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Morbilliviruses are among the most contagious viral pathogens of
mammals. Although previous metagenomic surveys have identified
morbillivirus sequences in bats, full-length morbilliviruses from bats

are limited. Here we characterize the myotis bat morbillivirus (MBaMV)
fromabat surveillance programme in Brazil, whose full genome was
recently published. We demonstrate that the fusion and receptor binding
protein of MBaMV utilize bat CD150 and not human CD150, as an entry
receptorinamammalian cell line. Using reverse genetics, we produced a
clone of MBaMV that infected Vero cells expressing bat CD150. Electron
microscopy of MBaMV-infected cells revealed budding of pleomorphic
virions, a characteristic morbillivirus feature. MBaMV replication reached
10°-10° plaque-forming units ml™ in human epithelial cell lines and was
dependent on nectin-4. Infection of human macrophages also occurred,
albeit 2-10-fold less efficiently than measles virus. Importantly, MBaMV is
restricted by cross-neutralizing human sera elicited by measles, mumps
andrubellavaccination andisinhibited by orally bioavailable polymerase
inhibitorsinvitro. MBaMV-encoded P/V genes did not antagonize human
interferoninduction. Finally, we show that MBaMV does not cause disease in
Jamaican fruit bats. We conclude that, while zoonotic spillover into humans
may theoretically be plausible, MBaMV replication would probably be
controlled by the humanimmune system.

Bats are important reservoir hosts for many viruses with zoonotic
potential’. Severe acute respiratory syndrome coronavirus 2, Ebola
virus and Nipah virus are examples of such viruses that have caused
deadly epidemics and pandemics when spilled over from bats into
human and animal populations®*. Careful surveillance of viruses in

batsis critical foridentifying potential zoonotic pathogens. However,
metagenomic surveys in bats often do not result in full-length viral
sequences that can be used to regenerate such viruses for targeted
characterization®, at least not without much further effort like 3’ and
5’ rapid amplification of complementary DNA ends. Improvements
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in sequencing technologies and bioinformatics have enabled more
complete genome assemblies. Three metagenomic surveys pub-
lished in the past year confirm that bats, and to a lesser extent shrews
and rodents, are hosts to diverse paramyxoviruses’” that com-
prise multiple genera (Jeilongvirus, Morbillivirus and Henipavirus).
Metagenomic sequences, however complete, cannot at present yield
sufficiently accurate information about viral phenotypesin vitro and
in vivo. Detailed virological investigations are still needed to reify
taxonomic discoveries.

Morbilliviruses are among the most contagious viral pathogens
that infect mammals. While numerous partial sequences of morbil-
liviruses have been identified in bats and rodents*’ in metagenomic
surveys, no full-length authentic morbillivirus has been isolated or
characterized from chiropteran hosts. The morbillivirus genusincludes
measles virus (MeV), canine distemper virus (CDV), rinderpest virus,
phocine distemper virus, cetacean morbillivirus, peste des petis
ruminants virus and feline morbillivirus®. A porcine morbillivirus was
recently described to be the putative cause of foetal death and encepha-
litis in pigs’. All morbilliviruses cause severe disease in their natural
hosts'®™, and pathogenicity is largely determined by species-specific
expression of canonical morbillivirus receptors, encoded by CD150/
SLAMFI (ref.15) and NECTIN4 (ref. 16).

Inthis Article, we characterize myotis bat morbillivirus (MBaMV)
fromavespertilionid bat species (Myotis riparius) in Brazil, previously
identified only from sequence information alone. MBaMV used Myotis
spp. CD150 much better than human and dog CD150 in fusion assays.
We confirmed this using live MBaMV that was rescued by reverse genet-
ics. Surprisingly, MBaMV replicated in primary human myeloid but not
lymphoid cells and did so in a CD150-independent fashion. This is in
contrast to MeV, which is known to infect CD150" human myeloid and
lymphoid cells. Furthermore, MBaMV replicated in human epithelial
cells and used human nectin-4 almost as well as MeV. Nonetheless,
MBaMV P/V do not appear to antagonize humaninterferon (IFN) induc-
tionand signalling pathways, and MBaMV was cross-neutralized, albeit
to variable extents, by measles, mumps and rubella (MMR) vaccinee
sera. Our results demonstrate the ability of MBaMV to infect and rep-
licate in some human cells that are critical for MeV pathogenesis and
transmission. Yet comprehensive evaluation of viral characteristics
provides data for proper evaluation of its zoonotic potential.

Results

Isolation of MBaMV sequence

During a metagenomic genomic survey of viruses in bats, we identi-
fied a full-length morbillivirus sequence from a riparian myotis bat
(M. riparius) in Brazil’. In total, 46 individuals were sampled from the
species M. riparius. Of these, 9 were sampled from the Amazonregion
and 37 were sampled from the Atlantic Forest in southern Brazil. The
rectal swab of one individual from the Amazon region was positive for
the PDF-3137 virus’. ThisMBaMV had a genome length of 15,720 nucleo-
tides consistent with the rule of 6 and was composed of 6 transcriptional
unitsencodingthe canonical open reading frames (ORFs) of nucleo (N)
protein, phospho (P) protein, matrix (M) protein, fusion (F) protein,
receptor binding protein (RBP) and large (L) protein (Extended Data
Fig.1a). Thesizes of these ORFs are comparable to their counterpartsin
the other morbilliviruses (Extended Data Table 1). Phylogenetic analysis
using the full-length L protein sequence indicated that MBaMV is most
closely related to CDV and phocine distemper virus (Extended Data
Fig.1b and Extended Data Table 2).

Paramyxovirus proteins with the most frequent and direct inter-
actions with host proteins, such as P and its accessory gene products
(VandC)aswellastheRBP, tend toexhibit the greatest diversity". Morbilli
virus P, V and C antagonize host-specific innate immune responses,
whileits RBP interacts with host-specific receptors. That these proteins
areunder evolutionary pressure to interact with different host proteins
isreflected inthe lower conservation of MBaMV P/V/C (31-43%) and RBP

(27-32%) with other morbillivirus homologues. Thisisin contrast to the
relatively high conservation (52-76%) of MBaMV N, M, F and L proteins
withtheir respective morbillivirus counterparts (Extended DataFig. 2).

Species-specific receptor usage

The use of CD150/SLAMF1 to enter myeloid and lymphoid cellsis a
hallmark of morbilliviruses, and also a major determinant of patho-
genicity. CD150 is highly divergent across species, and accounts for
the speciesrestricted tropism of most morbilliviruses'®. Thus, we first
characterized the species-specific receptor tropism of MBaMV. We
performed a quantitative image-based fusion assay by co-transfecting
expression vectors encoding MBaMV-F and MBaMV-RBP, along with
CD150 from the indicated species into receptor-negative Chinese
hamster ovary (CHO) cells. MeV-RBP and F formed more syncytiain
CHO cells upon human-CD150 (hCD150) co-transfection compared
with dog CD150 (dCD150) or bat CD150 (bCD150) (Fig. 1a, top row).
In contrast, MBaMV-RBP and F formed bigger and more numerous
syncytia upon bCD150 overexpression than hCD150 or dCD150
(Fig. 1a, middle row). CDV-RBP and F formed extensive syncytia with
both dCD150 and bCD150, and moderate syncytia with hCD150 and
evenmock-transfected cells (Fig. 1a, bottom row), suggesting adegree
of promiscuity. We quantified these differential syncytia formation
results on animage cytometer as described” (Fig. 1b).

We also evaluated the receptor usage of MBaMV in a vesicular
stomatitis virus (VSV)-pseudotype entry assay. VSV-DG[Rluc] bear-
ing MeV-RBP and F entered hCD150-transfected CHO cells bet-
ter than dCD150-, bCD150- or mock-transfected cells (Fig. 1c) as
expected. MBaMV pseudotypes entered only bCD150-transfected
CHO cells. CDV-pseudotypes showed good entry into dCD150- and
bCD150-transfected but not hCD150-transfected CHO cells. These
results are generally consistent with our fusion assay results and sup-
portthe species specificity of morbilliviruses. CDV has a high propen-
sity to cross species barriers and can cause disease in multiple carnivore
families such as large felids (for example, lions and tigers), hyaenids
(for example, spotted hyenas), ailurids (for example, red pandas),
ursids (forexample, black bears), procyonids (for example, raccoons),
mustelids (for example, ferrets), viverrids (for example, civets) and
even non-carnivore species such as javalinas (peccaries) and rodents
(Asianmarmots)*.CDV has also beenimplicated in multiple outbreaks
in non-human primates (various Macaca species)” . The ability of CDV
to use bCD150 and dCD150 with equal efficiency suggests potential for
efficient transmission from carnivores into some chiropteran species
ifother post-entry factors do not present additional restrictions.

Generation of MBaMV by reverse genetics

Next, we attempted to generate agenomic cDNA clone of MBaMV that
we could rescue by reverse genetics. We synthesized and assembled
the putative MBaMV genome in increasingly larger fragments. Two
silent mutations were introduced in the N-terminal 1.5 kb of the L gene
todisruptacryptic ORF inthe minus strand (Extended DataFig. 3) that
initially prevented cloning of the entire MBaMV genome. We intro-
duced anadditional EGFP transcription unit at the 3’ terminus and res-
cued this MBaMV-GFP genome using the N, Pand L accessory plasmid
from MeV (Extended Data Fig. 1a). MBaMV-GFP was initially rescued
in BSR-T7 cells but passaged, amplified and titred on Vero-bCD150
cells (Extended Data Fig. 4a). MBaMV formed GFP-positive syncytia
containing hundreds of nucleiat 3 days post-infection (d.p.i.) (Fig. 2a)
andrelatively homogeneous plaques by 7 d.p.i. (Fig. 2b). Transmission
electron microscopy (TEM) (Fig. 2c) captured numerous pleiomorphic
virions (~<100-200 nm) associated with or budding from Vero-bCD150
cells.Some appear to be filamentous particles emerging fromacell. At
high magpnification, virions were outlined by protrusions suggestive of
surface glycoproteins. Ribonucleoprotein-like structures can be found
in the interior of the virion shown. These observations are consistent
with previous findings from MeV*.
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Fig.1|MBaMV envelope glycoproteins use host-specific CD150 (SLAMF1)

for fusion and entry. a, Syncytia formation in CHO cells co-transfected with

the indicated morbillivirus envelope glycoproteins, species-specific CD150 and
Life-act-GFP.Images were taken by the Celigo Imaging Cytometer (Nexcelom) at
48 hpost-transfection (hpt) and are computational composites from anidentical
number of fields in each well. Scale bars, 200 um. Brightness and contrast
settings were identical. b, Quantification of syncytia formationin a. Data are

Reciprocal dilution

Reciprocal dilution

(virus stock) (virus stock)

mean + s.d. from three independent experiments. Indicated adjusted P values
are from ordinary one-way ANOVA with Dunnett’s multiple comparisons test.

