M immunoprecipitation
reveals association with many trafficking components

We previously found that inhibition of the ubiquitin-proteasome system inhibited NiV-M
trafficking and budding as well as live virus replication (Chapter 3.2 and 3.3). We therefore
considered whether inclusion of an inhibitor of deubiquitination during NiV-M
immunoprecipitation from cell lysates might modify the identified interactome, especially in
light of our initial limited co-immunoprecipitation of factors implicated in intracellular
trafficking. Indeed, Coomassie staining of cellular factors co-immunoprecipitated with NiV-M in
the absence or presence of N-ethylmaleimide (NEM), which irreversibly blocks the cysteine in
the active site of deubiquitinases, showed that inclusion of NEM increased the abundance and
perhaps the composition of the interactome (Figure 4-19). As described in Chapter 3.3, we used

this updated protocol in our comparative proteomics of matrix proteins from the different
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Paramyxovirinae genera. Mass spectrometric analysis of factors co-immunoprecipitated in the
presence of NEM revealed a greater abundance of trafficking-related components that were not
previously identified, suggesting a role for ubiquitin-dependent interactions in maintaining
these associations with NiV-M. A minor possibility is also that blockade of free cysteines with
NEM affected cysteine-dependent interactions. Importantly, a comparison of the interactomes
of the matrix proteins from NiV, SeV, MeV, and NDV showed that many of these trafficking-
related components were pulled down by all of these matrix proteins (Figure 4-20), indicating
potential conservation of function. Beyond components related to vesicular trafficking and the
Golgi complex, a number of factors involved in actin dynamics were universally co-
immunoprecipitated, including a component of the Arp2/3 complex that plays a major role in
regulating the actin cytoskeleton (Figure 4-20). These results suggest strongly that host

trafficking pathways play an important role in paramyxovirus matrix biology.

DISCUSSION

Only a few cellular interacting partners for any paramyxovirus matrix protein have been
described,+3537 and for NiV-M, only one factor of unclear significance.! We comprehensively
identified NiV-M-interacting cellular factors by mass spectrometry, and we thus identified
factors and pathways that may influence NiV-M function, or that may be co-opted or
antagonized by NiV-M for its structural and/or potential non-structural functions. In this study,
we examined the potential significance of the COPII pathway, 14-3-3 proteins, and
TCOF1/Treacle for the budding function of NiV-M.

Inhibition of the COPII pathway, which we verified by inhibiting the COPII-dependent
cell surface trafficking of VSV-G, did not affect NiV-M budding. We observed, however, that co-
overexpression of wild-type Sar1 with NiV-M led to occasional accumulation of NiV-M in large
saucer-shaped structures, suggesting molecular crosstalk between the COPII and M-budding

pathways. As we demonstrate in Chapter 5, the influence of a cellular pathway on NiV-M

285



function may not be apparent in the absence of other virus components or full virus replication.
In this sense, although our front-line surrogate NiV-M budding assay is useful as an initial
screen, the results should not be regarded as a conclusive statement of importance. For example,
it is possible that NiV-M association is not important for budding per se, but for some other
critical purpose such as initial assembly with the virus envelope proteins, which presumably
employ the COPII pathway for their transport; alternatively, the requirement for COPII for
budding itself may be imposed by the presence of other viral components. Considering the
immunoprecipitation of COPII components by matrix proteins from across the
Paramyxovirinae (Figure 4-20), we believe the potential role of COPII in virus assembly and
budding deserves further investigation.

Likewise, although mutation of the potential 14-3-3-binding site did not affect NiV-M
budding, further investigation of the potential role in 14-3-3 in regulating NiV-M nuclear-
cytoplasmic trafficking may reveal insight into the importance of NiV-M nuclear trafficking for
its structural and/or non-structural functions. Although we did not detect phosphorylation of
S101 within the motif, which would be required for 14-3-3 binding, we only tested a single time
point (24 hpt), while we previously showed that NiV-M nuclear localization is dynamic and may
be more nuclear at earlier time points (Chapter 3.2). As we hypothesize that 14-3-3 binding may
be a means to inhibit nuclear export by masking the adjacent NES, phosphorylation of S101 may
be a dynamic process that occurs at these earlier time points with the end result of nuclear
retention of NiV-M. Further, to determine whether mutation of the motif impacts virus
replication, a relevant primary cell line with normal immune responses (e.g., human umbilical
vein endothelial cells) should be infected with the S101A mutant NiV at low multiplicity of
infection. Multiple rounds of replication under conditions of immune challenge may reveal a
non-structural role for the potential 14-3-3-binding motif in NiV-M.

Finally, although knockdown of TCOF1/Treacle did not affect M budding, the degree of

knockdown (over 3-fold) might not be sufficient to impact budding, especially in this M-alone
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surrogate assay. The effect of TCOF1 destabilization may be more evident in the context of live
virus replication. Regardless, the defective trafficking and budding of the KVP mutant deserves
further elucidation. Do the mutant punctae co-localize with intracellular markers, and does the
association with actin filaments suggest a dependence of NiV-M trafficking and budding on the
actin cytoskeleton? The potential direct interaction of the KVxP motif with TCOF1 also deserves
further clarification and confirmation. Although bimolecular fluorescence complementation
(BiFC), which can suggest molecular proximity, was previously attempted, the KVxP mutation in
the BiFC NiV-M construct did not display the known mutant localization phenotype, suggesting
that the construct requires further optimization to reflect wild-type function. Further,
destabilization of TCOF1 in the knock-in cell line can perhaps be augmented with shRNA against
TCOF1 (Chapter 4.2).

It is intriguing to note that the Arfg-dependent ciliary targeting of rhodopsin also
involves Rab11 and the Rabii-interacting factor FIP3.29 The budding of influenza filamentous
virions is dependent on Rab11-FIP3 by an unknown mechanism,3® and respiratory syncytial
virus budding relies on Rabii-interacting factor FIP2,39 also by an unknown mechanism. It is
worth exploring whether the KVxP motif may mediate interaction with Rab11 or its cognate
interacting factors. We have found that co-expression of a Rab11 dominant negative with NiV-M
reduced both cell lysate expression and normalized budding (data not shown), suggesting a
possible role of Rab11 in the NiV-M budding pathway. In the same vein, it is also intriguing to
note that the cilia represents an apical structure that relies on trafficking of components from
the Golgi,?¢ altogether reminiscent of NiV-M, which trafficks to the apical side of polarized
cells4° and interacts with components of the secretory pathway. It may therefore be possible that
NiV-M recruits components of the ciliary targeting pathway for its own trafficking, without itself
localizing to the cilium.

The interactions of NiV-M with numerous but selective trafficking components, many of

which are shared among the paramyxovirus matrix proteins, suggest the potential dependence
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of NiV-M on cellular pathways for its own trafficking and budding. The co-immunoprecipitation
of many factors associated with the Golgi complex as well as actin cytoskeletal dynamics
suggests the potential importance of these cellular pathways. As noted previously, however,
although M-alone localization and budding represent useful front-line assays for matrix
function, it will be important to evaluate the significance of cellular pathways in the context of
other viral components and live virus replication. This importance is driven home by our results
in Chapter 5, where we find that the dependence of M-driven virus release on the cellular

ESCRT pathway is only evident in the presence of the accessory NiV-C protein.
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Figure 4-1. Inducible and uniform expression of 3XFLAG-M in HEK 293 cells.
3XFLAG-M-inducible HEK 293 cells were created as described in Materials and Methods. Cells
were induced or transfected as indicated, then processed with anti-FLAG intracellular staining

for flow cytometry. Inducible expression avoids the pitfalls of extremely high expression in
transfected cells (highlighted by the dotted circle).
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Figure 4-2. NiV-M interacts with many cellular factors via non-RNA-dependent
interactions. RNase treatment led to loss of 75 factors, including Staufen1 and MOV10, both
RNA-interacting factors that were previously implicated in HIV-1 replication. RNase treatment
also led to detection of over 50 new factors, including AP-3, involved in Golgi-to-lysosomal
transport. Numerous factors were pulled down regardless of RNase treatment, including those
investigated in this chapter.
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Figure 4-3. The C-terminal half of NiV-M interacts with Sec16A. 3XFLAG-tagged full
length NiV-M, or the 3XFLAG-tagged halves, were co-transfected with GFP-Sec16A in HEK
293T cells. Upon FLAG immunoprecipitation (IP), blotting for Sec16A (anti-GFP) revealed co-IP
with full-length and C-terminal NiV-M, but not N-terminal NiV-M or the vector control.
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Figure 4-4. Inhibition of COPII does not affect NiV-M budding. (A) Wild-type or
dominant-negative (DN) Sar1A (the H79G mutant) was co-transfected with VSV-G in HEK 293T
cells. Flow cytometry for the VSV-G ectodomain revealed less VSV-G at the cell surface when the
DN was co-expressed. As a control, Western immunoblotting showed equivalent cell lysate
expression of VSV-G. (B) Co-transfection of DN SariA did not affect the efficiency of NiV-M

budding.
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Figure 4-5. Sarit may modulate NiV-M function. Co-transfection of WT SariA
occasionally leads NiV-M to accumulate in large saucer-shaped structures. Adjacent cells that
are not highly expressing Sar1A, indicated by lack of red color, do not have show such structures.
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Figure 4-6. NiV-M harbors a consensus 14-3-3 binding motif. 14-3-3 binding requires a
phosphorylated serine/threonine within a defined motif, with the consensus shown above. NiV-
M has two potential 14-3-3 binding sites, both flanking the characterized nuclear export
sequence. The motif starting at K98 matches the mode 1 consensus (with lysine being as
effective as arginine at binding 14-3-3).

NiV-M NiV-M

Figure 4-7. The S101A 14-3-3 motif mutant is excluded from the nucleus. In
comparison to wild-type NiV-M, which is present throughout the cell including the nucleus, the
S101A mutant is not present in the nucleus. Two examples are shown for each, with one of the
examples also shown overlaid with DAPI to highlight the nucleus.
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Figure 4-8. The S101A mutant is not budding-deficient. The budding assay was
performed as described in Materials and Methods of Chapter 3.1.
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Figure 4-9. NiV-M may bind 14-3-3 via indirect interactions. (A) Wild-type or mutant
FLAG-M was immunoprecipitated, and co-immunoprecipitated endogenous 14-3-3 was
detected. (B) Left, The potent phosphatase inhibitor calyculin A prevents dephosphorylation of
14-3-3 binding motifs in cell lysate. Right, NiV-M immunoprecipitated in the presence of
calyculin A does not show detectable binding of a 14-3-3 binding motif antibody. The upper
bands for the 14-3-3 binding motif indicate potential indirect interactions of NiV-M with 14-3-3.
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Figure 4-10. S101A mutant live Nipah virus is replication-competent. The S101A
mutation was introduced into the rNiV-EGFPY? reverse genetics construct (see Chapter 2.2 for
details), rescued, and used to infect Vero cells at multiplicity of infection 1. The mutant virus
produced infectious titers similar to wild-type rNiV-EGFPN? over 24 hours.
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Figure 4-11. The N-terminus of NiV-M harbors a potential (R/K)VxPx ciliary
targeting motif. The ciliary targeting motif for the examples shown is characterized by a VxP
motif, and in particular (K/R)VxPx for the Polycystin proteins. Potential ciliary targeting motifs

