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Summary

Human paramyxoviruses are the etiological agents for life-threatening respiratory virus infections
of infants and young children. These viruses — including respiratory syncytial virus (RSV), the
human parainfluenza viruses (hP1V1-4), and human metapneumovirus (hMPV) — are responsible
for millions of serious lower respiratory tract infections each year worldwide. There are currently
no standard treatments and no licensed vaccines for any of these pathogens. Here we review
research with which Sendai virus, a mouse parainfluenza virus type 1, is being advanced as a
Jennerian vaccine for hPI1V1 and as a backbone for RSV, hMPV, and other hPIV vaccines for
children.
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Pediatric disease caused by the human paramyxoviruses

Currently, there are approximately 130 million births worldwide each year. By the time these
children reach their fifth birthday, millions will suffer a serious viral respiratory disease,
which may culminate in hospitalization and possibly death [1,2]. The lay community is
largely unaware of the many viruses responsible for serious pediatric respiratory tract
diseases. ‘Flu’ is used as a catch-all phrase, when in fact the most frequent, serious
respiratory virus infections of the <5 year old age group are paramyxovirus infections, not
influenza virus infections. Other viral respiratory infections (e.g. adenovirus, rhinovirus, or
coronavirus infections) are usually less threatening in pediatrics, except when children are
immunocompromised [2,3].
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The family Paramyxoviridae consists of two subfamilies, Paramyxovirinae and
Pneumovirinae, and multiple genera /4]. A phylogenetic tree is shown in Figure 1 to
illustrate the relationships between representative viruses in the two subfamilies. Important
human pathogens from the Paramyxovirinae subfamily include measles virus (MeV),
mumps virus, Nipah virus (NiV), Hendra virus (HeV), and the human parainfluenza viruses
(hP1Vs). The Pneumovirinae subfamily includes human respiratory syncytial viruses A and
B (hRSVA and hRSVB) and the more recently discovered human metapneumovirus
(hMPV).

The structure of a paramyxovirus is illustrated in Figure 2. These are enveloped viruses
encased by a lipid bilayer derived from the plasma membrane of their host cell. They contain
a single-stranded, non-segmented, negative strand RNA genome of approximately 15 kb.
The paramyxoviruses that are best known as etiological agents for serious, pediatric
respiratory tract disease are RSV, hPIVs, and hMPV [1,2,4-6].

Respiratory syncytial virus (RSV)

RSV is a major cause of serious pediatric hospitalizations throughout the world due to acute
lower respiratory tract infections (ALRIs)[1,7-10]. By 3 years of age, almost all children will
have been exposed to RSV [7], a virus that can cause life-threatening bronchiolitis and
pneumonia. In the United States alone, 70,000 to 120,000 infants under the age of 6 months
are hospitalized each year due to RSV infection [11], at a cost of several hundred million
dollars [12]. Worldwide, there are approximately 34 million episodes of RSV-associated
ALRI in children less than 5 years of age with at least 3 million cases resulting in
hospitalization [1]. A comprehensive review of RSV incidence among infants across several
countries revealed a range of 10-30 cases of RSV-associated severe ALRI per 1000 children
years in the age group [5]. Worldwide, there may be up to 199,000 deaths per year, 99% of
which occur in developing countries [1].

Infants are highly vulnerable to RSV upon their first exposure, particularly if they are
premature, immunodeficient, or suffer from congenital heart or lung disease. Maternal
antibodies can be protective in the neonate and antibody titers correlate with improved
outcome, but antibodies wane rapidly during the first few months of life [13]. For survivors
of a first infection, an endogenous, protective immune response is usually generated so that
disease, if any, caused by a second exposure to the same virus is often mild and
hospitalizations are relatively rare [14]. Nonetheless, a first episode of disease can be
followed by long-term sequelae including wheezing and asthma. Currently there is no
vaccine and no standard treatment. For those who are most vulnerable, Palivizumab
monoclonal antibody treatment is recommended to prevent RSV illness, but this is a costly
form of prophylaxis that is unavailable to most individuals who need it [15]. Furthermore, a
significant fraction of children progress to serious disease despite Palivizumab treatment. A
new antibody was developed in recent years to replace Palivizumab (Motavizumab), but
improvements in efficacy were insufficient to support advanced drug development [16,17].
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Human parainfluenza viruses (hPIV)

