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The Paramyxoviridae family includes established human pathogens such as measles virus, mumps virus, and the human
parainfluenza viruses; highly lethal zoonotic pathogens such as Nipah virus; and a number of recently identified agents, such as
Sosuga virus, which remain poorly understood. The high human-to-human transmission rate of paramyxoviruses such as
measles virus, high case fatality rate associated with other family members such as Nipah virus, and the existence of poorly
characterized zoonotic pathogens raise concern that known and unknown paramyxoviruses have significant pandemic potential.
In this review, the general life cycle, taxonomic relationships, and viral pathogenesis are described for paramyxoviruses that
cause both systemic and respiratory system-restricted infections. Next, key gaps in critical areas are presented, following
detailed conversations with subject matter experts and based on the current literature. Finally, we present an assessment of
potential prototype pathogen candidates that could be used as models to study this important virus family, including assessment

of the strengths and weaknesses of each potential prototype.
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Paramyxoviruses include important human pathogens such as
measles virus (MV) and mumps virus (MuV), zoonotic agents
such as Hendra virus (HeV) and Nipah virus (NiV) that emerge
from bats [1], impactful animal viruses with a very wide host
range such as canine distemper virus (CDV) and the eradicated
rinderpest virus (RPV) [2], and a swathe of recently identified vi-
ruses and sequences with unknown zoonotic and pandemic po-
tential [3]. Effective live-attenuated vaccines and a subunit
vaccine have been developed for a small subset of paramyxovi-
ruses, and these have been used to limit geographical distribution
and eradicate important human and veterinary diseases.
However, no effective approved antiviral treatments or vaccines
exist to mitigate the majority of paramyxoviral diseases and we
are woefully unprepared should a respiratory paramyxovirus
emerge and spread in humans with no preexisting immunity.
Paramyxoviruses are members of the order Mononegavirales
and have nonsegmented, negative-sense RNA genomes encapsi-
dated into a ribonucleoprotein (RNP) complex within an envel-
oped virion (Figure 1). All paramyxovirus genomes encode for a
nucleocapsid (N) protein, a phospho- (P) protein, a matrix (M)
protein, a fusion (F) glycoprotein, an attachment hemagglutinin
(H)/hemagglutinin-neuraminidase (HN)/glyco- (G) protein,
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and an RNA-dependent RNA polymerase, or large (L) protein.
In addition, some paramyxoviruses encode a small hydrophobic
protein and RNA editing of the P protein gene leads to expres-
sion of additional nonstructural proteins that play key roles in
the antiviral response.

Entry of paramyxoviruses into target cells initiates with bind-
ing of the attachment glycoprotein (H/HN/G) to a cell surface
receptor. These can be proteins on the plasma membrane; for ex-
ample, CD150 is the primary morbillivirus receptor [4] and eph-
rin B2 is used by HeV and NiV [5] or moieties such as sialic acid,
present on cell surface glycoproteins or glycolipids [6] (Figure 1).
The attachment protein then triggers the F glycoprotein to initi-
ate the membrane fusion process and the negative-sense (—)RNP
is liberated into the cytoplasm [7]. The incoming (—)RNP is ini-
tially used by the polymerase complex as the template for prima-
ry transcription of viral messenger RNA (mRNA). It is the basic
unit of infectivity and is comprised of multiple copies of the N
protein, which encapsidate the (—)RNA, and a number of P
and L proteins in complex, which initially function as a tran-
scriptase. Subsequently the (—)RNP is utilized for the replication
of full-length complementary RNA by the same polymerase
functioning as a replicase. Resulting (+)RNPs are in turn repli-
cated into nascent (—)RNPs that are incorporated into progeny
virions. Transcription and replication occur within virally in-
duced inclusion bodies [8-10]. In the later stages of infection,
the viral (—)RNP complex and viral proteins are targeted to spe-
cific sites on the plasma membrane for assembly and budding of
new viral particles [11].