near the N-terminus are shown for the different paramyxovirus matrix proteins with blue
highlight.
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Figure 4-12. The primary cilium is widely induced on HEK 293T cells after serum
starvation of confluent cultures. The primary cilium was detected with staining for
acetylated tubulin. An extended focus image is shown.
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Figure 4-13. NiV-M does not localize to the primary cilium or interact with Arf4 in
a KVxPx-dependent manner. (A) To express NiV-M before induction of cilia, 3XFLAG-NiV-
M was transfected at about 80% confluency. Upon confluency, cilia were induced with serum
starvation. To express NiV-M after induction of cilia, 3XFLAG-NiV-M in pcDNA5/FRT/TO was
transfected with the Tet-off transactivator before serum starvation, with M induced with
doxycyline at a later time point. (B) Arf4-GFP was co-transfected with wild-type or mutant
FLAG-M before immunoprecipitation with anti-FLAG. Arf4 (detected with anti-GFP) was co-
immunoprecipitated with both wild-type and mutant NiV-M.
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Figure 4-14. The KVP mutant is budding-defective, yet can be rescued by co-
expression of wild-type NiV-M. (A) The NiV-M budding assay was performed as described
in Chapter 3.1. (B) The FLAG-tagged single-alanine V33A mutant (mutated in the “V” of KVP,
which phenocopies the KVP mutant in all respects) was transfected on its own or with untagged
wild-type NiV-M. Virus-like particle release of FLAG-V33A was only seen with co-expression of
wild-type M. The asterisk marks the wild-type untagged M, as the FLAG-V33A mutant is also
detected (upper band). Of note, the KVP mutations are within the rabbit anti-NiV-M epitope,
hence reducing the binding of anti-NiV-M to the V33A mutant on the Western immunoblot.
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Figure 4-15. The KVP mutant is highly punctate, with punctae often associating
with actin filaments. (A) For comparison to wild-type, see Figure 4-7. While wild-type NiV-
M is mostly diffuse as well as punctate, the KVP mutant is entirely punctate and not present at
the membrane or in filopodial extensions, and often shows a striated appearance. (B) The
striations are at times visibly associated with actin filaments. The V33A mutant is shown (as
mentioned in Figure 4-14, this point mutant phenocopies the KVP mutant).
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Figure 4-16. The KVP mutant specifically loses interaction with TCOF1/Treacle. (A)
The indicated band from the wild-type immunoprecipitation was identified by mass
spectrometry to be entirely TCOF1/Treacle. (B) The interaction, and its loss by the KVP mutant,
were confirmed by Western immunoblot of co-immunoprecipitated endogenous TCOF1.
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Figure 4-17. HA-TCOF1 co-localizes with wild-type NiV-M but not with the KVP
mutant. The Pearson’s correlation for colocalization was measured in Volocity image analysis
software for the co-transfected cell shown. The analyzed data represented confocal z-stacks
spanning the entire cell as determined by actin boundaries (stained by phalloidin, visible as
grayscale in the images above).
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Figure 4-18. Destabilization of TCOF1 does not affect NiV-M budding. A HEK 293 cell
line with all endogenous TCOF1 tagged with a destabilization domain was generated (see
Chapter 4.2 for details and characterization of the cell line). Shield-1 stabilizes the DD-tagged
TCOF1, while removal of Shield-1 destabilizes TCOF1, knocking down protein levels over 3-fold.
Destabilization of TCOF1 using this system (indicated by the — Shield condition) did not affect M
budding, however.

NEM:

—— |
s -
FLAG IP of FLAG- | S
M in absence or
presence of NEM
------ NiV-M
;

Figure 4-19. Inclusion of an inhibitor of deubiquitination changes the co-
immunoprecipitated interactome. N-ethylmaleimide (NEM) inhibits deubiquitinases by
irreversibly modifying the conserved active site cysteine. Use of NEM during cell lysis and
immunoprecipitation of NiV-M significantly changes the quality (abundance and perhaps
composition) of the interactome as seen by Coomassie staining of SDS-PAGE.

300

§!

|

VT




corl
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COPE Component of COPI coat
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SEC23B |Component of COPI| coat
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AP3D1 Golgi-associated, trafficking to lysosomes

Actin dynamics

ACTAl Actin

ACTC1 Actin

ACTR2 Component of Arp2/3 complex in actin dynamics

CYFIP1 Formation of membrane ruffles and lamellipodia protrusions, axon outgrowth
DBNL Actin-binding adaptor

DIAPH1 Nucleates actin filaments

FSCN1 Organizes filamentous actin into bundles

MYO6 Actin-based motor towards minus-end of filaments

PDCD6IP Also known as ALIX, plays role in both ESCRT and actin dynamics

Other trafficking-related factors

ACBD3 Maintenance of Golgi structure

ARF1 Intra-Golgi transport

ARF3 Protein trafficking, Golgi-associated

ARF5 Protein trafficking, Golgi-associated

CPNE1 Calcium-dependent binding to phospholipids

CPNE3 Calcium-dependent binding to phospholipids

KIAA1279 Required for organization of axonal microtubules

NSF Required for vesicular transport, involved in vesicle fusion
NSFL1C Golgi dynamics, may play role in transitional ER

RAB7A Late endosomal trafficking

SDF4 May regulate calcium-dependent activities in ER lumen
SRP72 Targets secretory proteins to ER

VPS26A Component of retromer complex (endosome-to-Golgi tranport)
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Figure 4-20. Cellular factors involved in trafficking and cytoskeletal dynamics
were pulled down with multiple paramyxovirus matrix proteins. With an updated
protocol including NEM as well as a broad spectrum phosphatase inhibitor, cellular factors of
representative paramyxovirus matrix proteins including NiV-M, Sendai virus (SeV)-M,
Newcastle disease virus (NDV)-M, and measles virus (MeV)-M were co-immunoprecipitated
and identified by mass spectrometry (see Chapter 2.3 for details). Factors enriched in gene
ontology terms related to vesicular/membrane trafficking and cytoskeletal dynamics were
identified by analysis in DAVID Bioinformatics Resource (NIAID/NIH). Of these, those factors
that were common to NiV, SeV, NDV, and MeV were extracted and listed above. Rendering of
this protein list in STRING 9.1 (string-db.org) revealed the known interactions between these

factors (only those that were linked by interactions are shown).
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CHAPTER 4.2

CRISPR/CAS9 ALLOWS EFFICIENT AND
COMPLETE KNOCK-IN OF A
DESTABILIZATION DOMAIN-TAGGED
ESSENTIAL PROTEIN IN A HUMAN
CELL LINE, ALLOWING RAPID
KNOCKDOWN OF PROTEIN FUNCTION
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CRISPR/Cas9 Allows Efficient and Complete Knock-In of a
Destabilization Domain-Tagged Essential Protein in a
Human Cell Line, Allowing Rapid Knockdown of Protein
Function
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Abstract

Although modulation of protein levels is an important tool for study of protein function, it is difficult or impossible to
knockdown or knockout genes that are critical for cell growth or viability. For such genes, a conditional knockdown
approach would be valuable. The FKBP protein-based destabilization domain (DD)-tagging approach, which confers
instability to the tagged protein in the absence of the compound Shield-1, has been shown to provide rapid control of
protein levels determined by Shield-1 concentration. Although a strategy to knock-in DD-tagged protein at the endogenous
loci has been employed in certain parasite studies, partly due to the relative ease of knock-in as a result of their mostly
haploid lifecycles, this strategy has not been demonstrated in diploid or hyperploid mammalian cells due to the relative
difficulty of achieving complete knock-in in all alleles. The recent advent of CRISPR/Cas9 homing endonuclease-mediated
targeted genome cleavage has been shown to allow highly efficient homologous recombination at the targeted locus. We
therefore assessed the feasibility of using CRISPR/Cas9 to achieve complete knock-in to DD-tag the essential gene Treacher
Collins-Franceschetti syndrome 1 (TCOF1) in human 293T cells. Using a double antibiotic selection strategy to select clones
with at least two knock-in alleles, we obtained numerous complete knock-in clones within three weeks of initial transfection.
DD-TCOF1 expression in the knock-in cells was Shield-1 concentration-dependent, and removal of Shield-1 resulted in
destabilization of DD-TCOF1 over the course of hours. We further confirmed that the tagged TCOF1 retained the nucleolar
localization of the wild-type untagged protein, and that destabilization of DD-TCOF1 resulted in impaired cell growth, as
expected for a gene implicated in ribosome biogenesis. CRISPR/Cas9-mediated homologous recombination to completely
knock-in a DD tag likely represents a generalizable and efficient strategy to achieve rapid modulation of protein levels in
mammalian cells.
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Introduction

To determine the functional contribution of a cellular gene to a
biological process, a mRNA knockdown or genomic knockout
approach is often used. When it comes to genes that are critical for
cell viability and growth, however, a knockdown or knockout
approach may lead to sickly or nonviable cells that make
appropriate comparison to control cells difficult or impossible.
Further, RNA knockdown can take days to result in substantial
reduction in protein levels, especially if the protein has a long in vive
half-life.

To address these concerns and achieve rapid knockdown of an
essential gene in mammalian cells, we combined two recent
approaches: 1) the use of a destabilizing FKBP protein-based

12 kDa tag to confer chemical compound-dependent regulation of

protein levels [1], and ii) the CRISPR/Cas9 bacterial homing
endonuclease system that allows efficient homologous recombination

at endogenous loci [2,3]. The resultant destabilization domain (DD)-
tagged protein, when stabilized, allows cell growth and viability,
whereas removal of the stabilizing compound results in rapid
knockdown at the protein level. Although a knock-in DD-tagging
strategy has been employed in parasite models such as Plasmodium
Saletparum and  Toxoplasma gondi [4,5] (also see [6,7] for recent
examples), this has been due to the relative ease of modification of
the usually haploid genome; in diploid and hyperploid mammalian
cell lines, however, the relative difficulty of complete knock-in in
multiple alleles has been a barrier to use of this DD-tagging knock-in
strategy. The demonstrated efficiency of CRISPR/Cas9 in stimu-
lating targeted homologous recombination made it reasonable to
attempt this knock-in strategy in a standard human cell line.

We chose to test the Cas9-mediated DD-tag knock-in strategy
on Treacher Collins-Franceschetti syndrome 1 (TCOFI1, also
known as treacle), an essential gene encoding a nucleolar protein
that is important for ribosome biogenesis, neural crest cell
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Co-transfection of pX330 and

RSB donor plasmids in 1 6-well 293T
e l72 h + Shield-1
Ex2 .
Split up to 10 cm and double
selection in puromycin/blasticidin
PuroR DD ‘1’1 week
Single cell cloning and expansion
Blast® DD
‘L1-2 weeks
PCR genotyping of clones v
B - s
Donors +  + _-_ Ex2
pX330-TCOF1 + -
pX330-vector - + - Clone
Antibiotic selection - - + 4
PuroR _s 1 2 3 4 5 6 7 8  (1/4input)
Blast® —> - e ..« = e O W w aw

WT —> S —

Figure 1. CRISPR/Cas9 allows efficient and complete endogenous knock-in of DD-tagged TCOF1. (A) The scheme for CRISPR/Cas9-
mediated homologous recombination to insert antibiotic resistance and a DD tag to the N-terminus of TCOF1 is shown. The genomic sequence used
in the donor plasmid homology arms is shown in blue. (B) PCR genotyping to detect knock-in was performed with the primers indicated on the
diagram, and reveals wild-type (960 bp), blasticidin resistance (Blast®) knock-in (1790 bp), and puromycin resistance (Puro®) knock-in (1990 bp)
bands. %4 of the clone 4 PCR was also run to illustrate the lack of wild-type allele detection in the other clone PCRs.

doi:10.1371/journal.pone.0095101.g001

development and neurogenesis [8-12]. Haploinsufficiency of
TCOF1I in humans is associated with Treacher Collins syndrome,
characterized by impaired craniofacial development as well as ear
defects leading to deafness [13-16], and the absence of TCOF1-
null mice or humans suggests that knockout is embryonic lethal.
Haploinsufficiency in mice can result in neonatal death or survival,
depending on the genetic background [8,17]. Further, recent
genome-wide knockout screens using CRISPR/Cas9 in various
human cell lines confirmed that TCOF1 is important for cell
viability in all cell types tested [18,19]. Within three weeks of
initially transfecting the appropriate TCOF1-specific Cas9 and
donor plasmids, we succeeded in expanding numerous single cell
clones of human 293T cells with complete knock-in of DD-tagged
TCOF1, despite the presence of at least three alleles of TCOF1 in
these transformed cells. The compound Shield-1 stabilized DD-
TCOF1 in a dose-dependent manner, and the removal of Shield-1
resulted in a several-fold decrease in DD-TCOF1 expression.
Consistent with the known role of TCOF1 in ribosome biogenesis,
destabilization of TCOFI resulted in a significant decrease in cell
growth.