Human parainfluenza viruses exist as four distinct serotypes. Types 1, 2, and 3 cause the
most disease. In one study, hPIV1, hPIV2, and hP1V3 were respectively responsible for 6, 3,
and 12 percent of pediatric hospitalizations for respiratory disease [18]. hPI1V4 is identified
only rarely as a cause of disease, although most children are likely infected as evidenced by
seroprevalence data [9]. As a group, the parainfluenza viruses may cause as many ALRIs as
RSV, but the consequences are not usually as severe [5,9,19,20]. hPIV types 1 and 2 are
responsible for most cases of laryngotracheobronchitis, better known as croup, but can also
cause bronchiolitis, tracheobronchitis, pneumonia, wheezing, and other forms of lower
respiratory tract disease [9,21]. These viral diseases usually strike children at an age of
greater than 6 months. Outbreaks with hPIV1 or hPIV2 may occur biennially, sometimes in
alternating years with one another. Most children recover from hPIV1 and hPIV2 virus
infections in the developing world, but significant morbidity can be experienced. There is
also considerable financial burden and missed work by caregivers, and the viruses can be
deadly in patients who suffer from immunodeficiencies. One United States study was
conducted among children <6 years of age from September to December in the epidemic
year of 1991 to monitor infections with hP1VV1 and hPIV2. Results were extrapolated to
suggest that there were approximately 250,000 emergency room visits and about 70,000
hospitalizations that year nationally caused by hPIV1 and hP1V2, with overall costs
approaching 200 million US dollars [21]. hPIV3 is different from hPIV1 and hPIV2 in that it
often strikes children less than 6 months of age, being second only to RSV as a cause of
bronchiolitis and pneumonia in these young infants [9].

Human metapneumovirus (hMPV)

hMPV was discovered in 2001. Since then, the Centers for Disease Control and Prevention
(CDC) have been collecting data from children who have suffered an ALRI. Results showed
that among infants less than 6 months of age, hMPV was responsible for annual rates of
hospitalization of approximately 3 per 1000 [6]. A similar study in Soweto revealed a rate of
approximately 6 per 1000 infant years [22]. These hospital rates are less than some reported
for RSV or for the combined hP1Vs, but are clearly indicative of significant morbidity in
pediatrics. Disease caused by hMPV includes pneumonia, bronchiolitis, and asthma [6].

Young infants and children clearly constitute a highly vulnerable population to each of the
paramyxoviruses, but these are not the only victims. Elderly adults and people of any age
with compromised immune, pulmonary, or cardiac systems are highly susceptible to RSV,
hMPV, and the hPIVs [3,6,8,20,23-25]. As an example, there may be 11,000 elderly persons
who die annually in the United States alone from diseases related to RSV infections [26].
Solutions including licensed antivirals or preventive vaccines are not yet available for any
age group.

Strategies to vaccinate against respiratory paramyxoviruses—Despite the high
impact of RSV, hMPV, and the hP1Vs on public health, there are no standard treatments for
any of the respiratory paramyxoviruses apart from supportive care. Vaccination is the single
best health-care solution to infectious disease, yet no licensed vaccines are currently
available [11,15,27,28].
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Based on the epidemiology and impact of the paramyxoviruses, current vaccination
programs target multiple populations, including immunologically naive infants (less than 6
months of age for RSV) and the elderly. In addition, there is a current focus on young,
school-aged children, because these children are often infected, and although not seriously
ill, may frequently transmit RSV to high-risk populations [29]. Vaccination programs are
also currently targeting women of child-bearing years and expectant mothers. By boosting
maternal antibody levels, vaccines may reduce infections and disease both in the mothers
and in the infants upon passive transfer of high-titered antibodies at birth [30,31].