¢, VSV-pseudo particle (pp) entry assay showed similar trends. Adjusted P values
obtained asin b but only for comparing groups at the highest viralinoculum
used (10" reciprocal dilution) in three biologically independent experiments
(mean +s.d).

Evaluation of receptor usage by MBaMV

To understand how well CD150 from various hosts supports MBaMV
replication, we tested MBaMV growth in parental Vero-CCL81 cellsand
isogenic derivatives constitutively expressing CD150 of human, dog or
bat. MBaMV formed huge syncytia (Fig. 3a) at 2 d.p.i. in Vero-bCD150
cellsand reached peak titres of -10° PFU ml™at 3 d.p.i. (Fig. 3b). MBaMV
showed moderate syncytia spread and growth in Vero-dCD150 cells,
but peaktitresat5d.p.i. were ~100-fold lower. No notable virus growth
was detected in Vero or Vero-hCD150 cells. These results confirm that
MBaMV can use bCD150 but not hCD150 for efficient cell entry and
replication. MBaMV appears to use dCD150, albeit to a much lesser
extent than bCD150.

MeV uses human nectin-4 as the epithelial cell receptor®?, which
mediates efficient virus shedding from the affected host'®””. CDV
also uses human nectin-4 efficiently for entry and growth?. To test if
MBaMV can use human nectin-4 in an epithelial cell context, we evalu-
ated the replication kinetics of MBaMV in human lung epithelial cells
that express high (H441) or low (A549) levels of nectin-4 (refs. 16,28)
(Extended Data Fig. 4b). Surprisingly, MBaMV showed efficient virus
spread (Fig. 3c) inH441cellsand reached 10* PFU mIby 6 d.p.i. (Fig.3d).
In contrast, MBaMV showed small GFP foci and ten times lower titre
in A549 cells. Comparing the area under the curve (AUC) revealed
significant differences in this growth curve metric (Fig. 3e). However,
MeVstill replicated to higher titres than MBaMV in H441 cells (Fig. 3d-e).
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Fig.2|Virological characterization of MBaMV. a, Syncytia formation in Vero-
bCD150 cellsinduced by MBaMV 3 d.p.i. Cells formed syncytiainvolving >100
nuclei uponinfection (bright field), which is clearly outlined by virus-expressed
GFP (right). Scale bars, 500 um. This experiment was performed three times, and
representative images are depicted. b, MBaMV plaque formation in Vero-bCD150
cells. Cells were infected by ten-fold serially diluted virus stock, incubated with
methylcellulose-containing DMEM and stained with crystal violet and neutral
red 7 d.p.i. Diameter of well is 22 mm. One well is magnified to show the plaque
morphology in detail. c, TEM images of MBaMV virion on the surface of Vero-
bCD150 cells at 3 d.p.i. Numerous enveloped virions are budding from or are
associated with the plasma membrane (left). Filamentous particles canalso be
seen (asterisks). Magnified image (right) shows virion and ribonucleoprotein
complex (RNP). These images are from one independent experiment.

This could be due to species specific host factors or differencesin IFN
antagonism between human and bat morbilliviruses. Thus, we tested
MBaMV versus MeV growth in IFN-defective Vero-human nectin-4 cells
(Vero-hN4). MBaMV and MeV replicated and spread equally well on
Vero-hN4 cells (Fig. 3f,g), validating the ability of MBaMV to use human
nectin-4, and suggesting that MBaMV may not be able to counteract
humaninnate immune responses.

Molecular characterization of MBaMV

To better understand the transcriptional profile of MBaMV, we used
Nanoporelong-read direct RNA sequencing to sequence the messenger
RNAs of MBaMV-infected Vero-bCD150 cells at 2 d.p.i. (multiplicity of
infection (MOI) 0.01). We found a characteristic 3’-5’ transcriptional
gradient where GFP >N >P >M > F > RBP > L (Extended Data Fig. 5a).
Morbilliviruses have a conserved intergenic motif (CUU) between the
gene end and gene start of adjacent genes ‘AAAA-CUU-AGG'. Thisinter-
genic motif was not immediately apparent in the long complex M-F
intergenicregion of the assembled MBaMV genome. However, the high
coverage of this M-F intergenic region (M read-through transcripts)

identified the M-F intergenic motif as ‘CGU’ instead of ‘CUU’ (Extended
DataFig. 5b).

The P gene of morbilliviruses is known to generate the Vor W
genes through the insertion of one or two guanines, respectively, at
the conserved editing motif (AAAAGGG)*’, whichis presentin MBaMV.
Amplicon sequencing of the Pgene editing motif—from the same mRNA
poolused above—revealed the frequency of P,Vand W mRNA is 42.1%,
51.2% and 2.6%, respectively (Extended Data Fig. 5¢c), suggesting that
the major IFN antagonist (V) is produced. This P-editing ratio is similar
to what has been found in previous studies*

We next evaluated the expression and cleavage of two surface
glycoproteins (RBP and F). C-terminal AU-1tagged F construct showed
uncleaved FO and cleaved F1 (Extended Data Fig. 5d). C-terminal
HA-tagged RBP construct showed monomer in addition to oligomers
(Extended Data Fig. 5e). MBaMV-RBP showed smear above 110 kDa,
whichis suggestive of oligomerization. This oligomerization was also
seen with MeV-RBP but not with CDV RBP, suggesting differential stabil-
ity under the subreducing conditions used.

Species tropism of MBaMV

Thetwo suborders of chiropterans (bats), Pteropodiformes (Yinptero-
chioptera) and Vespertilioniformes (Yangochiroptera), include more
than1,400 species grouped into 6 and 14 families, respectively. Myo-
tis bats belong to the prototypical Vespertilionidae family that is the
namesake of its suborder. Jamaican fruit bats (Artibeus jamaicensis)
belong to the same suborder as myotis bats, albeit from a different
family (Phyllostomidae). We inoculated six Jamaican fruit bats available
in a captive colony via two different routes with MBaMV to assess its
pathogenicity in vivo. All bats remained asymptomatic and showed no
evidence of developing systemic disease up to 3 weeks post-infection.
Nor could we detect any molecular or serological evidence of produc-
tive infection (Extended Data Fig. 6). Inspection of Jamaican fruit bat
and myotis CD150 sequences revealed key differencesin the predicted
contact surfaces with RBP (discussed below), which we speculate are
responsible for the species-specific restriction seenin our experimental
challenge of Jamaican fruit bats with MBaMV.

Toidentify RBP-CD150interactions probablyinvolvedindetermin-
ing host species tropism, we compared the amino acid sequences at the
putative contact surfaces of morbillivirus RBPs and their cognate CD150
receptors. Using PDBePISA™, we identified three key regionsin MeV-RBP
(residues 188-198, 498-507 and 524-556, Extended Data Fig. 7a-c)
occludingtwo regionsin CD150 (residues 60-92 and 119-131 of human
CD150, Extended Data Fig. 8) in the crystal structure of MeV-RBP
bound to CD150 (Protein Data Bank (PDB) ID: 3ALW)*. Alignment of
key regions in morbillivirus RBPs implicated in CD150 interactions
reveals virus-specific differences that suggest adaptation of morbil-
livirus RBPs to the CD150 receptors of their natural host. Most notably,
MBaMV lacks the DxD motif at residues 501-503 (505-507 in MeV) that
is present in all morbilliviruses except FeMV (Extended Data Fig. 7).
These residues form multiple salt bridges and hydrogen bonds that
stabilize MeV-RBP and hCD150 interactions. Their conservation sug-
gest they performsimilar roles for other morbilliviruses. Onthe CD150
side (Extended Data Fig. 8), residues 70-76 and 119-126 are the most
variable between host species. Interestingly, Jamaican fruit bat and
Mpyotis CD150 differ considerably in these regions, providing aration-
ale for the non-productive infection we saw in our Jamaican fruit bat
challenge experiments.

Susceptibility of human myeloid and lymphoid cells to MBaMV.
Alveolar macrophages and activated T and B cells expressing CD150 are
theinitial targets for MeV entry and systemic spread. To better assess
the zoonotic potential of MBaMV, we compared how well human and
batmorbilliviruses caninfect human monocyte-derived macrophages
(MDMs) and peripheral blood mononuclear cells (PBMCs). Both MeV
and MBaMV infected MDMs were clearly GFP* 24 hours post infection
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Fig.3|MBaMV replicates efficiently in cells expressing bCD150 and human
nectin-4.a,b, Vero-hCD150, Vero-dCD150, Vero-bCD150 and Vero cells were
infected with rMBaMV-EGFP (MOI 0.01). Virus replication and spread were
monitored by imaging cytometry (a) and virus titre in the supernatant (b).

Ina, large syncytia were evident in Vero-bCD150 cells by 2 d.p.i. In b, supernatant
was collected every day and the virus titre was determined by a GFP plaque
assay (Methods). Data shown are mean + s.d. from triplicate experiments.

c-e, H441and A549 cells were infected with rMBaMV-EGFP at alow (0.01) or high
(0.5) MOI, withvirus replication and spread monitored asin aand b: infected
H441and A549 cells at1,2 and 5d.p.i. (D1, D2 and DS5) (c); virus growth curves
represented by daily titres in the indicated conditions, where datashown are
meantitres +s.d. from triplicate infections (d); the empirical area under the

curve (eAUC) was obtained from each growth curve and plotted as abar graph
from three independent experiments (mean +s.d.) (PRISMv 9.0) (e). The dotted
barsrepresent the growth curves done at an MOl of 0.1and the filled bars at
MOI0.5. Adjusted Pvalues are indicated (one-way ANOVA Dunnett’s T3 multiple
comparison test). f,g, Vero-human nectin-4 cells (Vero-hN4) were infected

with MBaMV and MeV (MOI 0.01): MBaMV infected Vero-hN4 at D1, D2 and D4
(F); replicative virus titres for MBaMV and MeV on Vero-hN4 cells over 5 days
(mean +s.d.,n=3)(g).Scalebarsina, ¢, and fequals 1 mm. Allimages shown are
captured by a Celigo Imaging Cytometer (Nexcelom). Images are computational
composites fromanidentical number of fields in each well. The limit of detection
for virus titre determination is 20 PFU ml™and is indicated by the dotted line in
b,dandg.