To the best of our knowledge, this report represents the first
demonstration that knock-in of DD-tagged protein in mammalian
cells via CRISPR/Cas9 is an efficient strategy for rapid
knockdown at the protein level.

Materials and Methods

Cell line and plasmids
293T cells were maintained in DMEM with 10% FCS and
supplemented ~ with  penicillin/streptomycin. ~ The  pX330

CRISPR/Cas9 plasmid, designed by Cong et al. [2], was obtained
from Addgene (plasmid 42230). For detailed discussion on
CRISPR/Cas9 systems and applications, Drs. George Church
and Feng Zhang among others maintain helpful resources and
FAQs online as well, which can be found through the Addgene
website (http://www.addgene.org/ CRISPR/). The TCOF1-spe-
cific guide RNA sequence (Figure S1) was chosen from the curated
database from Mali et al. [3] and inserted into the pX330 Bbsl
cloning site as described [20]. For the donor plasmids (Figure 1A
and S52), the left and right homology arms were PCR-amplified
using Velocity DNA Polymerase (Bioline) from 2931 genomic
DNA (isolated using the PureLink Genomic DNA Kit, Invitrogen).
The destabilization domain was PCR-amplified from pTRE-
Cyclel (Clontech). The homology arms, antibiotic resistance
ORF, and destabilization domain were joined together using
standard overlapping PCR, then inserted between the BamHI and
EcoRI sites of the PCR2.1 vector (Invitrogen) using In-Fusion
(Clontech). 6XHis-tagged FKBP12 with the F36V mutation (on
which the destabilization domain was based) in pET-15b
(Novagen) was a kind gift of Dr. Thomas Wandless. FKBP-
F36V was purified from BL21(DE3) E. coli as previously described
[21] with minor modifications. Briefly, cells at ODggp 0.5 were
induced with 2 mM IPTG at 37°C for 3 hours, then collected and
lysed in sodium phosphate buffer (pH 8) containing 10 mM
imidazole. 6XHis-tagged FKBP was purified on a 5 mL HisTrap
HP (GE Healthcare) column via FPLC, with increasing imidazole
concentration up to 250 mM. Pure fractions containing FKBP
protein were pooled and dialyzed overnight into PBS.
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Figure 2. DD-TCOF1 expression is regulated by the concentration of Shield-1. (A-C) The Shield-1 concentration- and time-dependent
expression of TCOF1 was examined as described in Materials and Methods. Although the EtOH vehicle was kept constant as described, a control
without EtOH vehicle was also included for the parental wild-type 293Ts in panel A. As wild-type TCOF1 runs at about 220 kDa, the addition of the
12 kDa DD tag results in small upward shift for knock-in cells. Two-fold dilutions of high TCOF1-expressing sample were included on each gel to allow
for standard curves to quantitate relative TCOF1 and B-tubulin. Relative TCOF1 values normalized to B-tubulin are shown below each panel. The data

represents one of three experiments with similar results.
doi:10.1371/journal.pone.0095101.9g002

Transfection and selection

293T cells at 70% confluence in a 6-well were co-transfected with
1 pg each of pX330 (with TCOF 1-specific guide sequence inserted),
puromycin resistance donor plasmid, and blasticidin resistance
donor plasmid, with 4.5 uL. BioT transfection reagent (Bioland). At
24 hours post-transfection, media was changed with 100 nM
Shield-1 (Clontech), and cells were subsequently always maintained
in Shield-1. At 72 hours post-transfection, the 6-well was trypsinized
and seeded into a 10 cm dish with 1 pg/mL puromycin and 3 pg/
mL blasticidin. The media with antibiotics was changed every 3
days. Upon complete cell death in the controls (untransfected cells in
single puromycin or blasticidin selection) after a week of selection,
cells were trypsinized and plated in two 96-wells at a seeding density
of 0.3 cells per well. Wells were monitored for single colony
formation and expanded upon confluency.

PCR genotyping of knock-in clones

Genomic DNA was isolated using the PureLink Genomic DNA
Kit (Invitrogen) and genotyped using Velocity DNA Polymerase
(Bioline) and the following primers: TCOF_screen-F:
GTTTAGGGTTCCCAGGCAAT and TCOF_screen-R: CAG-
CAGATGGTGGTAGATC (positions in genomic sequence
shown in Figure S1). For the PCR shown in Figure S3, the
primers used were TCOF_screen-F and also TCOF_screen-R2:
CCACATGAGTAGCCAGGATTAC.

Western analysis of TCOF1 expression
3x10” knock-in or parental 293T cells per well were plated in
12-well in no Shield-1 (Figure 2A and C) or 1000 nM Shield-1

(Figure 2B). The following day, for addition of Shield-1, media was
simply replaced with the appropriate concentration, with EtOH
(the vehicle for Shield-1) remaining constant. For removal of
Shield-1, media was replaced with conditioned media supple-
mented with 5 uM FKBP-F36V for 30 minutes, followed by
continued incubation in media without Shield-1. At the indicated
time points (24 hours for Figure 2A), cells were collected in cold
PBS with 10 mM EDTA, pelleted, lysed in cold lysis buffer (0.1%
NP-40, 100 mM Tris-HCI pH 7.5, 150 mM NaCl, 5% glycerol,
I mM sodium orthovanadate, 1 mM EDTA, 1X protease
inhibitor cocktail (Roche)), clarified at 13 k rpm for 5 minutes at
4°C, then stored at -20°C until use. A small portion of cells was
reserved for cell counting. Lysates were boiled with Laemmli SDS
sample buffer, and the equivalent of 4x10* cells were run per
sample on 8% Tris-glycine SDS-PAGE. Gels were transferred to
PVDF (Immobilon-FL, Millipore) and blocked in Odyssey
Blocking Buffer (LI-COR Biosciences) overnight at 4°C. Blots
were then incubated in 1:1000 rabbit anti-TCOF1 (11003-1-AP,
Proteintech) or 1:100,000 mouse anti-B-tubulin (17816, Sigma) for
1 hour at room temperature, followed by 1:10,000 of fluorescent
secondary antibody (goat anti-rabbit IRDye 800CW or goat anti-
mouse IRDye 680LT, LI-COR Biosciences). Fluorescence images
were obtained on a LI-COR Odyssey imaging system.

Immunofluorescence staining and data analysis
Wild-type or knock-in cells were plated in EtOH vehicle only or
1000 nM Shield-1 on coverslips that had been coated sequentially
with poly-L-lysine and collagen. 24 hours post-plating, cells were
fixed in 2% paraformaldehyde, washed 3 times with PBS,
incubated in blocking buffer (0.5% saponin, 3% BSA in PBS),
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then incubated with 1:200 rabbit anti-TCOF1 (11003-1-AP,
Proteintech), 1:500 mouse anti-nucleolin (39-6400, Sigma), and
1:250 Alexa Fluor 647 Phalloidin (Invitrogen) in blocking buffer.
After 3 washes in 0.5% saponin in PBS, samples were incubated
with 1:1000 secondary antibodies goat anti-rabbit Alexa Fluor 488
and goat anti-mouse Alex Fluor 594 (Invitrogen). After 3 final
washes in 0.5% saponin in PBS, samples were incubated with
DAPI to stain nuclei before mounting on slides. Confocal imaging
was performed on a Leica SP5 confocal microscope, acquiring
optical Z-stacks of 0.3 pm steps. Z-stacks were reconstructed and
analyzed in three dimensions using Volocity 5.5 software (Perkin
Elmer). Individual nuclei were localized and defined in three
dimensions by DAPI staining. DNA-absent regions (such as
nucleoli) were included in the defined nucleus, touching nuclei
were separated, and fluorescence objects smaller than nuclei were
excluded from analysis. Fluorescence voxel intensities in all
channels were then measured within these computationally
defined nuclei.

Growth curves

2x10" cells per well for wild-type 293T cells or knock-in cells
were plated from master mix cell suspensions into either EtOH- or
Shield-1-containing media in 6-well plates. Beginning 1 day post-
plating and each day thereafter, cells were trypsinized and counted
(in triplicate for each condition). The media was changed on day 3
for cells to be collected on subsequent days.

Results

CRISPR/Cas9 allows efficient and complete knock-in of
destabilization domain-tagged TCOF1 at endogenous
loci

The double-strand breaks mediated by CRISPR/Cas9 can
stimulate homologous recombination in the presence of a DNA
donor with appropriate homology arms. We first modified the

DAPI DAPI
TCOF1 Nucleolin

DD-TCOF1 +

1 uM Shield-1 &8

DD-TCOF1 +
EtOH

Figure 3. DD-TCOF1 retains the nucleolar localization of wild-
type TCOF1. Knock-in cells in Shield-1 or ethanol vehicle alone and
parental wild-type 293T cells were stained and imaged as described in
Materials and Methods. A single representative z-slice confocal image is
shown. The visible grayscale cell boundaries represent F-actin (stained
with phalloidin).

doi:10.1371/journal.pone.0095101.9g003

Overlay

WT 293T

pX330 Cas9-expressing plasmid [2] to specifically target the
human genome near the start codon of TCOF!1 (Figure 1A and
S1). We then created donor plasmids that would result in knock-in
of a DD tag linked to the N-terminus of TCOF1 via a 3XGGGGS
flexible linker. To select for cells with knock-in at more than one
allele, thus simplifying our screening process for clones with
complete knock-in, we designed two donor plasmids with either
puromycin or blasticidin resistance, followed by a P2A ribosomal
skipping sequence and the DD tag and linker, all flanked by
800 bp homology arms (Figure 1A and S2). The P2A sequence
appears to be the most efficient of the 2A skipping sequences in
human cell lines [22], and we also included a GSG linker
immediately preceding the P2A sequence (Figure S2), which has
been shown to ensure essentially complete skipping [23,24]. Upon
knock-in, antibiotic resistance is driven off the endogenous
promoter, and the DD-tagged protein is translated from the same
mRNA transcript via the P2A sequence (Figure 1A). Double
antibiotic selection should therefore select for cells with at least two
modified alleles.

A clonal population of 293T cells was co-transfected with the
TCOF1-specific pX330 Cas9 plasmid and the two donor plasmids
(Figure 1A). At one day post-transfection, the media was changed
to include 100 nM Shield-1 to stabilize DD-TCOF1, and Shield-1
was continually present in the media after this point through the
entire knock-in process. At three days post-transfection, the cells
were expanded and incubated with puromycin and blasticidin at
predetermined minimal concentrations. After a week of antibiotic
selection (control cells were all dead at this point in either single
puromycin or blasticidin selection), cells were collected and single
cell-cloned into 96-well dishes with no more subsequent antibiotic
selection. Over the next 1-2 weeks, clones were expanded up to
two 12-wells, from which one well was frozen for subsequent use
and the other well was collected for genomic DNA isolation.