A plethora of approaches have been and are being taken to develop vaccines against RSV,
hMPV, and the hPIVs (reviewed in [25,27,28,32-37]). Inactivated whole-virus vaccine trials
in the 1960s using formalin-inactivated RSV (FI-RSV) or a trivalent cocktail of FI-hPIV
(that included types 1, 2, and 3) failed to protect children from infection. Notoriously, in the
case of the FI-RSV vaccine, there was enhanced illness after the vaccinated individuals were
naturally exposed to RSV [38,39]. Because of this unexpected outcome, development of
whole-inactivated vaccines for infants has since been discouraged in the RSV field [40].

Purified protein vaccines have been pursued for decades, with much attention given to the G
[41,42] or F proteins [43] of RSV. Today, the RSV F protein is used preferentially in RSV
vaccine candidates due to its high conservation among circulating viral isolates, but many
other proteins, both external and internal, can be and have been used (e.g. G, SH, M, NP, and
P [27,42,44-48]). Protein-based vaccine candidates have included subunit (purified proteins
and peptides) and particulate (virus-like particles, virosomes, and nanoparticles)
preparations [49]. RSV F proteins have been presented in both post-fusion and pre-fusion
conformations, both of which have shown some merit [33,50-52]. A number of neutralizing
monoclonal antibody binding sites has been mapped precisely to one or both of the two
forms [53-55]. A nanoparticle vaccine produced with post-fusion F proteins derived from
baculovirus has advanced to clinical trials in the elderly and in women of child-bearing age,
with encouraging results [50]. Another strategy for paramyxovirus vaccine development
utilizes non-viral gene-based vectors, including RNA and DNA, the latter delivered in
purified form or by bacteria-mediated plasmid transfer [56].

Currently, purified protein vaccines and other vaccines that are replication incompetent (as
described above) are deemed most attractive for elderly populations, while replication-
competent mucosal vaccines are deemed most attractive for young infants [57]. Possibly,
these preferences will change with time as new vaccines are developed. To date, pre-clinical
and clinical tests have been conducted using numerous replication-competent vaccines
including attenuated (e.g. by cold-adaptation or site-directed mutagenesis) RSV, hPIV, and
chimeric vaccines [24,28,58,59]. Replication-competent vaccine backbones used to deliver
RSV, hP1V, and/or hMPV antigens have included poxvirus, alphavirus, adenovirus, adeno-
associated virus (AAV), measles virus, bovine PIV3 (bPIV3), PIV5, Newcastle disease virus
(NDV), and SeV, the focus of the present review [28,60-64].
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SeV, the virus

SeV is a mouse parainfluenza virus type 1 that was discovered in Sendai, Japan, in the 1950s
[65]. The virus was once named Hemagglutinating Virus of Japan (HVJ) by the Japanese
Society for Virology, but was later termed ‘newborn virus pneumonitis (type Sendai)’ [66].
The name Sendai virus, or SeV, is currently most popular. The virus was first recovered from
a mouse used to passage a human patient sample, causing confusion as to the virus’ origin
[65-67]. SeV is now understood to be a pathogen of mice, not humans [25]. Fukumi et. al.
first described SeV infections of mice in 1954 [67]. This infection can be subclinical, but
SeV is also known as one of the leading causes of pneumonia in certain mouse strains
[67,68]. SeV is uniquely sensitive to interferon-associated responses in humans, perhaps
explaining, at least in part, its host-range restriction [69]. SeV grows to high titers in both
chicken eggs and in FDA-approved mammalian cell lines, an advantage for vaccine
production.