Taxonomically the family is divided into 4 subfamilies
(Orthoparamyxovirinae, Metaparamyxovirinae, Rubulavirinae,
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Generalized paramyxovirus life cycle. (1) Attachment of the viral particle, mediated by the attachment protein. (2) Fusion between the viral and a cellular mem-

brane to release the ribonucleoprotein complex containing the negative sensed genome into the cytosol. Transcription (3a) of viral messenger RNA (mRNA) is promoted by the
viral polymerase complex within viral-induced inclusion bodies, followed by translation (3b) in the cytosol, and replication of viral genomes within intracytoplasmic inclusion
bodies (3c). (4) Viral proteins and encapsidated genome are transported to sites of assembly and budding occurs from the plasma membrane.

and Avulavirinae) based on phylogenetic analysis of the L gene.
This genotypic subdivision is consistent with the phenotypic
classification based on biological, biochemical, and host range
[12]. Phylogenetic analysis of the L and receptor-binding pro-
teins currently describe 20 genera, although not all have been as-
signed to a subfamily (Figure 2). Avulaviruses infect birds and
are not zoonotic; therefore, these were triaged from discussion
as potential prototype pathogens. Orthoviruses and pararubula-
viruses originate from animals, primarily bats, and were there-
fore considered to pose somewhat of a pandemic risk. A
metaparamyxovirus has yet to be isolated and exists only as se-
quence information, making metaparamyxoviruses unsuitable
as prototype pathogens. Orthoparamyxoviruses represent the
largest grouping in the family and based on their biological prop-
erties, the Morbillivirus, Respirovirus, and Henipavirus genera
were prioritized for closer consideration over the other genera
(Figure 2).

PARAMYXOVIRUSES PATHOGENESIS: SYSTEMIC
AND RESPIRATORY

The pathogenesis of paramyxoviruses varies from the extreme
of systemic infection to localized infection in the respiratory
tract. These boundaries are well illustrated by the morbillivirus
MV (more similar to the highly virulent systemic henipavi-
ruses) and the Respirovirus human parainfluenza viruses

(HPIVs) (more similar to the less pathogenic but still clinically
relevant rubulaviruses).

Following transmission in respiratory droplets, MV initially
targets alveolar macrophages and dendritic cells in the deep
lung [13]. It is here the virus begins its cell-associated, lympho-
tropic existence during systemic disease. Migration of these in-
fected cells to bronchus-associated lymphoid tissue brings the
viruses into close proximity to other dendritic cells, as well as
T and B lymphocytes, which express high levels of the primary
MYV receptor human CD150 when activated. Intimate cell-to-cell
contacts and microfusion events are critical in seeding the infec-
tion and amplifying the virus in these tertiary lymphoid tissues.
Migration of infected cells to tracheo-bronchial lymph nodes en-
sures that cell-to-cell transmission continues in the more orga-
nized secondary lymphoid tissues. It is from here that the MV
becomes viremic and the virus disseminates in immune cells
throughout the body. Finally, it is within the epithelium that im-
mune cells make the initial contact with the adherens junction
protein nectin-4, transferring infectivity to the basolateral sur-
face of epithelial cells, leading to virus release from the apical sur-
face into the air [14-16]. Absence of both CD150 and nectin-4
from the apical surface leads to unimpeded shedding. This likely
explains why MV is the most transmissible human virus known.
Morbillivirus infection leads to lifelong immunity. Highly effica-
cious, live-attenuated vaccines are available that are also consid-
ered to protect from clinical disease for life.
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Figure 2. Maximum likelihood phylogenetic tree of L and attachment (HN/H/G) proteins of recognized Paramyxoviridae families. Colored circles correspond to character-
ized genera by the International Committee on Taxonomy of Viruses. Avulavirinae subfamily members (genera Metaavulavirus, Orthoavulavirus, and Paraavulavirus) are not
shown for clarity of presentation. Scale bar indicates 0.5 amino acid substitutions per site. Genera prioritized for discussion by the Paramyxovirus Expert Review Group were
the rubulaviruses, respiroviruses, morbilliviruses and Henipaviruses. Trees were constructed using Mega 6 using a complete deletion option and WAG substitution model.
Trees constructed by Andres Moreira-Soto and Jan Felix Drexler, Charité, Berlin, Germany.