(h.p.i.) (Fig. 4a), but infection was variable between donors and even
between different viral stocks onthe same donor (Fig. 4b,d). However,
MeV infection of MDMs was inhibited by sCD150 whereas MBaMV
infection was not (Fig. 4c). MDMs had variable expression of CD150
(10-30% CD150%) and no expression of nectin-4 (Extended DataFig. 4c),
but morbillivirus infection did not appear to be correlated with CD150
expression (Fig. 4d). Conversely, when PBMCs were stimulated with
concanavalin-AandIL-2, only MeV robustly infected these cells (Fig. 4e).

MBaMYV infection may be blocked by human immune defences.
MeV-specific antibodies resulting from vaccination can provide
cross-protection against CDV infection®*. To assess if humansera from
MeV-vaccinated individuals could contain cross-neutralizing antibod-
iesto MBaMV, we pooled MMR-reactive human seraand measured their
ability to neutralize MeV, MBaMV and CDV in hCD150-, bCD150- and
dCD150-expressing Vero cells. Human sera effectively neutralized MeV
and MBaMVinfection and, toalesser extent, CDV infection (Fig. 5a, left
and centre). Conversely, sera from CDV-infected ferrets neutralized
CDV infection much better than MeV or MBaMV (Fig. 5a, right). Sera
fromthe MMR groups 1and 2 had higher 50% inhibitory concentration

(IC,,) for MeV and MBaMV than for CDV while CDV-specific sera had
a significantly higher IC, for CDV than for MeV or MBaMV (Fig. 5b).
These results indicate that human sera contain cross-neutralizing
antibodies for MBaMV.

The MeV proteins Pand Vinterfere with the innate immune system
by disrupting the IFN pathway. Our sequencing results showed that
MBaMV infection produced the P and V transcripts (Extended Data
Fig. 5c), so we sought to determine if the MBaMV P and V proteins
could antagonize the human IFN pathway. We found that cells trans-
fected withMBaMV P or Vand treated with IFN did not block interferon
stimulatory response element (ISRE) induction, unlike ZIKV NS5, which
effectively counteracts the ISRE (Extended Data Fig. 9a). Additionally,
cells transfected with MBaMV P or Vdid notblock the induction of IFN
when treated with RIG-I, MDAS or MAVS (Extended Data Fig. 9b-d).
These data demonstrate that the MBaMV P and V proteins cannot
antagonize the human IFN pathway.

MBaMV is sensitive to morbillivirus RNA-dependent RNA polymerase
inhibitors. Potential drug treatments are a critical issue for emerging
viruses. Thus, we tested if MBaMV is susceptible to currently available
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Fig.4 | MBaMYV infects human MDMs in a CD150-independent manner.

a,b, MDMs were infected with MV323-EGFP or MBaMV (1 x 10°IU per sample)

and were either fixed by 2% PFA at 24 h.p.i., DAPI stained and imaged (scale

bars, 200 pum) (a) or quantified by flow cytometry (b). The percentage of CD68"
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one-way ANOVA with Dunnett’s multiple comparisons test. ¢, Soluble human
CD150 (sCD150) or a CD150 Avi-tag inhibited MeV but not MBaMV infection of
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macrophages. GFP* events in untreated controls were set to 100%, and entry
under sCD150/ CD150 Avi-tag were normalized to untreated controls. Adjusted
Pvalues are from two-way ANOVA with Sidak’s multiple comparisons test.Inb
and ¢, datashown are mean + s.d. from multiple experiments (n=7andn=5,
respectively) withindividual values also shown. d, Exemplar FACS plots from the
summary datashown inb for CD150 staining. e, ConA/IL-2 stimulated PBMCs
were infected with MeV or MBaMV (MOI of 0.1) and analysed for GFP expression
by flow cytometry at 24 h.p.i.

drugs. We have developed two orally bioavailable small compounds
targeting the L protein of morbilliviruses, GHP-88309 (ref. 35) and
ERDRP-0519 (ref.36). The differences between MeVand MBaMV across
the five functional domains of the L protein are shown schematically in
Fig. 6a”. Insilico modelling (Fig. 6b) predicts that both drugs should
bind similarly to MeV and MBaMV L protein. Closer inspection of the

ERDRP-0519 binding pocket (Fig. 6¢) shows 1155-1158 YGLE and H1288
residuesinteracting with ERDRP-0519. These residues directly interact
with ERDRP-0519 in MeV L*. Modelling of the GHP-88309 binding
pocket (Fig. 6d) reveals involvement of E863, S869, Y942, 11009 and
Y1105 residues, which were previously reported as escape mutants
of GHP-88309 in MeV¥. As predicted, both drugs inhibited MBaMV
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Fig. 5|Human sera contain antibodies that partially cross-neutralize MBaMV.
a,MeV, MBaMV and CDV were incubated with serial dilutions of pooled human
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ferretsinfected with CDV. The capacity for sera-treated virus to infect Vero cells
expressing the appropriate receptor was measured by imaging infected cells 20
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virus and corresponding sera group. b, The ICy, from the neutralization curves
showninawere generated for each replicate using a robust fit model and were
plotted. Two independent experiments were completed with the pooled human
seraneutralization, and one experiment with technical duplicates was completed
using the CDV sera (mean + s.d.). Pvalues were calculated with a one-way ANOVA
using a Tukey’s multiple comparisons test. NS, not significant.

growth in a dose-dependent manner (Figs. 6e,f). Although the half
maximal effective concentration (ECs,) of GHP-88309 is lower for MeV
thanMBaMYV, (0.6 pM and 3.0 uM, respectively), GHP-88309 reaches a
plasma concentration of >30 pM in animal models, indicating thisdrug
could be an effective inhibitor of MBaMV in vivo.

Discussion

Metagenomic viral surveillance studies aided by next-generation
sequencing (NGS) have allowed scientists to monitor viruses circulating
inanimal species and identify potential zoonotic threats®”*’, Surveil-
lance of bat species hasbeen particularly critical. For instance, >60 novel
paramyxovirus sequences were identified in a 2012 bat surveillance
study, several of which mapped to the Morbillivirus genus®. Recent
metagenomicsurveys confirmthatbats harbour diverse orthoparamyxo-
viruses””. While comparing novel virus sequences with known pathogens
may help inform the risks associated with future spillover events, this
type ofinsilicomodelling based on viral sequences should also be com-
plemented by functional characterization of such viruses. Ina previous
study, we identified afull-length morbillivirus genomic sequence from
M. ripariusbats in Brazil’. Here we generated an infectious clone of this
virus using reverse genetics. Furthermore, no recombinant virus
was detected during the sequencing experiments. With this approach,
we circumvented the arduous process of isolating and culturing live
virus directly from animals and instead produced MBaMV in the lab.

MBaMV characterized as amorbillivirus

Before this study, there were only seven International Committee on
Taxonomy of Viruses-recognized morbilliviruses species, none of which
was isolated from bats. While the annotated MBaMV genome aligned
with the classic morbillivirus genome organization (N, P/V/C, M, F,
RBP and L), it was important to verify that virus generated by reverse

genetics successfully recapitulated morbillivirus biology. Fusion assays
and entry experiments confirmed that MBaMV preferentially used
myotis CD150 over human or dog CD150 to enter transgenic Vero cells
(Fig. 3), which fits the paradigm that CD150 is the major determinant
of host specificity for morbilliviruses. We also assessed P-editing—a
hallmark of paramyxoviruses—and found RNA editing of P-mRNA,
creating V-mRNA (single G insertion) or W-mRNA (double G insertion)
of MBaMV. Interestingly, the proportion of V-mRNA at 51.2% of total P
transcripts is unusually high for orthoparamyxoviruses, resembling
the now extinct rinderpest virus more than extant morbilliviruses*.

In their natural hosts, morbillivirus are highly pathogenic and
can cause deadly acute infections*. Thus, one reasonable prediction
is that MBaMV would cause visible disease in the bat host. However,
when we challenged Jamaican fruit bats with MBaMV, we found the
virus was not able to cause systemic disease in the bats (Extended Data
Fig. 6) and there was no evidence that MBaMV productively infected
these bats. Thislack of infection could be due to the CD150 differences
between the species—CD150 of Jamaican fruit bats and Myotis species
isonly 70% conserved on the amino acid level (Extended Data Fig. 8).
We predict that MBaMV infection is more likely to cause serious dis-
easeinthe M. riparius species. Alternatively, itis also possible that bat
morbilliviruses do not cause severe illness in their hosts since bats
possess unique immune systems that allow them to harbour deadly
viruses such as Nipah, Ebola and severe acute respiratory syndrome
without exhibitingillness*.

Zoonotic potential of MBaMV?