SeV is a member of the Respirovirus genus of the Paramyxovirinae subfamily. As with other
paramyxoviruses, SeV is an enveloped virus with a non-segmented, negative-strand RNA
genome [4]. A schematic of the SeV genome is shown at the top of Figure 3. The SeV
genome includes a 3’ leader sequence, a 5’ trailer, and six structural genes, which are
transcribed in the order of nucleocapsid (N), phosphoprotein (P), matrix (M), fusion (F),
hemagglutinin-neuraminidase (HN), and large polymerase (L). It is noteworthy that several
additional proteins are produced by leaky scanning (yielding C’, C, Y1, and Y2 proteins)
[70,71] and pseudotemplated addition of nucleotides, otherwise known as mRNA editing
(yielding V and W proteins)[72,73].

At the core of the virion is a helical nucleocapsid, which contains the viral RNA genome and
~2,600 N, 300 P, and 50 L proteins [74](see Figure 2). Efficient replication of the SeV
genome and antigenome requires that the total number of RNA nucleotides is an even
multiple of six [75-77]. Therefore, it is necessary to obey the “rule of six” when cloning a
foreign antigen insert into the SeV vector. The M protein is the most abundant protein in the
virion, and it functions to promote virus-particle formation by interacting with itself, the
nucleocapsid, the plasma membrane of the host cell, and the cytoplasmic tails of the F and
HN envelope glycoproteins [78-83]. The F and HN proteins are Type | and Il membrane
proteins, respectively, with ectodomains that project as spikes perpendicularly from the
surface of the viral envelope [84,85]. During virus entry the HN protein binds to sialic-acid
containing receptors on the plasma membrane surface, triggering the F protein at neutral pH
to refold into a hairpin structure that causes fusion between the viral and host cell
membranes [86-88]. During envelope glycoprotein trafficking to the cell surface, the HN
protein destroys its own receptors to allow efficient release of progeny virions and to prevent
virion aggregration or superinfection of previously infected cells [85,89].

The polar mechanism of SeV transcription is typical of the paramyxoviruses and other
members of the order Mononegavirales, negative-strand RNA viruses that have all genes in
tandem on a single genome [4](see Figure 3, top diagram). For SeV, the N gene is
transcribed first and 90% of initiated N mRNA transcripts are completed [90]. Between each
gene is a viral gene junction that contains a gene end region, an intergenic region (GUU),

Expert Rev Vaccines. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Russell and Hurwitz

Page 6

and a gene start sequence. At each gene junction, the viral RNA-dependent RNA polymerase
(RdRp) is directed to terminate transcription, polyadenylate the nascent mRNA, and
reinitiate transcription of the next gene. However, the frequency of reinitiating transcription
is imprecise, and depends on the identity of the transcript start sequence [91]. This results in
a gradient of mMRNA transcripts being produced with the following abundance: N >P > M
>> F > HN > L. Consequently, when a foreign reporter gene or vaccine antigen is inserted
into the SeV genome, the degree to which the insert is positioned toward the initiating 3’ end
of the genome determines the extent to which the foreign gene is expressed and the degree to
which SeV replication is attenuated [92,93].

SeV as a Jennerian vaccine for hPIV1

Because SeV is a mouse parainfluenza virus type 1, it has been advanced as a Jennerian
vaccine for hPIV1 [94]. The strategy follows that of Edward Jenner, a clinician of the late
1790s who tested a substance from cow lesions as a vaccine for the human smallpox virus.
While unbeknownst to Jenner at the time, the substance (cowpox virus) shared significant
protein similarity with the smallpox virus, and therefore primed cross-reactive lymphocytes
including B cells, T helper (Ty) cells, and cytotoxic T lymphocytes (CTL). Furthermore, this
live-viral vaccine could elicit immune responses that lasted for decades after a single
immunization [95,96]. Jenner's vaccine strategy was eventually advanced around the globe
in a campaign sponsored by the World Health Organization, resulting in the complete
eradication of smallpox from the human population . No other vaccine has yet matched this
degree of success.