Primary pathogenesis and cell-to-cell spread of the HPIVs is
less well understood. The primary target cells are ciliated epi-
thelial cells and infection is generally restricted to the upper re-
spiratory tract and lung epithelium. Infection causes croup,
bronchiolitis, or pneumonia depending on the location [17].
Repeat infections are frequent [18], and no licensed vaccine
is available. There are similarities to the more intensely studied
human respiratory syncytial virus (HRSV) which, although it is
now classified in the Pneumoviridae, is closely related to the re-
spiroviruses biologically. Transmissibility and transmission of
HPIV has been compared to other common respiratory patho-
gens (adenoviruses, rhinoviruses, coronaviruses, pneumovi-
ruses, influenza viruses, etc) and this informs vaccine,

antiviral, and nonpharmaceutical intervention strategies [19].

KEY GAPS

Basic Biology

While considerable research on paramyxoviruses has been un-
dertaken over many decades, a series of key gaps in our funda-
mental understanding of their biology were identified that
should be addressed if a future paramyxovirus pandemic is to
be rapidly and effectively handled. First, the majority of re-
search has been conducted with laboratory-adapted viral
strains, which grow efficiently within the tissue culture models
that have been utilized for decades [20]. However, research

shows that viral adaptations can occur under these circum-
stances [21], such that these laboratory-adapted strains are im-
perfect models for the clinical strains from which a pandemic
virus might arise. For example, vaccine and laboratory-adapted
strains of MV use CD46, which appears to be quite irrelevant in
vivo [22]. The development of sequence-verified clinical strains
of known provenance that can be widely distributed is needed
to address this. These strains should be augmented by the gen-
eration of molecular clones from the unpassaged
clinical isolates from which they were derived and concomitant
rescue of stable, well-characterized recombinant paramyxovi-
ruses [13, 23, 24].

Second, a number of fundamental issues related to para-
myxovirus replication during infection remain unexplained.
Neurotropism and endotheliotropism are observed for some,
but not all, paramyxoviruses, but the molecular basis for this
differential within the family has yet to be deciphered.
Similarly, factors that restrict some paramyxoviruses to primar-
ily respiratory while other family members produce systemic
infection remain to be fully elucidated. In addition, viral persis-
tence after the initial infection has been documented, but the
molecular basis for paramyxovirus persistence has only recent-
ly begun to be explored [24, 25]. For example, MV represents
the paradigm for the persistence of an RNA virus in humans.
Novel morbilliviruses that cause chronic infections have been

identified [26], demonstrating that persistence has potential
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ramifications for pathogen emergence and possible eradication,
making this a critical area for further research [27].

While the overall life cycle of paramyxoviruses is well con-
served within the family (Figure 1), there are variations in crit-
ical areas that could impact understanding of an emerging
paramyxovirus. First, the cellular receptor utilized by para-
myxoviruses differs and how glycoprotein evolution drives
these changes is poorly understood. It will be important to un-
derstand factors that facilitate or restrict cross-species infection
and host-to-host transmission. As the glycoproteins are the
major paramyxovirus antigens, a more detailed understanding
of their evolution and structural diversity is also critical for pre-
dicting cross-reaction and responding to novel paramyxovirus-
es. Next, paramyxovirus nonstructural proteins are crucial in
combating the host antiviral response, but there is considerable
variation among family members in both which nonstructural
proteins are produced and in the sequence of those that are syn-
thesized. A more detailed analysis of how variation within the
nonstructural proteins impacts viral-host interactions would
provide an important framework for understanding the risks
of novel paramyxoviruses as they emerge.

