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Abstract
Cetacean morbillivirus (CeMV) infects marine mammals often causing a fatal re-
spiratory and neurological disease. Recently, CeMV has expanded its geographic and
host species range, with cases being reported worldwide among dolphins, whales,
seals, and other aquatic mammalian species, and therefore has emerged as the most
threatening nonanthropogenic factor affecting marine mammal's health and con-
servation. Extensive research efforts have aimed to understand CeMV epidemiology
and ecology, however, the molecular mechanisms underlying its transmission and
pathogenesis are still poorly understood. In particular, the field suffers from a
knowledge gap on the structural and functional properties of CeMV proteins and
their host interactors. Nevertheless, the body of scientific literature produced in recent
years has inaugurated new investigational trends, driving future directions in CeMV
molecular research. In this mini‐review, the most recent literature has been sum-
marized in the context of such research trends, and categorized into four priority
research topics, such as (1) the interaction between CeMV glycoprotein and its host
cell receptors across several species; (2) the CeMV molecular determinants re-
sponsible for different disease phenotype; (3) the host molecular determinants re-
sponsible for differential susceptibility to CeMV infection; (4) the CeMV molecular
determinants responsible for difference virulence among circulating CeMV strains.
Arguably, these are the most urgent topics that need to be investigated and that most
promisingly will help to shed light on the details of CeMV evolutionary dynamics in
the immediate future.
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INTRODUCTION

Cetacean morbillivirus (CeMV) is a nonsegmented, single
stranded, negative‐sense RNA virus regarded as the non-
anthropogenic agent that most dramatically impacts cetacean
health and conservation worldwide.1 The tendency of CeMV

to cross interspecies barriers was documented in recent years,
showing a progressive widening of the host range and geo-
graphical distribution.2–5 In fact, as outbreaks caused by
CeMV in cetaceans from both hemispheres show, the five,
hitherto recognized viral strains (termed as CeMV‐1 to ‐5)
display a high propensity for multi‐host transmission and
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trans‐oceanic spread.6,7 CeMV infections were reported also
in mammals other than cetaceans, including species with
mixed aquatic‐terrestrial ecology such as the common seal
(Phoca vitulina),8 the Eurasian otter (Lutra lutra),9 and the
endangered Mediterranean monk seal (Monachus mon-
achus).10 The CeMV host range expansion mirrors the pat-
tern observed for canine distemper virus (CDV) and phocine
distemper virus (PDV), two other morbilliviruses infecting
aquatic mammals that caused outbreaks among Lake Bajkal
seals (Pusa siberica), Caspian seals (Pusa caspica), and North
Sea common seals.1 Given the uniqueness of cetacean and
pinniped ecological niches, factors such as population den-
sity, migration, reproduction, and social interactions play key
roles in keeping the virus circulating among individuals and
in favoring its transmission between species. Nonetheless,
molecular signatures in the CeMV and its host proteomes
may be crucial in determining viral transmissibility, in-
fectivity, virulence, and pathogenesis, as well as in modulat-
ing the dynamics of CeMV evolution within a single one
and between different host species. However, despite the
significant progress made towards an understanding of
CeMV molecular ecology and epidemiology, there is still a
knowledge gap to be filled in regard to the mechanisms
through which the CeMV cellular cycle takes place. In ad-
dition, several features of CeMV pathogenesis remain largely
unknown.11 Therefore, in light of recent findings and without
any claim of exhaustiveness, the present mini‐review takes
stock of four key themes and related outstanding questions
on CeMV molecular biology, towards which research efforts
should be prioritized.

PRIORITY 1: MOLECULAR BASIS
FOR CeMV TRANSMISSION ACROSS
MULTIPLE MAMMALIAN SPECIES

One major investigative direction concerns the ability of
CeMV to transmit across a wide range of species. Among the
eight proteins encoded by the morbillivirus genome, he-
magglutinin (H) is the one responsible for the virus binding
to membrane receptors, thereby enabling its entry into host
cells.12 The signaling lymphocytic activation molecule
(SLAM; also known as cluster of differentiation 150, CD150)
and the poliovirus receptor‐like 4 (PVRL‐4; commonly
known as nectin‐4) are the host cell receptors recognized by
H, which specify for morbillivirus lymphotropism and epi-
theliotropism, respectively.12 While the nectin‐4 amino acid
sequence is conserved among all known hosts,13 the one of
SLAM displays divergence across marine mammal species.14