In the 1990s, researchers at St. Jude observed that SeV and hPIV1, like cowpox and
smallpox, were well matched in their protein sequences [97]. Results encouraged the testing
of B cells, Ty cells, and CTL for cross-reactivity between the two viruses. Indeed, there was
significant cross-reactivity for both cellular and humoral activities [98,99]. When tested in
mice, SeV could elicit rapid and durable PIV-specific B cell and T cell responses
systemically, and also in the respiratory mucosa [100,101]. Responses generally peaked
within the first month post-vaccination, but were sustained at significant values in sera and
respiratory tissues for the animal's lifetime. Due to long-lasting virus-specific cells in
respiratory tracts, animals maintained a robust defense against pathogen at its point of entry.

The potential for SeV as a Jennerian vaccine was further revealed when mice were
vaccinated with hPIV1 and subsequently challenged with SeV. Both adult and young mice
were protected [102]. Experiments in African green monkeys were then conducted to
support translation of the SeV vaccine to human clinical trials [103]. Monkeys were
vaccinated and boosted with SeV intranasally. The vaccine infected the respiratory tract
transiently and was cleared with no evidence of adverse events. Serum antibody responses
were identified just days after the first vaccination. Monkeys also exhibited serum
neutralizing activities, and antibodies were measured both in blood and in nasal passages.
When vaccinated monkeys were challenged with hPIV1, all animals were completely
protected against infection, whereas all control animals were infected [103].
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Pre-clinical results encouraged advancement of SeV to a clinical study as a vaccine for
hPIV1. With FDA oversight, SeV was tested first in adults and then in 3-6 year old children
who were seropositive for hPI1VV1 [104,105]. In each age group, three sequential doses of
SeV were tested: 5x105, 5x10° and 5%107 EIDs. The vaccine was well tolerated in all
participants. Boosts in preexisting PIV-specific binding and neutralizing antibody activities
were observed in a subset of adults and in the majority of children, suggesting that even
when an individual was already hP1V1 seropositive, he/she may have benefited from
vaccination with SeV. A clinical study of SeV in 1-2 year old children is currently underway.

SeV is particularly attractive as a human vaccine, because it is a known pathogen of mice,
and has never caused a confirmed disease in humans [25]. SeV is not an attenuated human
virus and is therefore not burdened with the concern that it will revert to its original
pathogenic phenotype [106,107]. SeV is also attractive, because it grows transiently in the
mammalian cell, allowing the cell to express antigens endogenously and with post-
translational modifications matching those of target antigens and neutralizing epitopes [108].
Endogenous expression of antigens also ensures robust activation of CD8+ T cells [109].
These cells provide a fail-safe mechanism; if antibodies do not completely eliminate all
incoming infectious particles, the CD8+ T cells can kill infected mammalian cells to block
virus amplification.

SeV as a vaccine for RSV

With the advent of reverse genetics [110-113], the possibility of using SeV as a backbone for
an RSV vaccine was realized. SeV can accommodate a foreign gene or genes of large size.
Specifically, as demonstrated by Sakai et. al., a gene of > 3 KB can be inserted and
efficiently expressed in SeV [111].

SeV vectors were produced with either the RSV F or G gene inserted between the F and HN
genes of SeV [114-116]. Figure 3 depicts the insertion of RSV F between F and HN genes
of the SeV genome. Following vaccination, SeV delivers the RSV F gene into mammalian
cells. The RSV F gene is transcribed by the RdRp in the cytoplasm, translated into the
endoplasmic reticulum, and trafficked through the secretory pathway to the surface of the
mammalian host cell. RSV proteins, like mammalian proteins, are excluded from progeny
SeV virions during virus assembly and budding [78,115].