When assessing the zoonotic potential of anovel virus, multiple factors
must be considered, including receptor usage, the existence of
cross-neutralizing antibodies in human sera, and interactions with
the innate immune system. While non-human morbilliviruses are not
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isshown. Differences between the MeV and MBaMV L proteins are shown as grey
lines. b, A3D homology model of the MBaMV L protein was generated using the
structural coordinates of the PIV5 L protein (PDB ID: 6V86). The RNA-dependent
RNA polymerase (RdRP), capping, connector, methyltransferase (Mtase)

and C-terminal domains (CTD) are coloured blue, green, yellow, orange and
pink, respectively. The locations of the top scoring in silico docking poses for
ERDRP-0519 and GHP-88309 are boxed, and the compounds are shown as red
sticks. ¢, The top scoring docking pose of ERDRP-0519 in the homology model
of MBaMV L protein (red sticks). An overlay of the previously identified docking
pose of ERDRP-0519 in ahomology model of MeV L protein is shown (yellow
sticks)*®. Residues identified in previous photoaffinity crosslinking experiments
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(Y1155, G1156, L1157 and E1158) and H1288 of the HR motif are shown as magenta
sticks. d, The top scoring docking pose of GHP-88309 in the homology model
of MBaMV L protein (red sticks). An overlay of the previously identified docking
pose of GHP-88309 in ahomology model of the MeV L protein is shown (yellow
sticks)™. Residues identified in MeV resistance profiling studies are shown as
magentasticks. e, The dose-response inhibition growth curves of ERDRP-0519
against MBaMV. Vero-bCD150 cells were infected by MBaMV at MOl of 0.01 for
1h,theninoculumwas replaced by fresh medium containing inhibitor at the
indicated concentrations (0-50 pM). 2d.p.i., viral supernatants were collected
and titred on Vero-bCD150 cells as described in Methods. Dots represent the
values from three independent experiments. Regression curve (solid line) and
95% confidence interval (Cl) (dot line) were generated in PRISM (v.8.0). f, The
drug response of GHP-88309 against MBaMV growth. The virus inhibition was
conducted identically as for ERDRP0519.

currently knownto jump the species barrier and infect humans, we did
find that MBaMV was able to utilize human receptorsin vitrotoacertain
extent. Traditionally, morbilliviruses use CD150 to enter myeloid and
lymphoid cells. However, unlike MeV, which infects human macrophages
viaCD150, MBaMV infects human macrophagesinaCD150-independent

manner (Fig. 4c)*. This resultindicates that anon-CD150/nectin-4 entry
receptor for MBaMV exists on humanmacrophages. Inaddition, MBaMV
replicated wellin H441 cells and in Vero cells expressing human nectin-4
(Fig.3).CDVisalsoreported to use human nectin-4** and can replicate
in H358 cells**. Alarmingly, there have been several outbreaks of CDVin
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non-human primates, resultinginacute disease or death in the animals**.
In one outbreak, mutations were found in the RBP, which rendered
CDV-RBP capable of efficiently using primate-CD150 (ref. 23). However,
CDVisunlikely toadaptto humansinthe presence of cross-reactive MeV
immunity. Human sera from MMR-vaccinated individuals was able to
cross-neutralize MBaMV infection in vitro (Fig. 5)—this would probably
limit MBaMV infection if MMR-vaccinated humans were exposed to
the virus. Finally, while MeV P and V proteins antagonize the innate
immune response, MBaMV P and V were unable to block the IFN
induction or signalling (Extended Data Fig. 9). Taken together, our
findings suggest that the zoonotic potential for MBaMV is low due to
cross-neutralizing anti-MeV antibodies and innate immune restriction.
The former reinforces the need to maintain broad and high coverage
of measles vaccination even when the virus has been eliminated in
human populations.

Methods

Ethics declaration

Animal study was performed following the Guide for the Care and Use
of Laboratory Animals. Animal experiment was approved by the Insti-
tutional Animal Care and Use Committee of Colorado State University
(protocol number1090) inadvance and conducted in compliance with
the Association for the Assessment and Accreditation of Laboratory
Animal Care guidelines, National Institutes of Health regulations,
Colorado State University policy and local, state and federal laws.
Archival CDV hyperimmune ferret sera were obtained from previous
animal experiments approved by the Institutional Animal Care and
Use Committee of Georgia State University (IACUC number A22035).

Biosafety

All research was performed with Institutional Biosafety Committee
approval (protocol number SPROT0202100000065 and preceding
approvals) at Biosafety Safety Level 2+ (BSL2+). Morbilliviruses are
classified as BSL2 agents. The present work does not come under Dual
Use Research of Concernregulations since MBaMVis not listed as one
ofthe 15 agents officially recognized as Dual Use Research of Concern
agents. No mutagenic experiments to enhance the tropism of MBaMV
were performed. For risk assessment, experiments were performedin
asequential fashion to minimize any risks involved.

First, we examined whether the RBP of MBaMV uses the canonical
human lymphoid receptor (CD150), which is the receptor responsi-
ble for transmission, using a fusion assay (Fig. 1b) and pseudotyped
virus assay (Fig. 1c). Only after confirmation that MBaMV did not use
human CD150 in both assays, suggesting that any zoonotic risks were
low, did we attempt full-length virus rescue at BSL2+. In addition, our
experiments were conducted under our standard operating procedure,
whichrequires thatexperiments are halted if any unexpected virulent
phenotypesare seenand thenreported tothe IBC. Further risk mitiga-
tion factors include the requirement that all personnel have positive
MMRtitres.

Method to isolate bat morbillivirus sequence

MBaMV was identified as part of a previous metagenomic survey of
bats sampled in Brazil and Malaysia. All the metadata associated with
this study, including the number and species of bats sampled, can be
found in Wells et al.’”. The virus was sampled by rectal swab from a bat
that was asubadult male (immature, butindependent) and apparently
healthy. Mitochondrial DNA profiling (MW554523 and MW557650)
identified the bat as ariparian myotis (M. riparius). RNAwas subjected
to NGS analysis, and viral genome (MW557651) was assembled from
fastq read files (GSE166170). The bat was captured by mist net, then
oral, rectal and urogenital swabs were all collected for RNA extrac-
tion. Total nucleic acid was extracted using the Roche MagNA Pure 96
platform following the manufacturer’s protocol, then total nucleic acid
was DNase treated (DNase I; Ambion, Life Technologies) and reverse

transcribed using SuperScript Il (Invitrogen, Life Technologies) with
random hexamer primers. The cDNA was treated with RNase H before
second-strand synthesis by Klenow fragment (3’ to 5’ exonuclease)
(New England Biolabs), then the double-stranded cDNA was sheared
into average of 200 bp fragments using a Covaris focused ultrasonica-
tor E210. Sheared cDNA was deep sequenced using the [llumina HiSeq
2500 platform, and reads were bioinformatically de novo assembled
using MEGAHIT v1.2.8 after quality control steps and exclusion of host
reads using Bowtie2 v2.3.5 (ref. 45). This method was the same as one
previously published’.

Generation of phylogenetic tree and conservation matrix
table

Amino acid sequences of L proteins were aligned by ClustalW, then the
evolutionary history of L proteins was inferred by maximuma likelihood
method with bootstrap test of 1,000 replicates. All processes were
done in MEGA X (ref. 46). For conservation matrix table, amino acid
sequences of each gene were aligned by ClustalW, then the conserva-
tions were evaluated. The accession numbers used for the alignment
aresummarized in Extended Data Table 2.

Cells

293T cells (ATCC cat. no. CRL-3216), A549 cells (ATCC cat.no. CCL-185),
Vero cells (ATCC cat. no. CCL-81, RRID:CVCL_0059) and BSR T7/5
cells (RRID:CVCL_RW96) were grown in in Dulbecco’s modified Eagle
medium (DMEM, Thermo Fisher Scientific) supplemented with 10%
foetal bovine serum (FBS, Atlanta Biologicals) at 37 °C. NCI-H441 cells
(ATCC cat. no. HTB-174) were grown in RPMI 1640 medium (Thermo
Fisher Scientific) with 10% FBS. 293T cells, A549 cells and H441 cells
were all certified using the ATCC cell authentication testing service.
Vero-hCD150 (Vero-human SLAM) cells are Vero cell derivatives that
constitutively express hCD150. Vero-dCD150 cells are Vero cell deriva-
tives that constitutively express HA-dCD150. Vero-hCD150 cells* and
Vero-dCD150 cells*® were provided by Dr Yanagi at Kyushu Univer-
sity and maintained in DMEM with 10% FBS. Vero-bCD150 cells and
Vero-hN4 cells were generated as written below and maintained in
DMEM with10% FBS. CHO cells were grownin DMEM/F12 (1:1) medium
(Gibco) with10% FBS.

Plasmids

We cloned the ORF of hCD150, dCD150 and bCD150 (from Myostis
brandtii since the CD150 sequence from M. riparius is unknown)
into the pCAGGS vector cut by EcoRI (NEB) and Nhel-HF (NEB). We
introduced HA tag-linker-Igk signal peptides (amino acids corres-
ponding to MVLQTQVFISLLLWISGAYG-YPYDVPDYA-GAQPARSP)
atthe N-terminus of CD150s as previously reported®. The sequence of
hCD150, dCD150 and bCD150 was from NP_003028.1, NP_001003084.1
and XP_014402801.1, respectively. We synthesized codon-optimized
gene sequences at GeneArt Gene Synthesis (Invitrogen), generating
pCAGGS-Igk-HA-hCD150, pCAGGS-Igk-HA-dCD150 and pCAGGS-Igk-
HA-bCD150. We also generated pCAGGS-Igk-HA-bCD150-P2A-Puro,
which additionally express puromycin-resistant gene. For
pCAGGS-human nectin-4-P2A-puro, synthesized DNA by GeneArt
Gene Synthesis (Invitrogen) was cloned into pCAGGS.

The sequence of MBaMV RBP and F ORF were synthesized by
GenScript. These were cloned into pCAGGS vector cut by EcoRl and
Nhel-HF withadding HA tag (RBP gene) or AU1tag (F gene) in C-terminus,
generating pCAGGS-MBaMV-RBP-HA and pCAGGS-MBaMV-F-AUL.

For MeV RBP and F-expressing plasmid, we amplified RBP
and F sequence from p(+) MV323-AcGFP with the addition of
HA-tag and AUl-tag same as MBaMV-RBP and MBaMV-F, creating
pCAGGS-MeV-RBP-HA and pCAGGS-MeV-F-AUL. For CDV RBP and F
cloning, we amplified RBP and F sequence from pCDV-5804P plasmid
withtheaddition of HA-tag and AU1-tag, creating pCAGGS-CDV-RBP-HA
and pCAGGS-CDV-F-AUL.
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Genome coding plasmids for MeV; (p(+) MV323-AcGFP) and CDV;
pCDV-5804P were kindly gifted by Dr Makoto Takeda*® and Dr Veronica
von Messling, respectively>’. We transferred the MeV genome sequence
into pEMC vector, adding an optimal T7 promotor, a hammer head
ribozyme, and we introduced an eGFP transcriptional unit at the
head of the genome (pEMC-IC323-eGFP), which is reported in the
previous study”.