Next, we genotyped the clones by PCR to determine whether
knock-in at the endogenous loci had occurred. To ensure
specificity for the endogenous locus, while the reverse primer
was specific for sequence within the right (3') homology arm
present in the donor plasmids, the forward primer was specific for
genomic sequence beyond the left (5') homology arm, and thus not
present in the donor plasmids (Figure 1B). PCR of the wild-type
locus results in a 960 bp band, whereas PCR of the knock-in allele
results in 1990 and 1790 bp bands for puromycin or blasticidin
resistance, respectively. We thus genotyped the eight fastest
growing clones, and 7/8 resulted in complete knock-in
(Figure 1B). The presence of wild-type and puromycin/blasticidin
alleles in clone 4 indicates that there are at least three alleles of
TCOF1 in these genetically unstable cells; this is also evident in
the apparent predominance of either the puromycin or blasticidin
allele in any given clone, indicating more of one or the other allele
(note the difference between clones 5 and 6, for example).
Although the smaller PCR fragment was useful to better
distinguish the size difference between the puromycin/blasticidin
alleles, we further confirmed recombination at the right homology
arm by using primers specific for genomic sequence beyond both
homology arms (Figure S3). For subsequent experiments, we used
clone 1 as shown in Figure 1B.

As further evidence for the utility of Cas9 as well as antibiotic
selection for this knock-in strategy, 2931 cells transfected with the
donor plasmids and the original non-TCOF1-specific pX330 did
not show visible evidence of knock-in via genotyping PCR, and
comparison of cells before and after double selection showed that
selection resulted in reduction of the wild-type alleles and
predominance of the knock-in alleles in the overall pool
(Figure 1B).
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Figure 4. Destabilization of TCOF1 results in dispersal of nucleolin. (A) The relative fluorescence intensities across the indicated lines are
shown in the graph, and the arrows indicate the position of nucleoli as defined by a hole in the DAPI stain. Representative nuclei from knock-in cells
in Shield-1 or ethanol vehicle alone are shown. (B) The aggregation of nucleolin was measured by the coefficient of variation (CV, stdev/mean) of
nucleolin voxel intensities within DAPI-defined nuclei in 3D reconstructions, as described in Materials and Methods. As examples, this CV metric was
0.95 for the +Shield nucleus and 0.71 for the —Shield nucleus in panel A. The population means are indicated by the red lines. There is significantly less
nucleolin aggregation in knock-in cell nuclei in the absence of Shield-1, p<<0.0001, 2-tailed Student’s t-test, n = 272 for +Shield and n =230 for -Shield.

doi:10.1371/journal.pone.0095101.g004

DD-TCOF1 expression is regulated by the concentration
of Shield-1

To assess whether DD-TCOF1 was expressed in the knock-in
cells, we incubated cells with differing concentrations of Shield-1
and collected samples for Western after 24 hours. DD-TCOF1
expression was regulated in a dose-dependent manner, with
1000 nM Shield-1 resulting in over 3-fold more protein than the
absence of Shield-1 (Figure 2A). By comparison, TCOFI
expression was not increased by Shield-1 in parental wild-type
293T cells (Figure 2A). We then observed the kinetics of DD-
TCOF1 destabilization or stabilization. We either removed
Shield-1 from knock-in cells initially in 1000 nM Shield-1, or
added 1000 nM Shield-1 to knock-in cells initially without Shield-
1. Removal of Shield-1 was facilitated by a brief incubation in
conditioned media supplemented with 5 uM FKBP12 (the F36V
mutant, from which the DD domain was derived), which acts as a
strong thermodynamic sink for residual Shield-1 [21]. Within
24 hours, DD-TCOF1 levels were destabilized or stabilized over

3-fold (Figure 2B and C). The over 3-fold difference we observed
was consistent with the 3.7-fold difference in mean fluorescence
intensity previously observed for a DD-tagged YFP targeted to the
nucleus [25].

DD-TCOF1 retains the nucleolar localization of wild-type

TCOF1

We then determined whether the DD-tagged protein retained
wild-type characteristics. Although the localization of TCOF1 may
be dynamic, it is known to be predominantly nucleolar. The DD-
TCOF in knock-in cells was indeed nucleolar, as indicated by
strong co-localization with nucleolin in the presence of Shield-1
(Figure 3 and 4A). As a further confirmation of the specificity of
our anti-TCOF1 antibody, TCOF1 staining in knock-in cells in
the absence of Shield-1 was significantly reduced (Figure 3, also
p<<0.0001 by 2-tailed Student’s t-test for +Shield nuclei (n =272)
vs. —Shield nuclei (n = 230) as described in Materials and Methods,
data not shown). Unexpectedly, we noticed that upon DD-TCOF1
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Figure 5. Destabilization of TCOF1 impairs cell growth. The growth of knock-in cells in the presence or absence of Shield-1 was compared as
described in Materials and Methods. EtOH represents the vehicle control. Error bars represent SD of 3 replicate samples. The knock-in cell count in the
absence of Shield-1 was significantly less than in the presence of Shield-1 except on the first day post-seeding: ns, not significant; *, p<<0.05; **, p<
0.01, 2-tailed Student’s t-test at each time point. The growth of knock-in cells in the presence or absence of Shield-1 was compared two other times

with similar results.
doi:10.1371/journal.pone.0095101.g005

destabilization, nucleolin itself appeared disaggregated and
dispersed throughout the nucleoplasm (Figure 3 and 4A). To
quantitatively evaluate this observation, we reasoned that within a
given nucleus, while aggregation would lead to polarization of the
distribution of voxel intensities and thus increased spread of
intensity values, dispersion throughout the nucleoplasm should
result in a voxel intensity distribution more evenly clustered
around the mean and thus reduced spread of intensity values (e.g.,
see the vertical spreads of nucleolin voxel intensities in Figure 4A).
We therefore used the coefficient of variation (the standard
deviation normalized to the mean) of nucleolin voxel intensities
within 3D reconstructions of DAPI-defined nuclei as a metric for
nucleolin aggregation. Indeed, destabilization of DD-TCOF1
appears to result in reduced nucleolin aggregation (Figure 4B),
reminiscent of previous findings that TCOF1 knockdown results in
dispersion of Pol I and UBF away from nucleoli [11]. Since it is
possible that a mutation specific to clone 1 was able to modulate
the functional consequence of TCOF1 destabilization, especially
in light of possible off-target effects of the CRISPR/Cas9 system
[26-31], we confirmed that independent clone 2 also showed
destabilization of TCOF1 and significantly reduced nucleolin
aggregation (p<<0.0001) in the absence of Shield-1 (Figure S4).

Destabilization of DD-TCOF1 impairs cell growth

Since TCOF1 is an essential gene important for ribosome
biogenesis among other functions, we expected that destabilization
of DD-TCOF1 should impair cell growth, although immortalized
cell lines might be in general more resistant to the effects of
TCOF1 gene disruption. Indeed, we found that while the presence
or absence of Shield-1 did not affect the growth of parental wild-
type 293Ts, the absence of Shield-1 (which leads to degradation of
TCOF1) resulted in significantly reduced growth for the knock-in
cells (Figure 5).

Discussion

The CRISPR/Cas9 homing endonuclease system and its utility
for efficient genomic engineering has rapidly instigated widespread
exploration for various applications. Here we report that the high
efficiency of homologous recombination mediated by CRISPR/
Cas9 allowed rapid and complete knock-in of destabilization
domain-tagged TCOF1 in the hyperploid human 239T cell line.
Expression of DD-TCOFI1, which retained the subcellular
localization and at least the growth-related function of the
untagged protein, could be regulated by the stabilizing compound
Shield-1. This knock-in strategy likely represents a generalizable
and reasonable strategy in other diploid and hyperploid mamma-
lian cells, particularly for essential genes that cannot be knocked
out without severely affecting cell viability.

Although siRNA-mediated knockdown of TCOF1 has been
attempted in the past, protein reduction is significantly apparent
after four days [10,11]; the long time required to achieve
significant knockdown may allow secondary effects of reduced
viability to accumulate, which might confound the interpretation
of results. Our present work demonstrates that efficient complete
knock-in of DD-tagged TCOF1 via the CRIPSR/Cas9 system
enables relatively rapid knockdown of protein levels upon removal
of the stabilizing Shield-1 compound, or conversely, rapid
upregulation of TCOF!1 levels upon addition of Shield-1. In
principle, the use of siRNA (or other means to regulate mRNA
expression such as a regulatable Tet system) in knock-in cells in
combination with Shield-1 removal might result in an even more
dramatic decrease in DD-TCOF1 protein levels, since the basal
level of DD-TCOF1 is due to the continual production of more
protein from the mRNA. By reducing the mRINA itself, siRNA
may enhance the decrease in DD-TCOF1 levels upon Shield-1
removal.

Importantly, although random donor insertion or off-target
mutations were possible, biological interrogation of TCOF1
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function could occur in an isogenic cellular background except for
the modulation of TCOF1 levels via Shield-1. An independent
clone confirmed our findings (Figure S4). Although we used the
wild-type Cas9 endonuclease that catalyzes both nicks and double-
strand breaks (DSBs), the use of a mutant Cas9 that only nicks may
be used to avoid DSB-mediated non-homologous end joining
mutations in off-target sites [26,30,32].

Although we used the endogenous promoter to drive expression
of DD-TCOFI1 in this study, a constitutive strong or weak
promoter could also be added to the donor and used, depending
on the context, in order to modify the dynamic range of DD-
tagged protein, from the basal level to the maximally stabilized
level of expression at reasonable Shield-1 concentrations. A
stronger promoter would likely shift the entire dynamic range
higher, while a weaker promoter would shift the dynamic range
lower. Such a design would also allow the use of separate
promoters for the antibiotic resistance gene and the DD-tagged
gene of interest, thus facilitating the removal of the antibiotic gene
via Cre/LoxP or FLP/FRT recombination if desired.

One requirement of the FKBP-based destabilization domain for
our knock-in strategy for essential genes is that Shield-1 must be
maintained on the knock-in cells to maintain cell growth and
viability, unless the basal level of DD-tagged protein is sufficient to
maintain growth (as in fact appears to be the case for our TCOF1
knock-in clone); this may become cost-prohibitive as Shield-1 is
relatively expensive. We also acknowledge the possibility that we
may have selected for clones that can tolerate constitutive
reduction in TCOF1 protein levels. Fortunately, similar effective
DD tag systems may be more cost-effective, such as an F. coli
dihydrofolate reductase (ecDHFR)-based destabilization domain
that is stabilized by the relatively inexpensive trimethoprim [33].
The ecDHFR-based and other recent systems are also orthogonal
to the FKBP-based system [33,34], which would allow indepen-
dent modulation of more than one protein of interest. Systems that
allow conditional degradation rather than stabilization in the
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Figure S1. Position of Cas9 guide RNA sequence and genotyping primers in the
human genomic sequence.

The human genomic sequence flanking TCOFl exon 1 is shown.