It was originally proposed that at least two vectors may be required to represent RSV
subtypes A and B [18]. However, a single SeV vector expressing the full-length RSV F
protein (or a secreted F protein ectodomain) proved sufficient to generate neutralizing
antibodies and protection in cotton rats against a variety of RSV challenges, including
primary isolates of both A and B subtypes [115,116]. This result was consistent with the
finding that Palivizumab, a monoclonal antibody against RSV F, provides significant
prophylaxis against most strains of RSV [15]. There was no enhanced immunopathology in
vaccinated animals upon RSV challenge, unlike the situation previously experienced with
the ill-fated FI-RSV vaccine [117]. In a cotton rat model, the vaccine was also efficacious
when administered in the presence of maternal antibodies at titers typical of a 2 month old
human infant [118]. A recombinant SeV expressing the full-length RSV F protein of the A2
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strain was then tested in African green monkeys. Per FDA request, the vaccine was
administered both intranasally and intratracheally. Transient vaccine infection was observed
with no adverse events. Upon intranasal challenge of test and control animals with RSV,
vaccinated animals, but not controls, were completely protected from RSV infection of the
lower respiratory tract [119].

An SeV-RSV-F recombinant has now been manufactured for clinical testing. Meanwhile,
another recombinant SeV-based vaccine has been advanced to clinical studies. The vaccine
was developed by the International AIDS Vaccine Initiative and the DNAVEC Corporation
to prevent HIV [120]. The clinical protocol involved a prime-boost in adult participants
using a recombinant SeV expressing HIV-1 Gag and an adenovirus 35 vector expressing a
fusion protein comprising HIV-1 gag, reverse transcriptase, integrase, and nef (GRIN). This
study was initiated in Rwanda, Kenya, and the United Kingdom in 2013. First results
suggested safety and the induction of cellular and humoral immune responses in study
participants [120].

SeV as a vaccine backbone for other hPIVs and for hMPV

Following the success of the SeV-based RSV vaccine in pre-clinical studies, a number of
additional recombinants were produced. Specifically, the hP1\VV2 and hPIV3 hemagglutinin
proteins were individually inserted into the SeV backbone and each new vaccine was shown
to be protective in cotton rats against challenge with the target pathogen [121,122]. A
protective SeV-based hMPV vaccine was also successful when tested in the cotton rat model
(unpublished data). It was additionally shown that SeV vaccines could be mixed together for
a single intranasal application. As an example, three SeV recombinants were mixed in a
cocktail for simultaneous vaccination of cotton rats. Vaccine components expressed the
hPIV2 HN protein, the hPIV3 HN protein, and the RSV F protein, respectively. Upon
challenge with either hPIV1, hPIV2, hPIV3, or RSV, vaccinated animals were protected
against each of the challenge viruses [122]. Results demonstrated the strength of the SeV
cocktail vaccine approach as a means to target several paramyxovirus pathogens at once. A
single SeV vector may also accommodate more than one gene. Two genes representing
different pathogens might be inserted in tandem or in different positions within the SeV
backbone, a strategy that is currently under investigation. SeV can also be used in
combination with other vaccine platforms, either administered at the same time, or in prime-
boost protocols [123,124]. In Table 1 are listed some of the several pathogens that have thus
far been targeted with SeV research.

A way forward

RSV and hPIV vaccines have been sought for over one-half century. hMPV vaccines have
been sought since the discovery of the pathogen over a decade ago. As stated above, no
vaccines have yet reached licensure despite the testing of numerous vaccine candidates.
Nonetheless, optimism is heightened by recent advances in the field and by the >30 year
success of the live-viral mumps, measles, and rubella vaccine (MMR). The history of MMR
proves the feasibility of preventing paramyxovirus infections by vaccination, and
demonstrates the vast benefits to human health afforded by preventive healthcare. Over %
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century ago, the number of measles cases in a single year in the United States reached
503,282 [128], but in the year 2000, measles was declared eliminated in the United States.
Today, in comparison to past years, cases have dropped by >99.9%. Outbreaks do occur, but
these are due to the importation of measles virus by travelers and the exposure of
unvaccinated populations [129,130]. Similarly, mumps virus infections have been reduced
by >99% in the United States in the modern vaccine era as compared to the pre-vaccine era
[128]. The MMR vaccine success further illustrates the attributes of live viral vaccines, in
that durable humoral and cellular immune responses are induced to function interactively.
Antibodies bind and neutralize virus particles as a first line of defense while T cells secrete
cytokines and kill virus-infected cells if/when antibodies are not sterilizing [130,131].