For the generation of MBaMV genome coding plasmid, we synthe-
sized pieces of DNA at2,000-6,000 bp at GenScript with the addition
of eGFP transcriptional unit at the head of genome (eGFP-MBaMV).
DNA fragments were assembled into pEMC vector one-by-one using
in-fusion HD cloning kit (Takara), generating pEMC-eGFP-MBaMV.
The N-terminal 1.5 kb of the L gene was initially unclonable. Sequence
analysis revealed a putative 86-amino-acid (a.a.) ORF (ORF-X) in the
complementary strand. Introduction of two point mutations in this
region to disrupt ORF-X without affecting the L amino acid sequence
(Extended DataFig. 4) finally enabled cloning of the full-lengthgenome,
suggesting that ORF-X was probably toxic in bacteria.

Recovery of recombinant MBaMV and MeV from cDNA

For the recovery of recombinant MBaMYV, 4 x 10° BSR-T7 cells were
seeded insix-well plates. The next day, the indicated amounts (written
below) of antigenomic construct, helper plasmids (-N, -P and -L from
MeV), T7 construct and LipofectamineLTX/PLUS reagent (Invitrogen)
were combined in 200 ml Opti-MEM (Invitrogen). After incubation at
room temperature for 30 min, the DNA-Lipofectamine mixture was
added dropwise onto cells. The cells were incubated at 37 °C for 24 h.
The cells containing PO viruses were trypsinized and passed onto
Vero-bCD150 cells (2.0 x 10° cells per flask in one 75 cm? flask). We
collected supernatant 2 days after overlay (P1virus) and re-amplified
MBaMV in fresh Vero-bCD150 cells (>2x T1 75 cm? flasks). These pas-
sage 2 (P2) stocks were titred, frozen downin aliquots and used for all
experiments.

The amount of measles plasmids used for rescue is reported in
our previous study®’: 5 mg antigenomic construct, 1.2 mg T7-MeV-N,
1.2 mg T7-MeV-P, 0.4 mg T7-MeV-L, 3 mg of a plasmid encoding
a codon-optimized T7 polymerase, 5.8 ml PLUS reagent and 9.3 ml
Lipofectamine LTX.

The rescue of MeV was done exactly same way as MBaMV rescue
except that 5 mg of pEMC-IC323eGFP was used for transfection and
Vero-hCD150 cells were used for co-culturing.

Titration of viruses and plaque assay

For MBaMV, amonolayer of Vero-bCD150 cells in12 wells was infected
by 500 ml of serially diluted samples for 1 h, followed by medium
replacement with methylcellulose containing DMEM. Then, 5 d.p.i.,
the number of GFP-positive plaque was counted to determine titre.
For the plaque assay, infected Vero-bCD150 cells were incubated under
methylcellulose-containing DMEM for 7 days. Cells were then stained
with 1% crystal violetand 1% neutral red sequentially. For MeV, we used
Vero-hCD150 cells and fixed the plates at 4 d.p.i.

Growth analysis
A total of 2.0 x 10° cells per well were seeded in a 12-well plate. Cells
were infected by indicated titre of viruses (MO1 0.01 or 0.5) for 1h,
followed by replacement of fresh medium. Viruses were grown for
5 days with medium change every day. Collected supernatants were
used for titration.

Generation of Vero-bCD150 cells and Vero-hN4 cells

A total of 4.0 x 10° of VeroCCL81 cells were transfected with 2 mg
of pCAGGS-Igk-HA-bCD150-P2A-Puro with Lipofectamine 2000
(Invitrogen); cells were selected under 5 mg ml™ of puromycin (Gibco)
until colonies were visible. Colonies were isolated independently and
checked for HA expression using fluorescence-activated cell sorting

(FACS). Vero-hN4 cells were generated by transfecting pCAGGS-human
nectin-4-P2A-Puro into VeroCCLSLI cells, followed by 5 mg m1™ of
puromycin selection, and clone isolation. Surface expression was
checked by FACS.

Generation of VSV-pseudotyped virus and entry assay

Atotal of 6 x10° cells 0f 293T were seeded in a10 cm dish (pre-coated
with poly-L-lysine (Sigma)) 1 day before transfection. Twelve milli-
grams of RBP plus 12 mg of F coding plasmid from MeV, CDV or MBaMV
were transfected to cells by PEIMAX (Polysciences). VSV-deltaG-Gluc
supplemented by G protein (VSVDG-G*) were infected at an MOI of
10 for 1 h at 8 h post plasmid transfection. Cells were washed with
phosphate-buffered saline (PBS) three times, and medium was main-
tained with Opti-MEM for 48 h. Supernatant was collected and ultra-
centrifuged at 30,000g for 2 h, and the pellet was re-suspended with
100 pl of PBS™. For the quantification of pseudotyped viral entry, CHO
cellsin10 cm dish were transfected with 24 mg of hCD150-, dCD150- or
bCD150-expressing plasmid with PEI MAX. CHO cells were passaged
onto 96-well plates at 8 h post transfection The pseudotyped-VSV of
MeV, CDV or MBaMV were used to infect the CHO cells. Renilla lucif-
erase units (RLUs) were measured by Renilla luciferase assay system
(Promega) to quantify the pseudotype virus entry into cells.

Image-based fusion assay

CHO cells were seeded at 50,000 cells in 48-well dish 24 hours before
transfection. Cells were transfected with200 mg of pCAGSS-RBP-HA (of
MeV/CDV/MBaMV), 200 mg of pCAGGS-F-AU1(of MeV/CDV/MBaMV),
pCAGGS-Igk-HA-CD150 (20 ng human, 5 ng dog, or 20 ng bat), and
50 mg of pEGFP-C1 Lifeact-EGFP (purchased from Addgene) with 2.5 ml
of polyethylenimine max (Polysciences). At 36 h post transfection, cells
wereimaged witha Celigoimaging cytometer (Nexcelom) with the GFP
channel, and pictures were exported at the resolution of 5 um per pixel.
The GFP-positive foci (single cell or syncytia) were analysed by Image)
(developed by NIH), creating the profile of individual GFP-positive foci
with size information.

For the evaluation of syncytiasize, we first filtered the GFP-positive
foci with the size of >10 pixel?, which is the median size of GFP area in
the well of MeV-F plus LifeactGFP transfection to exclude non-specific
background noise. Thenwe calculated the frequency of syncytiawhich
is defined as the GFP counts of 2100 pixel? (10 times of median size of
single cells)/total GFP counts of =10 pixel®.

Surface expression check of bCD150 in Vero-bCD150 cells and
human nectin-4 in Vero-hN4 cells by FACS

A total of 50,000 cells in a 96-well plate were dissociated with 10 pM
EDTAinDulbecco’s PBS, followed by a2% FBS in Dulbecco’s PBS block.
Cells were treated with primary antibody for 1 h at 4 °C, then washed
and treated by secondary antibody for 1 h at 4 °C. Vero-bCD150 cells
were examined with a Guava easyCyte flow cytometers (Luminex)
for the detection of signal. Vero-hN4 cells were subjected to Attune
NxT flow cytometer (ThermoFisher Scientific). For primary antibody,
mouse monoclonal nectin-4 antibody (clone N4.61, Millipore Sigma)
and rabbit polyclonal HA tag antibody (Novus Biologicals) were both
usedatal:1,000dilution. For secondary antibody, goat anti-rabbitIgG
H&L AlexaFluor 647 (Abcam) and goat anti-mouse IgG H&L Alexa Fluor
647 (Abcam) were used appropriately. FlowJo was used for analysing
FACS dataand presentation.

Soluble CD150 production and purification

Production and purification of soluble CD150 is as previously
reported®*. Soluble CD150 is a chimaera comprising the human V (T25
to Y138) and mouse C2 domains (E140 to E239) + His6-tag, which was
cloned into pCA7 vector. The expression plasmid was transfected
by using polyethyleneimine, together with the plasmid encoding
the SV40 large T antigen, into 90% confluent HEK293S cells lacking
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N-acetylglucosaminyltransferase I (GnTI) activity. The cells were cul-
tured in DMEM (MP Biomedicals), supplemented with 10% fetal calf
serum (FCS) (Invitrogen), L-glutamine and non-essential amino acids
(Gibco). The concentration of FCS was lowered to 2% after transfec-
tion. The His6-tagged protein was purified at 4 days post transfection
from the culture medium by using the Ni**-NTA affinity column and
Superdex 200 GL 10/300 gel filtration chromatography (Amersham
Biosciences). The pH of all buffers was adjusted to 8.0. Soluble CD150
Fcfusionavitag was purchased from BPS Bioscience, and reconstituted
by PBS.

Macrophage experiments

CD14" monocytes were isolated from leukopaks purchased from
the New York Blood Bank using the EasySep Human CD14 positive
selection kit (StemCell #17858). For macrophage differentiation,
CD14" monocytes were seeded at 10° cells mI™ and cultured in R10
medium (RPMIsupplemented with FBS, HEPES, L-glutamine and peni-
cillin-streptomycin) with 50 ng m1™ of granulocyte-macrophage
colony-stimulating factor (Sigma Aldrich G5035) ina37 °Cincubator.
Mediaand cytokines were replaced 3 days post seeding. At 6 days post
seeding, macrophages were infected with either MeV or MBaMV at
100,000 infectious units (IU) per 500,000 cells and were spinoculated
at300gfor1hatroomtemperature. Virus inoculumwas removed and
cells were incubated in R10 medium with granulocyte-macrophage
colony-stimulating factor at 37 °C. For imaging experiments, mac-
rophages were fixed in 4% paraformaldehyde (PFA) at 30 h.p.i. and
stained with 4’,6-diamidino-2-phenylindole (DAPI), and fluorescent
and bright field images were captured on the Cytation 3 plate reader.
For flow cytometry experiments, infected macrophages were stained
for viability at 24 h.p.i. (LIVE/DEAD fixable stain kit from Invitrogen
L34976), treated with human Fc block (BD Biosciences), stained with
antibodies against CD14 (eBioscience clone 61d3; 1:100 dilution) and
HLA-DR (eBioscience clone LN3; 1:75 dilution), fixed in 2% PFA, permea-
bilized with saponin and stained for intracellular CD68 (eBioscience
clone Y1/82A; 1:100 dilution) and CD150 (eBioscience; 1:75 dilution).
Soluble CD150 (1 mg mI™) or CD150 Avi-tag (BPS Bioscience) were
incubated with MeV or MBaMV for 15 min before infection for inhibition
experiments. Stained macrophages were run through an Attune NxT
Flow Cytometer, and data were analysed using FlowJo software (v10).