While there is solid understanding of the developing im-
mune response to some paramyxoviruses, a better picture of
how immune response varies over time between family mem-
bers should be developed, including analysis of potential con-
served epitopes that would facilitate response to a novel
family member. In addition, while all human paramyxovirus
vaccines to date have been live-attenuated, the factors leading
to attenuation and how conserved these are should be more
deeply explored. There is an urgent need to understand the
good vaccines we have developed if we are to move toward ra-
tional attenuation of novel agents. Some licensed paramyxovi-
rus vaccines have been under- or overattenuated, further
highlighting the importance of dissecting the molecular basis
governing disease.

Finally, few data exist on the transmission and stability of
paramyxoviruses within the environment and how this might
vary between family members and under different circum-
stances. The effectiveness of various types of decontamination
methods and how this varies among the family is also unclear,
and thus remains an important area of study.

Models of Disease

It is critical to have a battery of in vitro, ex vivo, and in vivo
models that recapitulate aspects of the infection in the natural
host to be fully prepared to develop and test vaccines, antivirals,
and other interventions when pathogens emerge. This is exem-
plified in the recent coronavirus disease 2019 (COVID-19) pan-
demic, which required the rapid and costly establishment of a
range of animal models of disease [28]. First, given the fact
that paramyxoviruses are largely lymphotropic, epitheliotropic,
neurotropic, and endotheliotropic, efforts should be made to

establish in vitro models using primary or inducible pluripo-
tent stem cells, which are more disease-relevant. Given that en-
veloped viruses are the product of the cell in which they are
grown, more attention needs to be paid to cell provenance since
this governs lipid bilayer composition and glycosylation pat-
terns. Cellular substrate may have significant impact on the ef-
fectiveness of antivirals, and the use of transformed cell lines
generates spurious results. An impediment is the significant
costs associated with the maintenance and differentiation of
primary cells. Second, ex vivo models—for example, lung slices
from a range of species—have been used to investigate
cell-to-cell spread and tropism of paramyxoviruses [29].
These, along with optimal in vitro models, can be used to in-
form the design of in vivo experiments and assist in the reduc-
tion of animals required. Third, a weakness in the field in
general is the focus on using human viruses in suboptimal an-
imal species. The ubiquitous mouse is often the first port of call
and when standard models fail to deliver, virologists often turn
to transgenic or outbred animals [30]. Even these may require
the use of rodent-adapted viruses, which in turn bring their
own challenges. It is clear infection biology needs to move be-
yond the mouse and this major gap. For some paramyxoviruses
there is a need to develop better animal models (eg, MuV); oth-
ers (eg, MV) that only infect humans must be studied in non-
human primates (NHPs), which are costly and can only be used
in small numbers. The use of animal viruses in naturally infect-
ed species (eg, CDV in ferrets) provides an excellent means to
study disease progression, cross-species infection, and respira-
tory transmission of paramyxoviruses. More efforts need to be
made to champion the use of veterinary pathogens as accept-
able surrogates to study key elements of pathogen emergence.
This in turn will require the paucity of immunological and
cell biological reagents for commonly used species like ferrets
and hamsters to be developed. While there are tractable animal
models for henipaviruses, the viruses are primarily (except for
Cedar virus) Biosafety Level (BSL) 4, making these challenging
to work with for most researchers and less suitable as proto-
types. Key questions remain: Can we improve the predictive
power of animal models for humans, and can human challenge
studies [31] augment or replace animal models for some
viruses?