In silico modeling based on homolog structures from measles
virus (MeV) H in complex with SLAM has mapped the re-
gion in the cetacean receptor that provides an interface for
binding to H.14,15 Lying within the β‐strands of the SLAM
membrane‐distal, immunoglobulin‐like variable (Ig‐V) do-
main, this region (aa 63–130) consists of four binding sites
with 35 residues putatively involved in interactions with
CeMV H. Of these, half are conserved among all known

morbillivirus‐susceptible species, whereas 11 residues in the
variable half vary between pinnipeds and cetaceans, and six
residues differ between odontocetes (toothed whales) and
mysticetes (baleen whales).16 Moreover, both CeMV and
PDV were shown to be capable of indifferently using dolphin
and seal receptors,6,17 thereby supporting the hypothesis that
low binding specificity between H and SLAM may facilitate
CeMV—and possibly also PDV—cross‐species transmission.
Thus far, not only the molecular basis for the CeMV H‐SLAM
complex formation has not been yet biochemically elucidated,
but evidence suggests that residues located out of the SLAM
Ig‐V domain may also be involved in the interaction. In fact,
an additional binding site for MeV H was recently identified
on the extreme N‐terminal region (ExNTR) of the human
SLAM, where interaction between methionine 29 in the re-
ceptor and phenylalanine 549 in the viral glycoprotein in-
creased MeV infectivity by 10 times.18 Similarly, histidine 28
in the N‐terminal region of Macaca SLAM was crucial for the
interaction with CDV H,19 whereas only a minimum number
of glycoprotein mutations was required for CDV to interact
with the human SLAM and lethally infect nonhuman
primates.20–22 Noteworthy, a serine is present at position 29 of
the cetacean receptor, and mutation M29S in the human
SLAM was sufficient to abolish the interaction with MeV H.
Therefore, it can be anticipated that deciphering residue in-
teractions underlying the formation of CeMV H‐SLAM and
H‐nectin‐4 complexes will be a research milestone of utmost
importance. In fact, assessing the role of SLAM ExNTR for
CeMV H binding could help to understand why this virus is
able to use the pinniped receptor but is unable to infect hu-
man cells on the one hand,6,12,17 and to predict the zoonotic
potential of CeMV Hmutations that could provide adaptation
to the human SLAM on the other (Figure 1a).

PRIORITY 2: MOLECULAR BASIS
FOR DIFFERENT DISEASE
PHENOTYPES DURING CeMV
INFECTION

A second research direction should focus on the molecular
determinants responsible for the different disease phenotypes
observed during CeMV infection. In addition to severe
bilateral, interstitial pneumonia associated to lymphoid
cell depletion and immunosuppression, a multifocal, non-
suppurative meningo‐encephalitis is observed. Within this
pathological framework, of special concern is the “brain‐only
form of dolphin morbillivirus infection” (BOFDI), which
mostly affected striped dolphins (Stenella coeruleoalba)23,24

but was reported recently also in a long‐finned pilot whale
(Globicephala melas) specimen.25 The main feature of this
neuropathy, displaying morpho‐pathological similarities
with both subacute sclerosing panencephalitis (SSPE) of
MeV‐infected humans and old‐dog encephalitis (ODE) of
CDV‐infected dogs, is that CeMV antigens and/or genome
are exclusively found in the brain.23,24,26 Neuronal and
nonneuronal cell populations from BOFDI‐affected striped
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F IGURE 1 Priority directions on Cetacean morbillivirus (CeMV) molecular biology research. (a) Elucidating the molecular basis for CeMV
transmission across multiple species requires characterizing the interactions underlying formation of the H‐SLAM and H‐nectin‐4 complexes.
(b) Deciphering the molecular basis for different disease phenotypes such as brain‐only form of dolphin morbillivirus infection (BOFDI) requires assessment
of the role played by P, M, F, and H proteins in CeMV cell‐to‐cell spread. (c) Understanding the molecular basis for different host susceptibility to CeMV
infection involves genome‐wide comparative analysis among survivor and nonsurvivors, mapping of genes involved in innate and adaptive immune
response and characterization of differential gene expression upon viral challenge. (d) Unveiling the molecular basis for differences in virulence among
circulating CeMV strains may take advantage of in silico and in vitro technologies aimed at characterizing the structural and functional properties of CeMV
proteins (structure of CeMV H was homology‐modeled on the template PDB:3ALZ; structure of CeMV RNP refers to PDB:7OI3; credits for marine
mammal silhouettes: Chris huh/PhyloPic.org)
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dolphin brains have been characterized,27 however, neither
the involved host cell receptors, nor the viral determinants
for CeMV spread and persistence in cerebral tissue were
determined.11 Moreover, while human neurons do not ex-
press SLAM and nectin‐4, the latter is expressed by cells
of the canine central nervous system and is involved in
CDV neurovirulence.28,29 Furthermore, mutations at the
phosphoprotein (P) and the matrix (M) genes resulting in
defective M protein, or at the fusion (F) gene producing
hyperfusogenic F protein30–32 have been reported to promote
cell‐to‐cell spread of MeV nucleocapsid (NC) in infected
human brains and to correlate with the aforementioned
neuropathogenic phenotype. In addition, a novel molecular
mechanism was described recently, where host cell adhesion
molecules 1 (CADM1) and 2 (CADM2) interact in cis with
MeV H in neurons as well as in other cells lacking SLAM and
nectin‐4, thereby allowing membrane fusion and cell‐to‐cell
trans‐synaptic spread.33 Given that similar studies have not
been conducted in CeMV‐infected neurons, caution should
be taken before crediting the striped dolphin BOFDI as a
comparative model for human SSPE and SSPE‐like neuro-
pathies. Nonetheless, a detailed analysis of P, M, F, and H
gene mutations in circulating CeMV isolates traceable to
BOFDI cases will be helpful to shed light on how CeMV
spreads and persists in the cetacean brain (Figure 1b).