Possibly, SeV will one day serve as another successful live viral vaccine for the prevention
of paramyxoviruses infections. The SeV vector has many attractive qualities outlined in this
review and in Table 2. Advantages of the SeV vector include the following: (1) high
productive capacity in FDA-approved mammalian cell lines and chicken eggs; (2) an ability
to induce durable immune responses (both humoral and cellular) systemically and at the
respiratory mucosal surfaces of vaccinated animals; (3) protection afforded to small animals
and non-human primates by vaccination; and (4) safety and immunogenicity demonstrated
in children and adults in clinical trials. In small animals, SeV cocktails target not just one
pathogen but multiple pathogens at once. An SeV vaccine success against the
paramyxoviruses could have an enormous global healthcare benefit by preventing millions
of cases of morbidity/mortality caused by RSV, hPIVs, and hMPV each year.

EXPERT COMMENTARY

SeV has thus far proven effective for the induction of B cell and T cell immune responses
and the protection of small and large research animals from paramyxovirus infections
including hPIV1, hPIV2, hPIV3 and RSV. SeV-based vaccines can be used either singly or
in combination to target one or more than one paramyxovirus pathogen. SeV can be used
alone or in combination with other vaccines in prime-boost strategies. Safety and
immunogenicity of SeV are evident from phase I clinical studies in human adults and
children. Data from SeV-based vaccine studies encourage rapid clinical advancement of the
SeV platform.

FIVE-YEAR VIEW

Basic research in the laboratory will continue to introduce new strategies (e.g. insertion of
more than one foreign gene into a single SeV backbone), new vaccine combinations, and
new pathogen targets. Perhaps clinical studies conducted in the next 5 years will culminate
in proof of efficacy in humans and licensure of SeV-based vaccine products for the
protection of humans from respiratory virus infections.
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Abbreviations

SeV Sendai virus
RSV Respiratory syncytial virus
hPIV human parainfluenza virus; hMPV-human metapneumovirus

FI-RSV formalin-inactivated RSV
ALRI acute lower respiratory tract infection

RdARp-RNA dependent RNA polymerase
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KEY ISSUES

. Respiratory paramyxoviruses kill hundreds of thousands of individuals
each year and hospitalize millions.

. There are no standard treatments and no licensed vaccines for any of
these viruses.

. Sendai virus (SeV)-based vaccines safely protect against
paramyxovirus infections in small and large research animals.

. Phase | clinical studies demonstrate SeV safety and immunogenicity in
adults and children.
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FIGURE 1. Phylogenetic tree based on the F protein sequences of selected paramyxoviruses
Paramyxovirinae (blue) and Pneumovirinae (green) subfamilies are separated by a gray

curved line. Genera are named in a bold, curved font. Aquaparamyxovirus and Ferlavirus
genera are not shown but member species Atlantic salmon paramyxovirus (AsaPV) and Fer-
de-Lance paramyxovirus (FDLV), respectively, are shown. Other virus names are
abbreviated as follows: avian paramyxovirus 6 (APMV6), bovine parainfluenza virus 3
(bP1V3), canine distemper virus (CDV), Hendra virus (HeV), human metapneumovirus
(hMPV), human parainfluenza virus 1 (hP1V1), human parainfluenza virus 2 (hPIV2),
human parainfluenza virus 3 (hP1V3), human parainfluenza virus 4b (hPIV4b), human
respiratory syncytial virus (hRSV), measles virus (MeV), mumps virus (MuV), Newcastle
disease virus (NDV), Nipah virus (NiV), parainfluenza virus 5 (PI1V5), Sendai virus (SeV).
Virus taxonomy is shown according to the 2014 release by the International Committee on
the Taxonomy of Viruses (ICTV). The phylogenetic tree was generated with CLC Main
Workbench (CLC bio). The scale bar represents branch length as base substitutions per site.
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FIGURE 2. Structure of a paramyxovirus genome [4]
Viral RNA (VRNA) is encapsidated by nucleoproteins (N). The ribonucleoprotein (RNP)