Medical Countermeasures

The primary medical countermeasure for human and animal
paramyxoviruses has been live-attenuated vaccines, and the
measles and mumps vaccines have been in widespread use
for decades [32]. Live-attenuated vaccines for CDV and parain-
fluenza virus 5 have also been developed, and extensive work on
the immune response in animals has been performed [33].
While these vaccines are highly effective, rapid creation of a
new live-attenuated vaccine is slow and challenging, especially
as the molecular determinants of attenuation remain unclear.
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How these vary across the family remain to be deciphered.
New subunit vaccine candidates for HRSV and NiV based
on F-G glycoproteins and stabilized by a molecular clamp
have also been reported [34]. Piloting the rapid development
of an mRNA or subunit vaccine and demonstrating equiva-
lence to the live-attenuated licensed product should be a
high priority for at least 1 member of the paramyxoviruses.
A protein-based subunit vaccine for HeV has been success-
fully deployed in horses [35, 36], providing proof of principle
for paramyxovirus protein-based vaccines. Cross-protection
to NiV has been observed, and correlates of protection for
this vaccine are currently being investigated. There remains
a need to develop pan-paramyxovirus antivirals. However,
this has been challenging for a number of reasons. Virus re-
surgence, reemergence in highly vaccinated populations,
and vaccine hesitancy alongside the global efforts to eradicate
MYV suggest that some priority needs to be given to remove
this roadblock [37].

PROTOTYPE PATHOGENS: KEY CONSIDERATIONS
AND RECOMMENDATIONS

Consideration of the optimal prototype pathogens and which
viral subfamily they should come from was driven by a variety
of factors, transmissibility, genetic diversity, population naivety
to subfamily members, zoonotic potential, morbidity and mor-
tality, availability of therapeutics to current subfamily mem-
bers, and the tractability of working with the pathogen in a
laboratory setting. With this in mind, we developed a para-
pathogen
(Figure 3) to facilitate and focus a collective, objective assess-

myxovirus  pandemic prioritization — matrix
ment. Our goal was to formulate a general approach to proto-
type prioritization that could be used to select viruses from any

family by focusing the 7 key decision drivers.

Henipaviruses

NiV and HeV represent a considerable current threat, given the
high mortality rates (>40% for NiV) and zoonotic transmission
[38]. However, while human-to-human transmission has been
documented, the low R, value for these viruses reduces the con-
cern about evolution to a highly transmissible agent.
Recognition of the importance of these pathogens has resulted
in significant funding for vaccine and antiviral research, includ-
ing through the Coalition for Epidemic Preparedness
Innovations, though to date only a subunit equine vaccine
has been approved (see Medical Countermeasures). Use of ei-
ther HeV or NiV as a prototype pathogen is significantly ham-
pered by the need to work with these select agents at BSL-4.
However, recent identification of the nonpathogenic henipavi-
rus Cedar virus may provide a potential prototype from this
subfamily that could be more widely worked on due to its
BSL-2+ designation [39]. Of the 4 subfamilies considered,

selection of a prototypic paramyxovirus from the currently
known henipaviruses was considered the lowest priority
(Figure 3).

Morbilliviruses

Several characteristics of morbilliviruses make them poten-
tial pandemic threats. They are among the most highly trans-
missible viruses known [40]; a number of emerging
morbilliviruses have been recently identified in cats, pigs,
and bats [41-43]. They have shown a significant propensity
to jump species, best exemplified by reverse zoonotic out-
breaks caused by CDV in macaques [44, 45]. This represents
a significant concern for vaccination strategies post-MV
eradication. At present, given the widespread use and efficacy
of the live-attenuated MV vaccine, population naivety in the
developed world is not a concern. However, vaccine hesitan-
cy, political conflicts, and the COVID-19 pandemic are lead-
ing to a lower number of children who have been fully or
partially vaccinated against MV. This is reflected by the in-
crease in deaths due to measles from 2016 to 2019 by 50%.
The current dogma is that morbillivirus vaccines are cross-
protective. However, understanding the level of cross-genus
protection to novel morbilliviruses that is provided by mea-
sles vaccination is important. Likewise, dissecting barriers
that restrict cross-species infection of these highly transmis-
sible pathogens using structural biology to map evolutionary
trajectories was considered a priority. All known morbillivi-
ruses are BSL-2 agents; therefore, they can be studied by the
largest number of researchers. Potential prototype pathogens
are CDV or a novel bat morbillivirus. Of the 4 subfamilies
considered, selection of a prototypic paramyxovirus from
the currently known morbillivirus was considered a midlevel
priority (Figure 3).