T-cell experiments

PBMCs were isolated from fresh blood donations obtained through
the New York Blood Center using density centrifugation and a ficoll
gradient. Isolated PBMCs were then resuspended in RPMI medium
(10% FBS, 1% L-glutamine and 1% penicillin-streptomycin) and were
stimulated for T-cell activation with concanavalin-A (ConA) at 5 pg ml™
for 72 h. Following, cells were washed once with PBS and stimulated
with 10 ng mI” of IL2 for 48 h. Cells were subsequently infected at an
MOI of 0.2 with MeV or BaMV or were mock infected in 12-well plates
at10°cells ml™. Cells were collected 24 h.p.i., stained with Invitrogen’s
LIVE/DEAD Fixable dead cell far-red dye as per the manufacturer’s
protocol, and analysed for eGFP expression by flow cytometry
with an Attune NxT Flow Cytometer. Analysis was completed using
FCSExpress-7. A total of two donors were utilized for this analysis, with
the datafrom donor 1shown in Fig. 4.

Western blot for RBP and F protein

A total of 1x10° 293T cells were seeded onto collagen-coated
six-well plate. 293T cells were transfected by 2 mg of pCAGGS,
pCAGGS-MBaMV-RBP-HA or pCAGGS-MBaMV-F-AU1 using polyeth-
ylenimine max (Polysciences). Cells were washed with PBS, then lysed
by RIPA buffer. Collected cytosolic proteins were run on 4-15% poly
polyacrylamide gel (Bio-Rad, #4561086) and transferred onto poly-
vinylidene fluoride membrane (Fisher Scientific, #45-004-113), fol-
lowed by primary antibody reaction and secondary antibody reaction.

Rabbit polyclonal HA tag antibody (Novus Biologicals, #NB600-363;
1:1,000 dilution) and rabbit polyclonal AU1 epitope antibody (Novus
Biologicals, #NB600-453;1:1.000 dilution) was used for primary anti-
body for HA and AU1 tag detection, respectively. Rabbit monoclonal
antibody (Cell Signaling Technology, #2118; 1:1,000 dilution) was
chosen as primary antibody to detect GAPDH. Alexa Fluor
647-conjugated anti-rabbit antibody (Invitrogen, #A-21245;1:2,000
dilution) was used as secondary antibody appropriately. Image captur-
ing was done by Chemidoc MP (Bio-Rad).

Transcriptome analysis of MBaMV

Atotal of 4.0 x 10° Vero-bCD150 cells were infected by MBaMV at an MOI
of 0.01. Cytosolic RNA was collected by 500 ml of TRIzol (Ambion) at 2
d.p.i. Collected cytosolic RNA was sequenced by direct RNA sequence
by MinlON (Oxford Nanopore Technologies) with some modifications
inthe protocol. First, we started library preparation from 3 mg of RNA.
Second, we used SuperScript IV (Invitrogen) instead of SuperScript
I1I. Sequencing was run for 48 h by using R9.4 flow cells. The fastq file
was aligned to MBaMV genome sequence by minimap2, and coverage
information was extracted by IGVtools.

Evaluation of PmRNA editing

Infection and RNA extraction was same as above (transcriptome
analysis). One microgram of RNA was reverse transcribed by TetroRT
(Bioline) with poly-A primer, followed by PCR with primer set of Pedit-f
(sequence GGGACCTGTTGCCCGTTTTA) and Pedit-r (sequence TGTCG
GACCTCTTACTACTAGACT). Amplicons were processed by using NEB-
Next Ultra DNA Library Prep kit following the manufacturer’s recom-
mendations (Illumina), and sequenced by lllumina MiSeqon a2 x 250
paired-end configuration at GENEWIZ. Base calling was conducted by
the Illumina Control Software (HCS) on the Illumina instrument. The
paired-end fastq files were merged by BBTools. These merged fastq
fileswere aligned to the reference sequence using bowtie2, creating a
SAMfile, and we counted the number of P-editing inserts.

Neutralization assay

Vero-hCD150, Vero-dCD150 and Vero bCD150 cells were seeded in
96-well plates. Two groups of pooled human sera from people who
previously received the MMR vaccine (three individuals per pool), and
sera from ferrets vaccinated with CDV (courtesy of Richard Plemper)
were heatinactivated for 30 min at 56 °C. Equal amounts of CDV, MeV
and MBaMV (20,000 IU mI™) were incubated with serial dilutions of
the heat-inactivated sera for 15 min at room temperature. Virus and
sera were then added to the Vero cells with the correct receptor and
placed at37 °C. At 20 h.p.i., the cells wereimaged using a Celigo imag-
ing cytometer (Nexelcom) with the GFP channel. Exported images were
analysed using ImageJ to measure the extent of viral infection by GFP*
area (MeV and MBaMV), or total GPF* counts (CDV). The percentage of
reduction in infection was calculated by setting the level of infection
inthe noseracontrol wellsto100%. The normalized data were plotted
using GraphPad Prism, and neutralization curves were generated using
non-linear regression with inhibitor concentration versus normalized
response. ICy,values were calculated for each replicate using arobust
fit model. Five replicates were completed for the MeV and MBaMV
neutralization with the pooled human sera, and two replicates were
repeated with CDV and the ferret sera.

Research animals

Ferrets were vaccinated with CDV, and serum was collected and
pooled from three female ferrets. This serum was used in viral neu-
tralization assays. Although these archival sera were obtained as part
of IACUC-approved studies (IACUC protocol A22035), the work has
not been published elsewhere. Ferrets were kept in Animal Biosafety
Level 1in an open cage grouped housing environment at 20 °C (40%
relative humidity) with weekly cage changes, food (Marshall Farms
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formulated diet) and water ad libitum, and a photoperiod of 14 h
of light and 10 h of dark. These ferrets came immunized from the
vendor (Tripple F farms) and were vaccinated (subcutaneously) at
10 weeks of age using a ribosomal DNA canarypox-vectored CDV vac-
cine, Purevax Ferret Distemper as per the manufacturer’s protocol
(prime plus two additional doses at 3 week intervals). Immunized
ferrets were bled at 8 months of age. After a single blood draw of 2 ml
was collected from the jugular vein, the ferrets were retired with no
adverse effects.

Jamaican fruit bats were sourced from the Colorado State Univer-
sity breeding colony that was established from donated zoo bats in
2006. This is a free-flight colony, and reproductive females produce
one offspring at about 5-6 month intervals. Bats are fed daily with
fresh fruit (cantaloupe, watermelon and banana) supplemented with
monkey biscuits and iron-containing bird feed as additional protein
and calorie sources. For experimental challenge with virus, bats were
housedinabird cage (76h x 56w x 56d cm) that allowed full extension of
wings and movement. Landscape fabricisroutinely used asaroosting
substrate in cages. The bats were kept under a photoperiod 0of12/12 h
with ambient temperature maintained at 22 °C and relative humidity
ranging from35%to 50%. Bats were killed by inhalation of 3% isoflurane
to effect, followed by thoracotomy.

IFN induction and response assays

Forinterferon stimulatory gene induction assays, HEK 293T cells were
transfected with plasmids coding for ISG54-ISRE-FLuc, TK-RLuc and
either empty vector, MBaMV P, MVaMV V or ZIKV MR766 NS5. At 24 h
post-transfection, the cells with treated with 100 U of human IFNb (at
100 U ml™). Cells were lysed 24 h after IFNb treatment, and FLuc and
RLucexpression was measured using the Promega Dual luciferase assay.
Datawere calculated as aratio of Fluc:RLuc to normalize for transfection
efficiency. Twoindependent experiments with three technicalreplicates
were completed. To measure the antagonism of IFN induction (IFNb
promoter activation), HEK 293T cells were transfected with plasmids
coding for IFNb-FLuc, TK-RLuc an IFN promoter stimulant (either RIG-,
MDAS5 or MAVS), and empty vector, MBaMV P, MBaMVV or HCV NS3/4A
(potential IFN antagonists). At 24 h post transfection, cells were lysed
and FLuc and RLuc expression was measured by Promega Dual lucif-
erase assay. Data were calculated as a ratio of Fluc:RLuc to normalize
for transfection efficiency. Two independent experiments with three
technical replicates were completed. For statistical analysis, one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparisons was
performed with Prism.

Bat challenge experiment and evaluation of infection

Six adult male Jamaican fruit bats (Artibeus jamaicensis) were inocu-
lated with 2 x 10° PFUMBaMV-eGFP; three bats were intranasally inocu-
lated and three bats were intraperitoneally inoculated. At 1 week post
virusinoculation, bats were subjected to blood and serum collection,
visually inspected for GFP expression around the nares, oral cavity and
eyes by LED camerain each group (intranasally and intraperitoneally)
while being housed inbird cages. At 2 weeks post virus infection, blood,
serumand tissues (lung, spleenand liver) were collected from one bat
ineach group. At 3 weeks post virus infection, blood, serum and tissues
(lung, spleen and liver) were collected from one bat in each group. At
the point of sample collection, the bats were killed and their tissues
processed. Bats were sourced fromand housed at the breeding colony
atthe Colorado State University.

Blood RNA was extracted by TRIzol. RNA was reverse transcribed
by Tetro cDNA synthesis kit (Bioline) with the primer of ‘GAGCAAA
GACCCCAACGAGA targeting MBaMV-GFP genome, then the num-
ber of genomes was quantified by SensiFAST SYBR & Fluorescein
Kit (Bioline) and CFX96 Touch Real-Time PCR Detection System
(Bio-Rad). The primer set for qPCR is ‘'GGGGTGCTATCAGAGGCATC’
and ‘TAGGACCCTTGGTACCGGAG..