Exon 1

Genotyping primers
Guide RNA sequence (inserted into pX330)

..CCCTCATTTGTTCCCTCTTCCCCACCTCACCCCACCCCACCTGGACAGCCCAGCAGCG
CAGACTAGGGGTTCTGGGITTTAGGCGGTTCCCAGGCAATAGCAGGGTGTTTTCTCATGCCT
AGACTCATGCAGTGCCCTCTGCCAGTCCTCTCCTTTGCACCCAGCAATTTCGGGTGTCT
TTATGCCTCAGCTTAGATATCTCTCTGGGGTTCGGTGCTCCTCCTTGGGGCGCCCATAG
GCTGCATCTGTCCCTGACAAGGCACACAAGATATTGAACTATAGTTGCTTGGTTACGGA
CAGTCGTCTCTGTGAGCTTTGAGGGCAACTGCCATGTATTATGCATCTTTTGAATCCCC
CTAGCCTAGCCGGGTGCTAGCCCAAGTTAGGTGCTTATTACAGATTTGTTCAGTTAGCG
AATGAATCAATGAATAAACTGGCAATTCGTGTCTGGTTCATGGGCACCAAAAACCGTGC
GAAATGGATAAATGAGCAGGTAATGGCAGTACAAAGTTCGGATCTAGAGAAAGATCCAG
ATTAGGGAGTTCAGAGATGAGTAAAACGCAGACCCAGCCATCAGAGAATTAACAAGGAA
GATAAATCTCTTCAAGAAGCCAGCCGGAAGGATTAAAAGAGAGTCGTCCAAGTCCCGGC
CGGCCCCGGGGGCGGGTCCCTGTCTAGCCCCGCATGCTCCGCGCCAATGGGCGGTATTG
TTGATCACGAGTCTCCGCCCCCTTCGCCTTGAGGGGCGGGGCCGGCCACTCCCGGAGAG
GGGACTACGTTTCCCGGCGCGCCGCGCGGCCGGAGCGAAAGAGGAGCCGGAAGTGGG
GCGCGCGAGGTCTAAGGGCGCGAGGGAAGTGGCGGGCGGGGACTAAGGCGGG
GCGTGCAGGTAGCCGGCCGGCCGGGGGTCGC GGGT-GCCGAGGCCAGGAA
GCGGCGGGAGCTACTTCCCCTGATCTACCACCATCTGCTGCGGGCTGGCTAT
GTGCGTGCGGCGCGGGAAGTGAAGGAGCAGAGCGGCCAGGTAAGCGTTCGTGGG
CCGTGTGCGAGGGCCGCGTGCAAGATGTGGAGATCAGCGGCCCGCGGCCLCGLCGCCCCGET
CCCCAGGCGACCCGGCAGGCGCCCGGAGCCGGGTCCCGCAGTGCTCGACGGLCGLCGGCCA
GGGGTACCGGAGGAGCCGCAATCTCTGCCTTCCCACTGCGACTTCAGTTCCCCTGGGCC
TCACTTTCCTCATCCGGGCAGTGGGTTGGGCCAGAAAGTGTGCTCGCAGGGGCCGAACT
TTGTAATTCCCGCTTCCCTTACCTCCACGCCCTTCCTGGTAGCGGGTATTTTAAGTTTC
CTAAGTCTCCCGCCACGTGGCTAGGCTCTGCGCGGCCCCCCCTGGGGCAAGGAGGTTGC
TGCGAGTCTCGGGGGTGGATTGCGACCAGCCCCTCGGGGGAGCGCCTGGARAAAGGGACC
CTACAGCCTCTTAGTTGAGCTGGAACTCAGGCCTTTAGCGATTGTCTGTACTGAGACGG
TCAGCTTTGGTACTCGAACTCGTGGTACAGTCATTTCTTACTTGATTAATTCAACTGTT
AATCCGGTACTCAGGGTGCTTCCTGGTGTTCGAATGGTGAGCACCATCTCTCAGCCCTC
CTGGAGCTTACACTCTAGTAAGGTAGACAAATCAAAGAATCACAAAAGTGACTATATGC
TTAGCACCGCAATAAGTGTTAAGAATGAGAGGGATGGGCCGGGCACGGTAGCTCACGCC
TGTAATCCCAGCACTTAGGGAGGCCGAGACTAGCGGATCACCTGAGGTCAGAAGTTCGA
GACCAGCCTGGCCAACATGGTGAAACACCGTTTCTACTAAAAATACAAARAATTAGCTGG
GCATGTTGGCGCACGCCTGTAATCCTGGCTACTCATGTGGCTGAGGCACAAGAATTGCT
TGAACCCGGGAGGCAGAGGTTGCAATGAGTCAAGATCGTGCCACTGCACTCCAGCCTGG
GCGATAAAGCGAGACTCTGCCTCAAAAAAAAAAGAGAGATGGATGGCAGATTGCCCTGG
TCAGGAATAGCTGAGGTGTAAATGCCTTGTGGTGGGAGGGAACTTGTGTACACACTGGC
CTGGAGAAAGTCCACTCTCTTGAGCCCAGGAATTTGAGGATACAGTATGAGCCATGATC
ATGCCACTGCACTCCAGCCTGGGCAACAGAGCAAGACACTGTCTCAAAAAAAAATTTTT
TTTAAGTCCATAGCAGGCCAGGTACGGTAGCTCACGCCTGTAATCCCAGCACTTTGGGA
GGCCGAGGCAGGCGGATCACTTGAGGCCAG...
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Figure S2. Annotated sequence of knock-in donor constructs.

The following donor insert was inserted into the PCR2.1
vector (Invitrogen).

BamHI and EcoRI restriction sites

Homology arms (all underlined sequence, regardless of
color)

TCOF1l exon 1

Puromycin resistance (alternative Blast® is below)
GSG linker

P2A ribosomal skipping sequence

Destabilization domain

GGATCC
CAGCAATTTCGGGTGTCTTTATGCCTCAGCTTAGATATCTCTCTGGGGTTCGGTGCTCC
TCCTTGGGGCGCCCATAGGCTGCATCTGTCCCTGACAAGGCACACAAGATATTGAACTA
TAGTTGCTTGGTTACGGACAGTCGTCTCTGTGAGCTTTGAGGGCAACTGCCATGTATTA
TGCATCTTTTGAATCCCCCTAGCCTAGCCGGGTGCTAGCCCAAGTTAGGTGCTTATTAC
AGATTTGTTCAGTTAGCGAATGAATCAATGAATAAACTGGCAATTCGTGTCTGGTTCAT
GGGCACCAAAAACCGTGCGAAATGGATAAATGAGCAGGTAATGGCAGTACAAAGTTCGG
ATCTAGAGAAAGATCCAGATTAGGGAGTTCAGAGATGAGTAAAACGCAGACCCAGCCAT
CAGAGAATTAACAAGGAAGATAAATCTCTTCAAGAAGCCAGCCGGAAGGATTAAAAGAG
AGTCGTCCAAGTCCCGGCCGGCCCCGGGGGCGGGTCCCTGTCTAGCCCCGCATGCTCCG
CGCCAATGGGCGGTATTGTTGATCACGAGTCTCCGCCCCCTTCGCCTTGAGGGGCGGGE
CCGGCCACTCCCGGAGAGGGGACTACGTTTCCCGGCGCGCCGCGCGGCCGGAGCGAAAG
AGGAGCCGGAAGTGGGGCGCGCGAGGTCTAAGGGCGCGAGGGAAGTGGCGGGCGGGGAC
TAAGGCGGGGCGTGCAGGTAGCCGGCCGGCCGGGGGTCGCGGGT
ATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGT
ACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGG
ACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGLCTC
GACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCACGCC
GGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGA
GCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGLCC
AAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCAAGGG
TCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCG
CCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACC
GTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCC
CGGTGCC

GGATCCGGA
GCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGTCCC
ATGGGAGTGCAGGTGGAAACCATCTCCCCAGGAGACGGGCGCACCTTCCCCAAGCGLGG
CCAGACCTGTGTGGTGCACTACACCGGGATGCTTGAAGATGGAAAGAAAGTCGATTCCT
CCCGGGACAGAAACAAGCCCTTTAAGTTTATGCTAGGCAAGCAGGAGGTGATCCGAGGC
TGGGAAGAAGGGGTTGCCCAGATGAGTGTGGGTCAGAGAGCCAAACTGACTATATCTCC
AGATTATGCCTATGGTGCCACTGGGCACCCAGGCATCATCCCACCACATGCCACTCTCG
TCTTCGATGTGGAGCTTCTAAAACCGGAA
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.GCCGAGGCCAGGAAGCGGCGGGAGCTACTTCCCCTGATCTACCACCATCTGCTGCG

GGCTGGCTATGTGCGTGCGGCGCGGGAAGTGAAGGAGCAGAGCGGCCAGGTAAGCGTTC
GTGGGCCGTGTGCGAGGGCCGCGTGCAAGATGTGGAGATCAGCGGCCCGLCGGCCCGLGL
CCCGTCCCCAGGCGACCCGGCAGGCGCCCGGAGCCGGGETCCCGCAGTGCTCGACGGLCGC
GGCCAGGGGTACCGGAGGAGCCGCAATCTCTGCCTTCCCACTGCGACTTCAGTTCCCCT
GGGCCTCACTTTCCTCATCCGGGCAGTGGGTTGGGCCAGAAAGTGTGCTCGCAGGGGCC
GAACTTTGTAATTCCCGCTTCCCTTACCTCCACGCCCTTCCTGGTAGCGGGTATTTTAA
GTTTCCTAAGTCTCCCGCCACGTGGCTAGGCTCTGCGCGGCCCCCCCTGGGGCAAGGAG
GTTGCTGCGAGTCTCGGGGGTGGATTGCGACCAGCCCCTCGGGGGAGCGCCTGGARAAAG
GGACCCTACAGCCTCTTAGTTGAGCTGGAACTCAGGCCTTTAGCGATTGTCTGTACTGA
GACGGTCAGCTTTGGTACTCGAACTCGTGGTACAGTCATTTCTTACTTGATTAATTCAA
CTGTTAATCCGGTACTCAGGGTGCTTCCTGGTGTTCGAATGGTGAGCACCATCTCTCAG
CCCTCCTGGAGCTTACACTCTAGTAAGGTAGACAAATCAAAGAATCACAAAAGTGACTA
TATGCTTAGCACCGCAATAAGGGCCGGCCAAAAGGGC

GAATTC

Blasticidin resistance:
ATGGCCAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACAAT
CAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGACG
GCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTGCAGAACTC
GTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTATCGTCGCGAT
CGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCG
ATCTGCATCCTGGGATCAAAGCCATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTT
GGGATTCGTGAATTGCTGCCCTCTGGTTATGTGTGGGAGGGC
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Figure S3. Homologous recombination in both 5’ and 3’ homology arms. Genotyping
PCR was performed with the same forward primer shown in Figure 1B, but with a reverse
primer beyond the 3 homology arm.
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Figure S4. Confirmation of dispersal of nucleolin with an independent clone.
Destabilization of DD-TCOF1 in clone 2 was confirmed by Western analysis of cells incubated in
either ethanol vehicle control or 1 uM Shield-1. The analysis of nucleolin dispersal was
performed as described for Figure 4. CV, coefficient of variation (stdev/mean); p<0.0001, 2-
tailed Student's t-test, n = 338 for +Shield and n = 243 for —Shield.
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CHAPTER 5

CONTRIBUTION OF OTHER VIRAL
PROTEINS TO MATRIX-DRIVEN
VIRAL RELEASE
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CHAPTER 5.1

THE NIPAH VIRUS C PROTEIN RECRUITS
TSG101 TO ENHANCE VIRAL RELEASE IN
AN ESCRT-DEPENDENT MANNER
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INTRODUCTION

As discussed in Chapters 1.2 and 3.3, while some paramyxovirus matrix proteins require the co-
expression of other viral components for efficient budding, the efficiency of NiV-M budding is
not enhanced by co-expression of the nucleocapsid, fusion or attachment proteins.! The
potential for other viral components to contribute to the efficiency of NiV-M budding has not
been examined, however. For Sendai virus (SeV), the accessory C protein was suggested to
enhance SeV-M-driven virus-like-particle (VLP) budding through recruitment of the cellular
ESCRT pathway (introduced in Chapter 1.2) component Alix>3; in contrast, another study
determined that knockdown of C protein expression or inhibition of ESCRT did not affect live
SeV budding,+ thus leaving the significance of the SeV-C for the budding process unclear.