Respiroviruses

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic has demonstrated the disastrous
consequences of a moderately transmissible respiratory path-
ogen infecting a naive human population in the absence of
vaccines, antivirals, or biopharmaceutical interventions. This
should increase the concern that members of the respirovirus
subfamily could emerge and spread rapidly across the globe.
Novel respiroviruses have recently been identified, including
from pangolins and squirrels, though the zoonotic nature re-
mains to be clarified. All know respiroviruses are BSL-2
agents; therefore, they can be studied by the largest number
of researchers. Established respiroviruses such as HPIV-1 or
-3 or emerging pathogens such as the bat respiroviruses could
serve as prototypes for this subfamily. Of the 4 subfamilies
considered, selection of a prototypic paramyxovirus from
the currently known morbilliviruses was considered a midle-
vel priority (Figure 3).
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Pandemic pathogen prioritization matrix. Five decision drivers considered to increase the likelihood of selection of a prototypic virus from the selected genera (1)

and 2 decision drivers considered to decrease the likelihood of selection of a prototypic virus from the selected genera () were prioritized by the Paramyxovirus Expert Group.
These were assigned a number from 1 (dark green) to 5 (red) by the group with of goal of objective ranking. This evaluative tool proved to be useful in helping the group to
prioritize prototypes iteratively. This led to a ranking of henipaviruses < morbilliviruses < respiroviruses < pararubulaviruses/orthorubulaviruses as indicated by the arrows.

Rubulaviruses

There are key similarities between these and the respiroviruses,
and many equivalent arguments for prioritization apply.
Factors that decrease concern that a rubulavirus with pandemic
potential might emerge stem primarily from the availability of a
safe and efficacious live-attenuated vaccine for MuV. However,
in the past 12 years, multiple mumps outbreaks have occurred
in vaccinated young adults and concerns have been raised
about waning immunity [46]. This, coupled with greater genet-
ic diversity in circulating MuV strains, has led some to suggest
that an updated MuV or a third dose might be needed in doubly
vaccinated adolescents. If the current mumps vaccine fails to
induce durable immunity, this in turn may reduce potential
cross-protection to new members of this genus that can infect
humans. Other factors that increase concerns about an emerg-
ing rubulavirus include ability to infect numerous cell types due
to the use of sialic acid and the fact that novel members have
been found in animal reservoirs and zoonotic transmission
has been observed [47, 48]. All known rubulaviruses are
BSL-2 agents, so they can be studied by the largest number of
researchers. Potential prototypes include the recently identified
Menangle, Sosuga, Tioman, and Achimota viruses or a bat ru-
bulavirus. Either HPIV-2 or parainfluenza virus 5 could also
serve as a prototype. Given the fact MuV is a human pathogen
that has been understudied and there are questions about the
longevity of immune responses provided by the existing vac-
cine that may be overattenuated, there are compelling argu-
ments to use human MuV as the prototypic pathogen. Of
the 4 subfamilies considered, selection of a prototypic

paramyxovirus from the currently known rubulaviruses was
considered a top priority (Figure 3).

CONCLUSIONS

Prototype pathogen prioritization and selection is an important
but challenging task. However, its success has been demon-
strated by focused, fundamental research into Middle East re-
coronavirus vaccine

spiratory development

through structure-guided, antigen design. This knowledge

syndrome

was elegantly leveraged into SARS-CoV-2 spike glycoprotein
stabilization during the COVID-19 pandemic during the devel-
opment of mRNA vaccines [49]. We took an agnostic approach
to prototype choice and developed an evaluative tool that
should be used iteratively for downstream selection. This was
used to rank subfamilies within the Paramyxoviridae and sug-
gest tractable prototypes that should be studied in greater depth
with a view to understanding virus emergence and evolution.
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