Virus neutralization assay was done as follows. Heat-inactivated
(56 °C x 30 min) bat serum was serially diluted by three times (starting
from five times dilution) and mixed with 2 x 10* PFU mI of MBaMV atal:1
ratio for 10 minat room temperature. One-hundred millilitres of mixture
was applied to Vero-batCD150 cells in 96 wells. GFP foci were detected
and counted by Celigo imaging cytometer (Nexcelom). GFP counts of
serum-treated samples were normalized by no-serum-treated well.

Tissues were fixed with 10% buffered formalin and embedded with
paraffin, then thinly sliced. GFPimmunohistochemistry was performed
by using VENTANA DISCOVERY ULTRA. Rabbit monoclonal antibody
(Cell Signaling Technology, #2956) was used as a primary antibody,
and OMNIMap anti-rabbit-HRP (Roche, #760-4310) was used as a sec-
ondary antibody. The GFP signal was visualized by using Discovery
ChromoMap DABKit (Roche, #760-2513). Tissues were counterstained
with haematoxylin to visualize the nuclei. No statistical methods were
used to pre-determine sample sizes, but our sample sizes are similar
to those previously published. Data collection and analysis were not
performed blind to the conditions of the experiments.

Insilico docking

Insilico docking was performed with MOE 2018.1001 (Chemical Com-
puting Group), as previously described’s. Ahomology model of MBaMV
L was created on the basis of the structural coordinates of PIV5-L (PDB
ID: 6V86) using the SWISS-MODEL homology modelling server™. Before
docking, the model of the MBaMV L protein was protonated and energy
minimized. Aninduced-fit protocol using the Amber10 force field was
implemented to dock ERDRP-0519 and GHP-88309 into MBaMV L. For
binding of ERDRP-0519, residues Y1155, G1156, L1157, E1158 and H1288,
and for binding of GHP-88309, residues E858, D863, D997, 11009 and
Y1106, were pre-selected as docking targets, which are predicted to
line the docking sites of ERDRP-0519 and GHP-88309, respectively, in
MeV L. Top-scoring docking poses were selected and aligned in Pymol
tothe previously characterized insilico docking poses of the inhibitors
to MeV L protein. Sequence alignment of MBaMV and MeV L proteins
was performed using Clustal Omega*. Conservation was scored using
the AL2CO alignment conservation server™%,

TEM

Routine TEM processing was done as described. The Vero-bCD150 cells
infected by MBaMV for 3 days were washed with PBS and then fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH7.4) onice
for 1 h. The cells were scraped off the 100 mm tissue-culture-treated
Petri dish and pelleted by low-speed centrifugation (400g for 5 min).
The pellet was fixed for 30 min with the same fixative before second-
ary fixation with 2% osmium tetraoxide onice for 1 h. The cells were
then stained with 2% uranyl aqueous solution en bloc for 1 h at room
temperature, dehydrated with aseries of increasing ethanol gradients
followed by propylene oxide treatment, and embedded in Embed 812
Resin mixture (Electron Microscopy Sciences). Blocks were cured for
48 h at 65 °C and then trimmed into 70 nm ultrathin sections using a
diamond knife on a Leica Ultracut 6 and transferred onto 200 mesh
copper grids. Sections were counterstained with 2% uranyl acetate
in 70% ethanol for 3 min at room temperature and in lead citrate for
3 minat room temperature, and then examined with aJEOL JSM 1400
transmission electron microscope equipped with two CCD cameras
for digitalimage acquisition: Veleta 2K x 2K and Quemesa 11 megapixel
(EMSIS) operated at 100 kV.

Statistics and reproducibility

Allstatistical methods used in analysis are listed in the accompanying
figurelegends. Analyses were computed using GraphPrad Prism (v10).
Datadistribution was assumed to be normal, but this was not formally
tested. Regarding the bat challenge study, no statistical method was
used to pre-determine sample size and no data were excluded from
the analysis.
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Human subjects research

Normal primary dendritic cells and macrophages used in this project
were sourced from ‘human peripheral blood Leukopack, fresh’, which
isprovided by the commercial provider New York Blood Center. Leuka-
pheresis was performed on normal donors using institutional review
board-approved consent forms and protocols by the vendor. The ven-
dor holds the donor consents and the legal authorization that should
give permission for all research use. The vendor is not involved in the
study design and has noroleinthis project. Samples were deidentified
by the vender and provided to us. To protect the privacy of donors, the
vendor does not disclose any donor records. If used for research pur-
posesonly, the donor consent applies. Aliquots of pooled immune sera
were obtained from a previous anonymous serosurvey study that was
qualified as Exemption 4 under NIH Exempt Human Subjects Research
guidelines (Icahn School of Medicine at Mount Sinai)*. Serum samples
were purchased from Innovative Research as deidentified research
reagents. Serum was collected between August and November 2014
in Michigan, from donors aged 18-64 years. For the human serum,
MuV-reactive titres were previously determined with enzyme-linked
immunosorbent assay against recombinant MuV-F and MuV-HN in
addition to neutralization titres using the recombinant vaccine strain
of MuV (JL5). The serasamples used in this study were from donors that
exhibited neutralization titres above the median titres for this cohort
as determined previously®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw NGS results of bat surveillance, P gene editing and transcrip-
tome by MinlON are uploaded at NCBIGEO: GSE166170, GSE166158 and
GSE166172, respectively. Unprocessed images from our experiments
have been uploaded to Figshare, and links are available in the source
data. Assembled MBaMV sequence and pEMC-MBaMVeGFP sequence
information are available at NCBI Genbank MW557651 and MW553715,
respectively. Cytochrome oxidase I host sequence and cytochrome
b host sequence of virus infected bat are available at MW554523 and
MWS557650. MeV genomic cDNA coding plasmid (pEMC-IC323eGFP)
sequence is available at MW401770. Source data are provided with
this paper.
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Extended DataFig.1| The genomic composition of myotis bat morbillivirus
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Extended Data Fig. 3 | Deletion of putative cryptic toxic ORFin MBaMV L the MBaMV genome, we made two mutations that were silent in the L ORF but
gene. Thefirst 1,500 nt of the L gene was refractory to cloning. Inspection of which abolished the initiator methionine(s) in this putative ORF-X. Red shaded
the L gene sequence revealed a putative ORF of 86 aain the complementary (-) nucleotides correspond to third codon of methionine in ORF-X (a, Deleted
strand of the first 1,500 nt of the L gene (a, original sequence and b, ORF-X). To ORF-X). This “ORF-X KO” MBaMV genomic clone was the eventual construct that
determine if this putative ORF might be toxic to the bacteria used for cloning was rescued. The amino acid sequence of ORF-X is shownin (b).
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respectively. Greater than 50% of Vero-Nectin-4 cells express higher levels

of human nectin-4 than H441 cells. ¢, Monocyte derived macrophages were
harvested and stained for surface human nectin-4, confirming that macrophages
do not express nectin-4. Vero-Nectin-4 cells were used as a positive control.
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Extended Data Fig. 5| Molecular characterization of MBaMV transcripts.
Vero-bCD150 cells were infected with MBaMV (MOI = 0.01) and cytosolic RNA
collected at 2 dpi were subjected to direct RNA sequencing targeting mRNAs
using the MinION platform (Oxford Nanopore Technology). 93,917 reads/ total
797,133 reads are aligned to MBaMV. a, Read coverage showed that MbaMV
infection and replication exhibited the 3’ to 5’ transcriptional gradient typical
of paramyxoviruses. The boundary of each transcriptional unit can also be
appreciated by the steep drop in reads that coincide with the tri-nucleotide
intergenic sequence. Median (IQR) sequencing coverage ranges are 6509

(N, 5368-7465),3640 (P,3193-4047),3018 (M, 2533-3656), 929 (F, 722-1096),
535(RBP,491-633) and10 (L, 5-33). b, The read coverage graph around the M-F

intergenic region is magnified to show the uncommon intergenic motif of ‘CGU".

The intergenic motif between all other genes is ‘CUU’. ¢, Amplicon sequencing

around the P gene editing site shows the frequency of P gene-mRNA editing.
51.2% of P gene mRNAs acquired a single ‘G’ insertion at the editing site,
creating V mRNA. The numbers shown are the average of three independent
experiment with error bars representing S.D. (d-e) show the expression of
surface glycoproteins (RBP and F) of MBaMV, MeV, and CDV by Western blot.
5pgexpression plasmids (pCAGGS, pCAGGS-RBP-HA, pCAGGS-F-AU1) were
transfected into 293 T in 6-well plate. Cytosolic proteins were collected and
runon acrylamide gel. AU1 staining (d) showed full-length F protein (FO; blue
arrowhead) and cleaved F1(red asterisk) product. HA staining (e) showed
expression of RBP monomer (blue arrowhead) around 60 - 70 kDa in addition to
oligomer. COXIV was used as loading control for blot. The experiments in d) and
e) were completed twice, with similar results.
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fruit bats (Artibeus jamaicensis) were inoculated with MBaMV (2x10° PFU/body) GFPIHC signal. ¢, bat-derived tissues showed no GFP signal. The bat challenge
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liver, and spleen) were collected as indicated. GFP expression in the tissues were
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Extended Data Fig. 7| Amino acid sequence alignment of morbillivirus shaded inblack and gray, respectively. Occluded residues at the RBP-CD150
receptor binding proteins (RBP). The RBP of 8 morbilliviruses and other interface from the MeV-marmoset CD150 crystal structure were identified by
representative paramyxoviruses (Sendai virus (SeV), Nipah virus (NiV), Mumps PDBePISA and indicated by the peach-colored shading above the alignment.
virus (MuV)) were aligned by clustalw. Alignments around the CD150 contact Hydrogen bonds (deep blue), salt bridges (red), hydrogen bonds +salt bridge
residues are shown separately in (a)180-200 aa, (b) 490-510 aa, and (c) (purple) inthese occluded regions areindicated.