To determine if other virus proteins affected the efficiency of M-driven release, we co-
expressed all other virus proteins individually with NiV-M. Reminiscent of the previous findings
for SeV, we found that NiV-C enhanced NiV-M budding. Upon further investigation, we
discovered that NiV-C interacted with the ESCRT component Tsgi01, and that inhibition of
ESCRT abrogated NiV-C enhancement in the VLP budding assay. Using a recombinant Nipah
virus expressing secreted Gaussia luciferase to control for virus protein production, we found
that inhibition of ESCRT strongly inhibited live NiV budding without affecting protein
production. As NiV-M-alone budding is ESCRT-insensitive, these findings underscore the
importance of evaluating the role of cellular pathways in the context of multiple virus

components or the full virus.

MATERIALS AND METHODS

For the virus-like particle budding assay, multiple sequence alignment, protein homology
searching and structure modelling, immunoprecipitations, and Western immunoblotting, refer
to Chapter 3.1. For creation of doxycyline-inducible HEK 293 cell lines, refer to Chapter 4.1. For

rescue of live NiV via reverse genetics, refer to Chapter 2.2.
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Plasmids and antibodies

Plasmids. The Vps4A and Vps4B ORFs were a kind gift of Jiro Yasuda. Wild-type and dominant-
negative Vps4 were N-terminally HA-tagged and inserted into pcDNA3 (Invitrogen). DsRed-
CHMP6 was the kind gift of Wesley Sundquist. The human Vps28 C-terminal domain was
synthesized by GeneArt (Invitrogen).

Antibodies. Endogenous Tsg101 was detected with mouse monoclonal clone 4A10 (GTX70255,
GeneTex). DsRed-CHMP6 was detected with rabbit polyclonal anti-DsRed (632496, Clontech).
Live virus infection of Vpsg-inducible cells

8 x 10e5 wild-type or dominant-negative Vps4A-inducible 293 cells were plated in poly-L-lysine-
coated 12-well dishes. The following day, cells were infected with rNiV-Gluc (see Chapters 2.4
and 2.5) or rSeV-Gluc at a multiplicity of infection of 2. After 1 hr at 37C, cells were washed 4
times in media, with the last wash saved for determination of residual background from the
infecting inoculum. Supernatants were collected and replenished at 12 hours post-infection, and
finally at 24 hours post-infection. Gluc-catalyzed luminescence and viral titer was determined as

previously described (Chapters 2.4 and 2.5).

RESULTS

NiV-C enhances NiV-M virus-like particle budding

We transfected HEK 293T cells with either NiV-M alone or NiV-M with each of the other NiV
proteins. Only NiV-C clearly enhanced NiV-M virus-like particle budding (Figure 5-1, panel B).
Although NiV-C cell lysate expression was not visible on the Western blot due to a low level of
expression, a re-run of the cell lysates with more sample confirmed NiV-C expression (Figure 5-
1, panel C).

NiV-C enhancement of NiV-M budding is ESCRT-dependent

To gain insight into the potential mechanism of the budding enhancement, we evaluated the

sequence of NiV-C in the homology search and modelling program Phyre2. We were surprised
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to find that the middle half of the NiV-C protein aligns with the C-terminal domain of X. laevis
Vps28 (Figure 5-2), an essential component of the ESCRT pathway, which is critical for
catalyzing the membrane fission event during virion formation for many enveloped viruses,
including HIV-1.56 We therefore considered whether NiV-C might mimic an ESCRT-related
function of Vps28 to enhance M budding in a ESCRT-dependent manner. Although the budding
of Nipah virus was previously considered to be independent of the ESCRT pathway, this result
was based on inhibition of ESCRT in a NiV-M-alone budding assay that lacked co-expression of
other viral components.” The Vps4 ATPase is the molecular engine of the ESCRT pathway,
catalyzing the constriction of the membrane bud neck,®9 and a Vps4 dominant negative that
cannot bind or hydrolyze ATP strongly inhibits this process. We found that co-transfection of
dominant-negative Vps4 inhibited the C enhancement of M budding, while wild-type Vps4 did
not affect the enhancement (Figure 5-3), suggesting that the enhancement is dependent on
ESCRT function.

NiV-C interacts with Tsg101 and NiV-M

ESCRT is composed of multiple subcomplexes (ESCRT-0, -I, -1I, and -III), which recruit each
other sequentially, leading to catalysis of membrane fission by ESCRT-III in conjunction with
Vps4 ATPase activity.89 ESCRT-0 and ESCRT-I both bind to membrane targets, particularly
ubiquitinated membrane proteins that are then targeted for downregulation via internalization
into multivesicular bodies and subsequent sequestration or lysosomal degradation.® Vps28 is a
core component of ESCRT-I with Tsg101, Vps37, and Mvb12. The N-terminal domain (NTD) of
Vps28 binds the C-terminal domain (CTD) of Tsgioi, forming part of the core ESCRT-I
complex, while the CTD of Vps28 appears to represent a conserved adaptor domain that can
interact with downstream ESCRT-II or -III components (see the schematic in Figure 5-8, which
illustrates these interactions).’4 In yeast, the Vps28 CTD interacts with both the downstream
ESCRT-II component Vps36'5 and the ESCRT-III component Vps20.1 In humans, the Vps28

(hVps28) CTD also binds EAP457 and likely also CHMP6,® the human ESCRT-II and -III
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components homologous to yeast Vps36 and Vps20, respectively. However, the specific binding
interface between the yeast and human homologs of Vps28 and their respective ESCRT-II and -
IIT partners may differ slightly. Interestingly, a linear patch of 7 amino acids in the CTD of
Vps28 that includes residues implicated in Vps28-Vps36 interactions is almost identical
between yeast, Xenopus and human Vps28 and NiV-C, suggesting that NiV-C, as a potential
viral Vps28 homolog, might also bind to EAP45, the human ESCRT-II homolog of yeast Vps36
(Fig. 5-2, green highlighted region in aligned sequence and threaded structure). This potential
interaction between NiV-C and EAP45 remains to be tested. On the other hand, conserved
residues in Vps28 CTD required for Vps20/CHMP6 (ESCRT-III component)-binding are not
present in NiV-C (Figure 5-2, red highlight on the aligned sequence). Consistent with this
insight from the sequence alignment, we did not detect CHMP6 co-immunoprecipitation with
NiV-C (Figure 5-4).

Thus, if NiV-C were mimicking the function of Vps28, we wondered if NiV-C would
similarly interact with Tsg101, which is often the target of virus recruitment and hijacking of the
ESCRT machinery.® We found that NiV-C immunoprecipitates endogenous Tsgio1 (Figure 5-5,
panel A). NiV-C also co-immunoprecipitated with NiV-M (Figure 5-5, panel B), suggesting that
NiV-C recruitment of Tsg101 to sites of NiV-M budding might thereby recruit the ESCRT
pathway to aid the virus budding process.

To further define the interaction between Tsgioi and NiV-C, we made truncation
mutants of both proteins. We hypothesized that NiV-C, like Vps28, would interact with the
Tsg101 CTD (Figure 5-6, panel A). Indeed, truncation of the Tsg101 CTD led to loss of pulldown
with NiV-C, indicating that the Tsg101 CTD was necessary for interaction with NiV-C (Figure 5-
6, panel B). We then evaluated whether the Tsgio1 CTD was not only necessary, but also
sufficient, for this interaction. Due to its small size, we appended the Tsgi101 CTD to the C-
terminus of EGFP. This fusion protein pulled down with NiV-C, while EGFP alone did not,

indicating that the Tsg101 CTD was both necessary and sufficient for the interaction with NiV-C.
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Next, we sought to localize the Tsg101 interaction domain within NiV-C. We made a series of
truncation mutants, each with one domain removed (NTD, middle domain “Mid”, or CTD) to
examine whether loss of a specific domain would result in loss of interaction with Tsgi01 (Figure
5-7, panel A). While removal of the NiV-C CTD led to loss of Tsg101 interaction, removal of the
NTD had no effect (Figure 5-7, panel B). The third mutant, representing removal of the middle
domain, was poorly expressed, perhaps reflecting the minimal size of the expected protein
product (< 90 a.a.). The results nevertheless implicated the potential role of the NiV-C CTD in
mediating interaction with Tsg101. We therefore further examined whether the NiV-C CTD was
sufficient for interacting with Tsg101. Due to the minimal size, we appended the NiV-C CTD to
the C-terminus of EGFP via a GSG linker. This fusion protein co-immunoprecipitated Tsg101,
suggesting that the NiV-C CTD was both necessary and sufficient for interaction with Tsg101
(Figure 5-7, panel C). In summary, NiV-C interacted with Tsg101 in a manner analogous to
Vps28, which is summarized in the schematic shown in Figure 5-8. We propose that NiV-C may
act as a viral Vps28 mimic that serves to recruit critical ESCRT components to areas of NiV-M
assembly.

A chimeric NiV-C substituted with the Vps28 C-terminal domain enhances NiV-M
release

The middle domain of NiV-C aligns with the Vps28 CTD, which serves as an adaptor that links
ESCRT-I components such as Tsgi101 to downstream ESCRT-II and ESCRT-III components
(Figure 5-8). Our model predicts that if NiV-C were a viral Vps28 mimic, then the Vps28 CTD
may substitute for the function of the NiV-C middle domain in the enhancement of NiV-M
budding. Indeed, when we substituted the middle domain of NiV-C with the well-defined
hVps28 CTD in its entirety, we found that this C-Vps28CTD-Full chimera clearly enhanced NiV-
M budding, albeit not as well as wild-type NiV-C (Figure 5-9). When a truncated hVps28 CTD
(lacking the C-terminal 14 a.a. and ending in “MLFD” in hVps28, see alignment in Figure 5-2)

was used, no enhancement of NiV-M budding was seen. Although the full Vps28 CTD extended
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14 a.a. beyond the precisely aligned sequence with the NiV-C middle domain, it appears that the
full Vps28 CTD must be used in order to supply its complementary function in a heterologous
context. We acknowledge it is also possible that for a structural or other reason, the full domain
does not interfere with the budding enhancement function provided by the N- and C-terminal
portions of the NiV-C protein, whereas the truncated aligned portion does interfere; this
concern will only be resolved with a deeper understanding of the specific function or critical
interaction of the NiV-C middle domain that is substituted by the Vps28 CTD, which awaits
further characterization. Nevertheless, our findings support our model of NiV-C serving as a
Vps28 mimic to recruit the ESCRT pathway for efficient budding of NiV-M.