PRIORITY 3: MOLECULAR BASIS
FOR DIFFERENT HOST
SUSCEPTIBILITY TO CeMV
INFECTION

A third area of investigation priority should elucidate the
peculiarities of cetacean immune response to viral infec-
tions, meaning the genetic basis that determines resistance
or susceptibility to CeMV, either at taxonomic or at eco-
logical levels. The evolutionary transition from land that
brought cetacean ancestors back to water correlates with
various genomic changes consisting in the loss of at least 85
genes that were kept instead by terrestrial mammals, among
which tripartite motif 14 (TRIM14) and triggering receptor
expressed on myeloid cells 1 (TREM1) are involved in in-
nate immune response against viral and bacterial patho-
gens.34 Furthermore, odontocetes were reported to have lost
the functionality of both dynamin‐like GTPase Myxovirus 1
(Mx1) and Mx2 genes at approximately the same time frame
during which they diverged from mysticetes, namely 33–37
million years ago.35 Since the complete gene loss or loss‐of‐
function mutations in Mx1 and Mx2 proteins are known to
decrease antiviral immunity and to enhance viral infectivity,
this deficiency could at least in part explain why, compared
with whales, dolphins experience mass die‐offs during
CeMV epidemics,35 like those that occurred throughout the
past 35 years along the North‐western Atlantic coast and in
the Western Mediterranean Sea.6,11,36 In this regard, it is
worth noting that, while here the focus is on molecular factors
that modulate the outcome of CeMV infection in its naturally

susceptible hosts, the role potentially played by behavioral
patterns and ecological habits that set apart odontocetes from
mysticetes should not be ruled out. Nonetheless, different
responses to CeMV infection can be ascribed, at the species
level, to genetic features leading to resistance or susceptibility
to CeMV within geographically isolated populations. In this
respect, genome‐wide comparative analysis of the Indo‐Pacific
bottlenose dolphin (Tursiops aduncus) Australian population
hit by a CeMV outbreak in 2013 revealed that single nucleo-
tide polymorphisms (SNPs) among survivor and nonsurvivor
dolphins mapped to genes involved in innate and adaptive
immune response, as well as in cytokine signaling
pathways.37,38 Likewise, recent full‐length RNA sequencing of
the Sperm whale (Physeter macrocephalus) skin transcriptome
led to the identification of gene products with essential func-
tions in the antiviral innate immune response, including
nucleotide‐binding oligomerization domain‐containing pro-
tein 1 (NOD1), NOD2 and nuclear factor kappa B (NF‐kB)
proteins.39 Furthermore, at the population and individual le-
vels within a single species, the immune status can be influ-
enced by both intrinsic factors such as given physiological
conditions (e.g. pregnancy, breastfeeding) and extrinsic ones
such as chemical pollutants (e.g. dichlorodiphenyltri-
chloroethane, polychlorobiphenyls, dioxins, methyl‐mercury,
etc.) or co‐morbidities (e.g. brucellosis, toxoplasmosis).40–42

Also, the possession of a specific immune phenotype and its
dominance within a given population can be crucial in driving
the outcome of CeMV infection, as the characterization of B
and T cells profiles in lymphoid tissues from striped dolphin
and common bottlenose dolphin (Tursiops truncatus) speci-
mens seems to indicate.43 Within this picture, future research
could certainly benefit from the establishment of dedicated
reverse‐genetics models that recapitulate the CeMV life cycle,
also allowing dissection of its molecular steps in vitro, and of
cell–tissue systems (i.e. organoids) through which assessing
the differential expression of host genes following viral chal-
lenge may shape the cell phenotype along the whole spectrum
that goes from increased susceptibility to resistance to CeMV
infection (Figure 1c).