core consists of VRNA, N protein, phosphoprotein (P), and large (L) polymerase protein.
The matrix (M) protein interacts with the RNP, plasma membrane, and envelope
glycoproteins to promote virus assembly and budding. All known paramyxoviruses contain a
fusion (F) protein and an attachment protein named hemagglutinin-neuraminidase (HN),
hemagglutinin (H), or glycoprotein (G) depending on its functional activities or lack thereof.
Only conserved paramyxovirus structural proteins are shown. Many paramyxovirus virions
are spherical, 150 to 350 nm diameter, but some are pleomorphic or filamentous.
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FIGURE 3. Schematic diagram of paramyxovirus genomes [4]
Genomes shown include Sendai virus (SeV, blue), respiratory syncytial virus (RSV, green),

and a SeV-vectored vaccine that has the RSV F protein inserted between SeV F and HN
genes (SeV-RSV). In each genome the 3’ leader is positioned on the left terminus and the 5
trailer is on the right. Intergenic junctions between genes (not shown) contain transcription
stop, intergenic, and transcription start sequences. In the SeV P gene, leaky scanning
products include the C’, C, Y1, and Y2 proteins (brown). Also in the SeV P gene, mMRNA
editing produces V and W proteins that share their N-terminal portion with V (blue) and
have an alternate reading frame in their C-terminal portion (orange). For simplicity, the
alternate products from the P gene are omitted from the SeV-RSV schematic. In the RSV
genome, the M2 gene contains two overlapping products, M2-1 and M2-2. The RSV M2 and
L genes also overlap. Genomes are drawn to scale (bottom).
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TABLE 1

Paramyxovirus and other targets in SeV vaccine studies

Pathogen targets of SeV-based vaccines

In vivo study hosts

References

PIV1 Mice, Cotton rats, African green monkey, Humans | [100-105,125]

PIV2 Cotton rats [122]

PIV3 Cotton rats [121,122]

RSV Cotton rats, African green monkeys [37,114-116,119,121,122]
hMPV Cotton rats Manuscript in preparation
HIV Mice, Macaques, Humans [120,123,124,126,127]
Combination Targets Cotton rats [121,122]

Expert Rev Vaccines. Author manuscript; available in PMC 2017 January 01.

Page 22



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Russell and Hurwitz

TABLE 2

Attributes of SeV as a paramyxovirus vaccine
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Major SeV Attributes References
There has never been a disease in humans known to be caused by SeV. SeV is a pathogen of mice, not humans. [25,132]
SeV is not an attenuated human virus, and is not burdened by the concern that it may revert to its wildtype phenotype. [106,107,133]
Following SeV vaccination, viral antigens are expressed endogenously by the mammalian cell and will undergo natural post- [108,134]
translational modifications within the cell, providing a good match for antigens expressed by the target pathogen. Neutralizing

antibodies often depend on these precise protein conformations. When vaccine antigens are produced synthetically or in non-

mammalian cells, their structures may not be well matched with those of the pathogen target.

SeV induces humoral responses systemically and mucosally. Robust responses in the nasal mucosa may block a respiratory [100,101]
pathogen at its point-of entry.

Endogenous production of viral antigens in SeV-infected cells promotes robust virus-specific CD8+ T cell responses. [101,109]
Both B cell and T cell immune responses are long sustained. [100,101]
SeV can be amplified in hens' eggs or mammalian tissue culture lines. [135]
Phase I clinical studies show that SeV is well tolerated in adults and children. [104,105]
The majority of children in phase I clinical studies showed improved immune responses following SeV vaccination despite [105]

the sero-positivity of children at study entry.

SeV is efficacious in a maternal antibody model, designed to mimic the passively-acquired maternal antibodies typical of a 2 [118]
month old infant.

SeV vectors and vaccines can be designed to target multiple, different paramyxoviruses, either individually or at the same [121,122]

time.
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