The budding of Nipah virus is ESCRT-dependent

With these promising results in the NiV-M surrogate budding assay, we sought to determine
whether the budding of replication-competent NiV was ESCRT-dependent. In lieu of
transfecting cells with wild-type or dominant-negative Vps4 constructs before infection with live
NiV, which would lead to uneven and incomplete Vps4 expression as well as potentially affecting
the efficiency of NiV infection itself, we developed HEK 293 cells with doxycyline-inducible
expression of wild-type or dominant-negative Vps4 (Figure 5-10). We first confirmed that the
cell lines recapitulated our previous results with transfected NiV-M and NiV-C. Induction of
dominant-negative Vps4 abrogated the enhancement, while induction of wild-type Vps4 had no
effect (Figure 5-11). In addition, to ensure that any differences in released virus titer were not
due to changes in virus protein production, we used a recombinant NiV that expresses secreted
Gaussia luciferase (rNiV-Gluc, used previously in Chapters 2.3 and 2.4), which can be measured
as an indicator of protein production. Wild-type or dominant-negative Vps4-inducible cells were
infected with rNiV-Gluc at BSL4 using a high multiplicity of infection to ensure infection of all
cells, then incubated with or without doxycyline. While induction of wild-type Vps4 did not
affect infectious virus production, induction of the dominant negative strongly inhibited release

of infectious virus by several logs (Figure 5-12, panel A). There was no significant difference in
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Gluc production, indicating that the defect in viral release did not lie in lower protein production
in the presence of the Vps4 dominant negative (Figure 5-12, panel B).

C-deficient NiV may reveal a replication defect specifically at the budding step
Several research groups have generated C-deficient Nipah viruses, all finding that C-deficient
NiV is viable but significantly attenuated both in vitro and in vivo.’8-2* Although anti-innate
immune function has been ascribed to NiV-C, such function would not explain why C-deficient
virus is attenuated even in growth on Vero cells,’®19-2t which lack interferon production and
therefore cannot amplify an immune response.22 To establish a defect specifically at the budding
step, we have generated C-deficient NiV in the rNiV-Gluc backbone (Figure 5-13). Preliminary
observations upon mutant virus expansion in cell culture indicate a significantly slower rate of
virus spread, consistent with the previous reports of attenuated growth. In future experiments,
infection of Vero cells with C-deficient virus should result in significantly less virus production
than wild-type NiV, both determined by titer as well as Western analysis, and controls for
protein production as well as immunofluorescence of matrix at the cell surface would confirm a
budding-specific defect. Further, C-deficient virus should be relatively insensitive to dominant-
negative Vps4 inhibition, in contrast to our findings with wild-type NiV.

Sendai virus may be moderately ESCRT-dependent

As mentioned in the Introduction, conflicting reports left the possible ESCRT-dependence of
SeV budding unclear. The potentially analogous situation of the C protein enhancing virus
budding in an ESCRT-dependent manner led us to examine the ESCRT-dependence of SeV
budding under our experimental conditions. We infected the Vps4-inducible cell lines with
Gluc-expressing recombinant SeV in a similar manner as with NiV. We found a potential
moderate ESCRT-dependence of SeV budding (Figure 5-14), although repetition will be required
to determine if the 2-to-3-fold decrease in titers upon dominant-negative Vps4 induction is

consistent.
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DISCUSSION

Of the paramyxoviruses, it was previously known that measles virus is ESCRT-independent,3
while Sendai virus, as mentioned, had conflicting reports. Nipah virus was suggested to be
ESCRT-independent,” and mumps virus ESCRT-dependent,24 although these findings were
based on transfection of individual viral proteins only, and not on live virus replication. Here,
we demonstrate that the budding of NiV is ESCRT-dependent, likely through the recruitment of
the ESCRT component Tsg101 to sites of budding by the NiV-C protein. In addition to the
results presented here, we intend to i) confirm that the reduced titer of rNiV-Gluc upon
induction of dominant-negative Vps4 is due to reduced budding, not production of non-
infectious particles, by Western blotting for matrix in virus pellets vs. cell lysates; ii) visualize
cell surface NiV-M by immunofluorescence to confirm that the defect is not due to impaired
trafficking to the membrane; iii) characterize the C-deficient NiV to localize the attenuating
defect specifically to the budding step; and iv) further define the role of the middle domain of
NiV-C that aligns with the Vps28 CTD.

The Vps28 CTD plays an adaptor function, linking ESCRT-I to downstream ESCRT
complexes, although the details of these interactions may vary from yeast to mammals.
Although we did not detect co-immunoprecipitation of ESCRT-III component CHMP6 with
NiV-C, a potential interaction with ESCRT-II component EAP45 should be investigated. Barring
this possibility, an unbiased approach such as immunoprecipitation and proteomic
identification may be warranted, considering that is has been suggested that the structure of the
Vps28 CTD lends itself to multiple interactions.®

The ability of the NiV-C-Vps28 chimera to enhance NiV-M budding suggests that the
CTD of human Vps28 can transfer a necessary function to NiV-C, although this function may
even be structural in nature. It would be informative to examine whether a human Vps28 CTD
mutated in conserved residues, or the homologous domain from yeast, could also substitute for

the NiV-C middle domain. Mutagenesis of NiV-C itself could reveal the role of residues
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conserved between NiV-C and the Vps28 CTD domains. We note the presence of a 7-a.a. stretch
in the NiV-C aligned domain that is uniquely nearly identical to the corresponding sequence in
hVps28, except for a highly similar serine vs. threonine difference at one residue. Remarkably,
this segment, highlighted in green in both the sequence alignment as well as on the threaded
structure in Figure 5-2, contains residues that are critical for the Vps28-Vps36 interaction in
yeast.’> This characterized interface is disrupted in metazoans, however, by the presence of
charged side chains elsewhere in the overall interface (Figure 5-2, blue asterisks and blue
highlight — one of the two is charged in NiV-C). Mutagenesis of the conserved segment in NiV-C
may therefore reveal the basis for the continued interaction between metazoan Vps28 and the
corresponding Vps36 homolog.

Finally, the ESCRT recruitment of NiV-C may explain the generally weak innate immune
antagonism previously ascribed to the NiV-C protein. As the cellular pathway required for all
intracellular membrane fission events in which cytoplasmic factors have access to the inside of
the constricting bud neck, ESCRT is necessary for cytokinesis as well as multivesicular body
formation, which is important for downregulation of transmembrane proteins via
internalization into endosomes and subsequent degradation. Inhibition of ESCRT therefore
inhibits these essential cell processes, leading to pleiotropic effects, including induction of
autophagy and dysregulation of signaling pathways.2527 Even RNAI activity is affected by ESCRT
inhibition, as RISC complexes (RNA-induced silencing complexes) are assembled on
multivesicular bodies.?® Since recruitment of Tsgi01 and/or other ESCRT components would
sequester them from their usual functions in ESCRT, NiV-C expression may thereby indirectly

affect a number of cellular processes, including innate immune responses.
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FIGURES

A

Figure 5-1. NiV-C co-expression enhances NiV-M budding. (A) All the NiV proteins are
shown, including the alternate P gene products: V and W result from insertion of 1 or 2 Gs at a
RNA-editing site, and C is translated from an alternate start codon in a frame-shifted ORF. (B)
HA-tagged NiV proteins or vector control were co-transfected with NiV-M in HEK 293T cells.
Only NiV-C clearly enhanced M virus-like particle release. Both NiV-C and NiV-L were not
detected in the cell lysate by Western due to low abundance. COX IV represent the loading
control. (C) NiV-C (indicated by arrow) expression was confirmed by re-running more protein
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sample. The background band (indicated by asterisk) serves as a convenient loading control.
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Figure 5-2. The middle half of NiV-C aligns with the X. laevis Vps28 C-terminal
domain (CTD). Evaluation of the NiV-C sequence in the homology search and modelling
program Phyre2 revealed an alignment of the middle half of NiV-C with the X. laevis Vps28
CTD. The threaded model of the NiV-C aligned domain is shown, forming the 4-helix bundle
characteristic of the Vps28 CTD. Clustal omega multiple sequence alignment demonstrated an
equally strong alignment between NiV-C and the H. sapiens Vps28 CTD. The S. cerevisiae
Vps28 CTD is shown as well for comparison. *, identical residues; colon, strongly similar
residues; period, weakly similar residues. The red highlight indicates the residues for Vps28
implicated in binding CHMP6 (yeast Vps20). The blue asterisks indicate the residues critical for
the interface between Vps28 and Vps36 in yeast; in metazoans, however, these residues are
charged, leading to disruption of the interface (in NiV-C, one of the two is charged). The green
highlight indicates a 77 a.a. region of nearly identical sequence between NiV-C and H. sapiens
Vps28. This region includes residues also implicated in the yeast Vps28-Vps36 interaction. The
green and blue colors on the alignment sequence correspond to the colored highlights on the
NiV-C threaded structure. Further, the presence of a “GG” sequence immediately following the
aligned domain in NiV-C (see schematic above) suggests that it may act as a linker between
protein domains.
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Figure 5-3. Inhibition of ESCRT inhibits C enhancement of M release. NiV-M was co-
transfected with vector alone, C-HA with vector, or C-HA with HA-Vps4B, with total DNA
remaining constant per condition. VpsgB EQ and KQ are the dominant-negative ATP-
hydrolyzing and ATP-binding mutants, respectively. Both NiV-C and Vps4B were detected with
anti-HA. COX IV represents the loading control.
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Figure 5-4. NiV-C does not co-immunoprecipitate CHMP6. Co-expressed CHMP6 did
not detectably co-immunoprecipitate with NiV-C, confirming the implications of the sequence
alignment in Figure 5-2, which showed the absence of residues important for CHMP6 binding in
NiV-C (Figure 5-2, red highlight of alignment).
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Figure 5-5. NiV-C interacts with both endogenous Tsg101 and NiV-M. (A) NiV-C-HA
co-immunoprecipitated endogenous Tsg101 from HEK 293 cells. As a positive control, HA-
Vps28 also pulled down Tsgi01, as expected. (B) NiV-C co-immunoprecipitated with NiV-M,
indicating a potential mechanism of recruitment of ESCRT to sites of M budding, mediated by C
protein.
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Figure 5-6. The C-terminal domain of Tsg101 is necessary and sufficient to interact
with NiV-C. (A) The CTD of Tsg101 is known to bind Vps28. As we have verified ourselves
(data not shown), the truncation mutant of Tsg101 does not bind Vps28. UEV, Ubiquitin E2
variant, binds ubiquitin and other factors; PRO, proline-rich; CC, coiled-coil. (B) Full-length
but not truncated Tsgi01 co-immunoprecipitates with NiV-C, indicating the Tsgi1o1 CTD is
necessary. (C) The Tsgi01 CTD alone is sufficient to interact with NiV-C. As a negative control,
the EGFP-alone control did not show detectable pulldown with NiV-C
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Figure 5-7. The C-terminal domain of NiV-C is necessary and sufficient to interact

with Tsg101. (A) Single domain deletion mutants of NiV-C are shown. (B) Loss of the NiV-C-