PRIORITY 4: MOLECULAR BASIS
FOR DIFFERENT VIRULENCE
AMONG CIRCULATING CeMV
STRAINS

Finally, the fourth priority research theme is represented
by the characterization of CeMV proteins that act as mo-
lecular determinants of virulence and pathogenesis, cou-
pled with the monitoring of mutations causing loss or gain
of functions that correlate with changes in disease severity.
To properly address such a challenging goal, obtaining
high‐quality and genome‐wide sequences of CeMV isolates
from stranded cetaceans, and possibly also from free‐
ranging ones, is essential in providing information on
circulating CeMV variants. In addition, correlating pa-
thological findings from postmortem examinations to the
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genetic features of sequenced viral genomes from a given
set of specimens is crucial to address key questions about
the molecular basis for a given disease phenotype. In this
respect, a recent phylogenetic and phylogeographic ana-
lysis of newly sequenced CeMV whole genomes allowed
to discriminate between viral strains circulating in the
Mediterranean Sea and the North‐eastern Atlantic Ocean,
and to trace them back to epidemics that occurred in
2008–2015 and 2014–2017, respectively.44 Moreover, while
the amount of genomic data is probably too small at pre-
sent to allow the unveiling of any genetic determinacy in
virulence and pathogenesis between CeMV strains, such
investigational approaches are nevertheless of paramount
importance for establishing genomic‐informed routine
surveillance on CeMV epidemiology and pathology in the
future. In addition, as the volume of molecular data about
the CeMV proteome and that of its putative interactors in
the hosts increase, new trends in CeMV molecular studies
will be dictated by the need of correlating amino acid se-
quences to protein functional properties. In this respect,
valuable examples come from the recent characterization
of protein–protein interactions between MeV and CDV H
with their cognate SLAM receptors, undertaken by means
of computational technologies such as molecular dy-
namics, fragment molecular orbital and interfragment in-
teraction energies calculations.19,45 Furthermore, as CeMV
recombinant proteins become available, the obtainment of
experimentally solved structures of CeMV macromolecular
complexes can be pursued. Within this framework, a new
investigational approach was inaugurated by the CeMV
ribonucleoprotein (RNP) complex structure recently de-
termined by cryo‐electron microscopy, which shed light on
the atomic details of CeMV genome packaging, as well as
on molecular signatures underlying potential viral re-
plication kinetics diversity among CeMV strains.46 Argu-
ably, it can be foreseen that such studies will pave the way
for better targeted diagnostic, typing and possibly also
therapeutic strategies to counter CeMV infection and
epidemics (Figure 1d).

CONCLUSIONS

CeMV is a major threat to the health of marine mammals,
and deepening our understanding of the pathogen–host
interactions underlying CeMV infection is a key step to-
wards the implementation of effective conservation strate-
gies and preventive countermeasures to preserve the
ecological status of affected species. Along the imaginary
roadmap traced to achieve this goal, we have identified four
areas in molecular research that we consider as priority,
summarizing the most recent findings and urging on what
the forthcoming CeMV studies should focus on. The com-
mon denominator to those areas is the elucidation of
the molecular determinants in the CeMV proteome that
are responsible for virulence and pathogenesis, and what are
those in the proteomes of CeMV hosts that modulate the

immune response to infection, altogether ultimately de-
termining both the disease phenotype and the outcome. For
viral determinants such elucidation requires moving on
from molecular sequencing for diagnostic purposes—often
limited to a few viral gene portions—to whole‐genome se-
quencing of CeMV. This could produce genomic‐informed
epidemiological data and allow the correlation of genetic
information with pathological findings, almost in real‐time
with respect to stranding events. Similarly, elucidation of
the molecular mechanisms underlying the cetacean immune
response to CeMV infection, requires the characterization
of genes involved in such a response and of their expression
products in different physio‐pathological conditions. This
could be achieved by performing comparative genomics and
transcriptomics analysis of specimens obtained from either
stranded cetaceans or free‐ranging ones, and also from
animals that are kept in captivity. In particular the latter
could serve—notwithstanding the absence of any chronic
stress condition—as the best available baseline data for
immune function under a physiological state. In addition,
the study of such viral and host determinants requires
biochemical and biomolecular tools such as recombinant
proteins and cell‐based assays, through which the molecular
aspects of the CeMV life cycle can be recapitulated in vitro.
Finally, since the fatal outcome of CeMV infection may
result from the overlapping effects of co‐infecting pathogens
including herpesviruses, Brucella ceti and Toxoplasma gon-
dii, or after immunosuppression induced by pollutants,
environmental changes, or other anthropogenic factors, it
must be emphasized that, for the elucidation of molecular
determinants in the CeMV proteome and those of its hosts,
conducting research under a multidisciplinary framework
and a “One‐Health” approach remains essential.
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