CTD resulted in loss of interaction (column 2). Although the CTD was also present in the NTD-
CTD construct, which did not show Tsgi01 pulldown (column 4), the mutant was poorly
expressed. (C) The C-CTD alone, appended to EGFP, is sufficient to interact with Tsg101. One
caveat here is the lack of a EGFP-alone negative control, which will be included in subsequent
repeats.
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Figure 5-8. Schematic of interactions between Tsg101 and Vps28/NiV-C. On the left
side, the known interaction between the Tsg101 CTD and Vps28 NTD is shown. The Vps28 CTD
then acts as an adaptor for downstream components. On the right side, the analogous
interaction of Tsg101 with the NiV-C CTD is shown. The middle domain that aligns with the
Vps28 CTD may also act as an adaptor to other ESCRT components, potentially EAP45.
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Figure 5-9. A NiV-C chimera with the middle domain substituted by the Vps28 CTD
enhances M release. The middle aligned domain of NiV-C was replaced either by the precise
aligned domain of Vps28 (ending 14 a.a. before the Vps28 CTD C-terminus), or the full Vps28
CTD (see alignment in Figure 5-2). Co-expression of the NiV-C chimera incorporating the full
Vps28 CTD (C-Vps28CTD-Full), but not the truncated CTD representing the exact aligned
portion (C-Vps28CTD-Tr), enhanced M budding. Due to low expression, wild-type NiV-C was
not visible on the cell lysate immunoblot. Another replicate was present elsewhere on the same
blot and showed a detectable NiV-C band, which is shown for illustration. The C-Vps28CTD-Full
band runs above the NiV-C and C-Vps28CTD-Tr bands due to the additional 14 residues.
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Figure 5-10. HA-Vpsg4-inducible HEK 293 cells uniformly express Vps4 within 6
hours after induction. HA-tagged wild-type or dominant-negative (the KQ mutant that does
not bind ATP) Vps4A were introduced into FLP-In HEK 293 doxycyline-inducible cell lines as
described previously for the paramyxovirus matrix proteins (Chapters 2.3 and 4.1). Top panel,
Addition of doxycyline results in uniform expression of the HA-Vps4A proteins at 24 hours post-
transfect. Bottom panel, the HA-Vps4A proteins are expressed within 6 hours of doxycyline
induction. As cell lysates were collected at different time points and thus different cell densities,
a preliminary blot was run to evaluate COX IV expression to normalize loading for the
subsequent detection of HA-Vps4A.
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Figure 5-11. Induction of dominant-negative Vps4, but not wild-type Vps4, inhibits
C enhancement of M budding. The HA-Vpsg-inducible cell lines confirm the ESCRT-
dependence of C enhancement. While induction of wild-type Vps4A with doxycyline did not
inhibit virus-like particle release, induction of dominant-negative Vps4A reduced budding to
non-enhanced levels.
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Figure 5-12. Induction of dominant-negative Vps4, but not wild-type Vps4, inhibits
live NiV infectious particle production at an early time point post-infection. (A)
Vps4-inducible cells were infected with wild-type rNiV-Gluc at a multiplicity of infection of 2.
The cells were washed several times, with the last wash being saved for determination of
residual background virus from the infection process. After washing, cells were incubated with
or without doxycycline. Induction of wild-type Vps4A had no effect on subsequent production of
infectious virus, whereas induction of dominant-negative Vps4A led to a significant decrease in
infectious titers. ***, p<0.001. (B) Supernatants from the infection assay were evaluated for
secreted Gluc-catalyzed luminescence at the indicated time points. The lack of difference
between induced and non-induced conditions for the DN Vps4 cells indicates that lower protein
production does not account for the defect in infectious virus production.
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Figure 5-13. Rescue of C-deficient NiV via reverse genetics. C-deficient NiV was
generated by mutating the indicated residues (blue highlight), thus removing the double
alternative start codons as well as introducing a stop codon in the C ORF frame, all without
affecting the coding sequence of the frame-shifted P gene. See Chapter 2 for details on this
particular construct as well as henipavirus and paramyxovirus reverse genetics in general.
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Figure 5-14. Sendai virus may display moderate ESCRT-dependence. In a similar
experiment as shown in Figure 5-12, recombinant Sendai virus also expressing Gluc was tested
for ESCRT-dependence of infectious virus production. Induction of DN Vps4 resulted in a
modest decrease in titer (2-3-fold — note the log scale), although variability in the assay requires
further confirmation. Similar to the experiment with NiV, induction of DN Vps4 did not lead to
a defect in protein production, in fact leading to a minor increase in detected Gluc (*, p < 0.05).
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CHAPTER 6

SUMMARY
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In this work, we have established methods that facilitate investigations into henipavirus (and,
more broadly, paramyxovirus) biology and virus-host interactions. We used these methods in
subsequent studies of the biology and function of the Nipah virus matrix protein, which plays
the central role in virus assembly and budding. Mutagenesis of conserved residues and motifs in
the Nipah virus matrix protein revealed insights into matrix function, including post-
translational modifications and intracellular trafficking events important for matrix function.
Comprehensive identification of cellular factors that interact with Nipah virus matrix, as well as
with the matrix proteins from other paramyxoviruses that represent the major genera of
Paramyxovirinae, confirmed the importance of host intracellular trafficking pathways for
paramyxovirus matrix function. We then characterized the recruitment and role of a specific
host pathway, the ESCRT pathway that catalyzes membrane fission events, in the Nipah C
protein-mediated, matrix protein-driven budding of Nipah virus.

Reverse genetics as a critical tool for molecular investigations

Similar to the importance of gene knockout and modification technology for cell lines and
animals models for cell biological and developmental studies, reverse genetics is a critical tool
for the detailed study of virus biology. In this study, we established reverse genetics systems for
Nipah and Hendra viruses, and we improved the efficiency of virus rescue for the henipaviruses
as well as other paramyxoviruses as compared to existing systems. In subsequent studies, we
used these systems to make recombinant viruses expressing useful fluorescent and
bioluminescent reporters, as well as viruses modified with specific mutations under
investigation. To a degree we did not anticipate when we began working with this technology,
reverse genetics, and the recombinant viruses we have rescued, have become integral to our
studies of virus biology and virus-host interactions.

The use of CRISPR/Cas gene-editing technology to inducibly knockdown host

factors
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In Chapter 4.2, we report an application of the recent CRISPR/Cas gene-editing technology,
which makes it relatively straightforward to specifically modify the genomes of diploid and
hyperploid cells, to inducibly knockdown an essential host factor of interest. A destabilization
domain (DD) was N-terminally tagged on the essential host protein TCOF1/Treacle at all alleles,
resulting in a tagged protein that maintained wild-type function in the presence of the
stabilizing Shield-1 compound, but was rapidly destabilized and degraded in the absence of the
compound. This method therefore represents a way to rapidly knockdown host factors at the
protein level, especially useful in cases where the protein is essential for host viability. We
anticipate that not only this specific method, but our increased facility with the CRISPR/Cas
gene-editing technology as a consequence of developing this method, will facilitate our future
work investigating the interface between virus and host. As an example of the new horizons that
the technology opens, our work in Chapter 5 suggests that the middle domain of NiV-C may
mimic some of the function of the Vps28 C-terminal domain. Since it is known that the Vps28
C-terminal domain is required for ESCRT function,! would completely knocking-in the middle
domain of NiV-C in place of the Vps28 C-terminal domain, instead of removing the Vps28 C-
terminal domain altogether, allow cell viability? Before the advent of efficient gene-editing
technologies, such experiments would have been inordinately arduous and likely not
considered; with the most recent technology, however, such experiments are now not only
possible but also relatively simple to plan and perform.

Post-translational modification and intracellular trafficking pathways in matrix
function

In this work, we describe palmitoylation and ubiquitination as post-translational modifications
that are critical for matrix function. Although work remains to be done to conclusively confirm
NiV-M palmitoylation and the conservation of this modification with other paramyxovirus
matrix proteins, this finding would be both novel, as palmitoylation of paramyxovirus matrix

proteins has not been described, as well as illuminative for understanding the trafficking
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pathway of paramyxovirus matrix proteins. In Chapter 3.2, we described the lack of membrane
association of a single point mutant, K258A, despite preservation of much of the putative
charged membrane-binding surface illustrated in Chapter 3.1. It therefore seems there may be
determinants of membrane-binding and trafficking that are not solely determined from the
charged residues of the matrix protein alone. It is intriguing to note that in Chapter 4.1, we
describe the interaction of paramyxovirus matrix proteins with many components associated
with the Golgi complex and Golgi trafficking. The Golgi has in fact been described as a “super-
reaction center” for palmitoylation,? as the dynamics of palmitoylation occurs in specific cellular
locations, and often at the Golgi complex.34 The trafficking of matrix proteins and their
requirements for specific post-translational modifications may therefore be linked.

We found such an association between trafficking and the post-translational
modification of ubiquitination, as we found that ubiquitination of a conserved lysine within the
bipartite nuclear localization sequence of Nipah virus matrix regulated the nuclear-cytoplasmic
trafficking of NiV-M (Chapter 3.2). This nuclear-cytoplasmic trafficking was a central feature of
matrix biology, as mutations of this lysine that prevented nuclear import or resulted in nuclear
retention prevented matrix budding. These findings were extended to representative
paramyxoviruses from the major genera of the Paramyxovirinae, where we found that, as for
NiV-M, the matrix proteins of Sendai virus and mumps virus likewise displayed a reliance on
ubiquitination of the conserved lysine for their function (Chapter 3.3). In sum, these findings
underscore the role of nuclear-cytoplasmic trafficking of the matrix protein in the
paramyxovirus life cycle; however, the ultimate significance of this trafficking for matrix
function and virus replication remains unclear. It remains to be seen whether the matrix
proteins of some paramyxoviruses require nuclear trafficking to gain an important modification
or interaction for virus replication, whether they conversely interfere with host processes to

benefit virus replication, or perhaps both.
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Finally, our findings that overexpression of, or lost interaction with, cellular host factors
modulate the localization and function of NiV-M (Chapter 4.1), in combination with our
identification of numerous components involved in vesicular trafficking and cytoskeletal
dynamics as paramyxovirus matrix-interacting factors, strongly suggest the importance of
cellular trafficking pathways for matrix function. To gain the full measure of the role of these
interactions, however, it will be critical to evaluate these interactions in the context of other viral
components. Although possible for certain functions, it would be surprising if the matrix protein
did not evolve to act in concert with other viral factors; after all, the matrix protein has never
been required to act on its own, in isolation from the full virus context. We found this necessity
to examine matrix function in a fuller context to be essential even in that step of virus
replication considered to be the primary domain of matrix, the final budding step during virion
formation.

The efficient budding of Nipah virus requires C-mediated recruitment of the host
ESCRT pathway

In our concluding work, we demonstrated that the budding of Nipah virus is dependent on the
host ESCRT pathway, which catalyzes intracellular membrane fission events where the
cytoplasm has access to the inside of the constricting neck (as during virion formation). The C
protein, by interacting with both NiV-M and the host ESCRT factor Tsg101, mediated this
dependence. Although we first noticed the C enhancement of NiV-M budding without
consideration of ESCRT, we came to examine the role of ESCRT upon determining that the
middle half of the C protein aligns with a core component of ESCRT, Vps28. Although many
viruses have been described to use small peptide motifs to recruit the ESCRT pathway (i.e.,
“PTAP” on HIV-1 Gag), our findings on NiV-C represent the first time that mimicking of an
entire host domain to recruit the ESCRT pathway has been described. Such an extensive
alignment with a host factor is all the more remarkable considering the constraints placed on

the C protein sequence, which, as an alternative ORF within the viral phosphoprotein gene (a
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subunit of the viral polymerase), must evolve its sequence in ways that do not affect the function
of the main ORF. As indicated in Chapter 5, the conservation of specific residues between NiV-C
and human Vps28, in particular a conserved patch of 7 a.a., is an opportunity to further define
the interactions of human Vps28 itself, which remain unclear. Although future experiments will
illuminate the specific role of this aligned domain within the C protein for its function in the
budding process, our findings have already clarified the literature regarding the function of the
Nipah C protein, revised the role of ESCRT for Nipah virus replication, and further emphasized

the importance of examining matrix function in a broader viral context.
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