520-560 aa. Highly and moderately conserved residues in these regions are
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Extended Data Fig. 8 | Amino acid sequence alignment of CD150 from
cognate morbillivirus hosts. CD150 from the 8 mammals that are the natural
hosts of the indicated morbilliviruses are aligned by clustalw. Alignments
around the RBP contact residues (aa60-179) are shown. Highly and moderately
conserved residues in these regions are shaded in black and gray, respectively.

Occluded residues at the RBP-CD150 interface (PDB: 3ALZ) were identified by
PDBePISA and indicated by the peach-colored shading above the alignment.
Hydrogen bonds (deep blue), salt bridges (red), hydrogen bonds + salt bridge
(purple) inthese occluded regions are indicated. The color rendering is identical
to Extended Data Figure 7.
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Extended Data Fig. 9| MBaMV accessory genes do not antagonize human
IFNinduction. a) HEK 293 T cells were co-transfected with an ISG54-ISRE-FLuc
plasmid and either MBaMV P, MBaMV V, MeV V, MeV P, or ZIKV NS5. Cells were
treated with human IFNb and ISRE induction was measured by luciferase assay.
HEK 293 T cells were co-transfected with an IFNb-FLuc plasmid, an IFN promoter
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stimulant b) RIG-1, ¢) MDAS, and d) MAVS, and MeV P, MeV V, MBaMV P, MBaMV V,
or HCVNS3/4 A.IFN induction was measured by luciferase assay in 2 independent
experiments with 3 technical replicates (mean + /- S.D.). The specific p values

(*p <0.5;***p =<0.0001) were calculated using a one-way ANOVA with a
Dunnett’s multiple comparisons test.
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Extended Data Table 1| This table shows the genome size and the six canonical ORFs of MBaMV in comparison with other
morbilliviruses

Genus Virus name Genome size (nt) N* (nt) P* (nt) M* (nt) F* (nt) RBP* (nt) L* (nt)

Morbillivirus MBaMV 15,720 1,572 | 1,524 | 1,011 | 1,995 1,824 6,552
(523aa) (507aa) (336aa) (664aa) (607aa) (2,183aa)

Cbv 15,690 1,572 1,524 1,008 1,992 1,824 6,555

MeV 15,894 1,578 1,524 1,008 1,653 1,854 6,552

PDV 15,696 1,617 1,524 1,008 1,896 1,824 6,555

PPRV 15,948 1,578 1,530 1,008 1,641 1,830 6,552

RPV 15,882 1,578 1,524 1,008 2,250 1,830 6,552

CeMV 15,702 1,572 1,521 1,008 1,659 1,815 6,552

FeMV 16,050 1,560 1,476 1,014 1,632 1,788 6,609

MBaMV has a total genome size of 15,804 nucleotides (nt), comprising of N (1,572 nt), P (1,524 nt), M (1,011 nt), F (1,995 nt), RBP (1,824 nt), L (6,552 nt) genes. The number of amino acids (aa) that
make up each ORF are indicated in parenthesis. * nt count includes the stop codon. N; nucleoprotein, P; phosphoprotein, M; matrix, F; fusion protein, RBP; receptor binding protein (formerly
referred to as H for morbilliviruses), and L; large protein which contains the RNA-dependent RNA-polymerase.
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Extended Data Table 2 | Paramyxovirus species used in this study for phylogenetic and sequence conservation analysis

Family Subfamily Genus Species Virus name (s) M n'a ".'e iy R.EFSEQ
abbreviation [accession

Paramyxoviridae |Orthoparamyxovirinae |Morbillivirus Canine morbillivirus canine distemper virus Cbv NC_001921
Cetacean morbillivirus cetacean morbillivirus CeMV NC_005283
Feline morbillivirus feline morbillivirus FeMV NC_039196
Measles morbillivirus measles virus MeV NC_001498
Phocine morbillivirus phocine distemper virus PDV NC_028249
Rinderpest morbillivirus rinderpest virus RPV NC_006296
Small ruminant morbillivirus | peste-des-petits-ruminants virus PPRV NC_006383

Morbillivirus Myotis morbillivirus Myotis bat morbillivirus MBaMV MW557651.1
Henipavirus Cedar henipavirus Cedar virus CedV NC_025351
Ghanaian bat henipavirus Ghana virus GhVv NC_025256
Hendra henipavirus Hendra virus HeV NC_001906
Mojiang henipavirus Mojiang virus MojV NC_025352
Nipah henipavirus Nipah virus NiV NC_002728
Respirovirus Bovine respirovirus 3 bovine parainfluenza virus 3 BPIV-3 NC_002161
Human respirovirus 1 human parainfluenza virus 1 HPIV-1 NC_003461
Human respirovirus 3 human parainfluenza virus 3 HPIV-3 NC_001796
Murine respirovirus Sendai virus SeV NC_001552
Porcine respirovirus 1 porcine parainfluenza virus 1 PPIV-1 NC_025402
Jeilongvirus Beilong jeilongvirus Beilong virus BeiV NC_007803
Tailam jeilongvirus Tailam virus Taiv NC_025355
Jun jeilongvirus J virus Jv NC_007454
Narmovirus Nariva narmovirus Nariva virus NarV NC_017937
Mossman narmovirus Mossman virus MossV NC_005339
Salemvirus Salem salemvirus Salem virus Salv NC_025386
Ferlavirus Reptilian ferlavirus Fer-de-Lance virus FDLV NC_005084
Aquaparamyxovirus |Salmon aquaparamyxovirus |Atlantic salmom paramyxovirus AsaPV NC_025360
Avulavirinae Orthoavulavirus Avian orthoavulavirus 1 avian paramyxovirus 1 APMV-1* NC_039223
Avian orthoavulavirus 9 avian paramyxovirus 9 APMV-9 NC_025390
Paraavulavirus Avian paraavulavirus 3 avian paramyxovirus 3 APMV-3 NC_025373
Metaavulavirus Avian metaavulavirus 2 avian paramyxovirus 2 APMV-2 NC_039230
Avian metaavulavirus 5 avian paramyxovirus 5 APMV-5 NC_025361
Rubulavirinae Orthorubulavirus Mumps orthorubulavirus mumps virus MuV NC_002200
Human orthorubulavirus 2 human parainfluenza virus 2 HPIV-2 NC_003443
Porcine orthorubulavirus La Piedad Michoacan Mexico virus |LPMV NC_009640
Pararubulavirus Menangle pararubulavirus Menangle virus MenV NC_039197
Sosuga pararubulavirus Sosuga virus SOsV NC_025343
Tuhoko pararubulavirus 1 Tuhoko virus 1 ThkPV-1 NC_025410

Their corresponding REFSEQ accession numbers are also indicated.
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|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
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Software and code

Policy information about availability of computer code

Data collection  lllumina HiSeq 2500
Celigo imaging cytometer (Nexcelom)
Attune NXT Flow Cytometer (ThermoFisher Scientific)
Guava® easyCyte™ Flow Cytometers (Luminex)
MinlON (Oxford Nanopore Technologies)
Illumina MiSeq on a 2x250 paired-end configuration at GENEWIZ, Inc
CFX96 Touch Real-Time PCR Detection System (Biorad)
JEOL JSM 1400 transmission electron microscope with Veleta 2K x 2K and Quemesa 11 megapixel (EMSIS, Germany) operated at 100 kV

Data analysis MEGAHIT v1.2.8 and Bowtie2 v2.3.5 were used to construct the BMaMV genome from Illumina sequencing
Phylogenetic trees and conservation matrices were constructed with MEGA X v. 10 and ClustalW
PDBePISA was used to map protein-protein interactions
Flow data was analyzed with FlowJo (v. 10) and FCSExpress-7
ONT sequencing data was analyzed with minimap2 and IGVtoolsv. 2.11
P-editing was analyzed with lllumina Control Software (HCS), BBTools, and bowtie2 and computed using Excel spreadsheets
In silico docking was done using MOE 2018.1001 (Chemical Computing Group) and sequence alignment was done using Clutal Omega and
AL2CO alignment conservation server

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The raw next generation sequencing results of bat surveillance, P gene editing, and transcriptome by MinlON are uploaded at NCBI GEO: GSE166170, GSE166158,
and GSE166172, respectively. Assembled MBaMV sequence and pEMC-MBaMVeGFP sequence information are available at MW557651 and MW553715,
respectively. Cytochrome oxidase | host sequence and cytochrome b host sequence of virus infected bat are available at MW554523 and MW557650. MeV genomic
cDNA coding plasmid (pEMC-1C323eGFP) sequence is available at NCBI Genbank: MW401770. The raw next generation sequencing results of bat surveillance, P
gene editing, and transcriptome by MinlON are uploaded at NCBI GEO: GSE166170, GSE166158, and GSE166172, respectively.

Assembled MBaMV sequence and pEMC-MBaMVeGFP sequence information are available at MW557651 and MW553715, respectively. Cytochrome oxidase | host
sequence and cytochrome b host sequence of virus infected bat are available at MW554523 and MW557650. MeV genomic cDNA coding plasmid (pEMC-
IC323eGFP) sequence is available at NCBI Genbank: MW401770.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A sample size of 6 adult male bats was chosen for the bat challenge experiment. No statistical methods were used to predetermine sample
size. Instead, multiple replicates were performed for each experiment, each with several technical duplicate conditions. These are standard
practices for molecular virology experiments studying viral entry, spread, neutralization, and replication.

Data exclusions  No data were excluded.

Replication All pseudovirus infections, viral growth curves, and viral entry experiments were repeated 3 times. Western blotting experiments were
repeated twice. The bat challenge experiment was done once (1 replicated with 6 bats) as it was a pilot experiment. Each of the sequencing
experiments was completed 1 time, since this is the standard for viral metagenomic sequencing and because there was high coverage in the
minion experiment to determine P-editing efficiency. The electron microscopy experiment was completed 1 time. The monocyte infections
were repeated 6 times with 6 different donors and the T cell experiments were repeated twice (2 separate donors). Serum neutralization
experiments and IFN antagonist experiments were done twice, each with multiple technical replicates.

Randomization  No randomization was utilized in this study. Covariates were not controlled in this study as the statistical tests completed did not require
them.

Blinding Experiments were not blinded. As the bat challenge experiment was a pilot study and no bats were infected with the virus, the experiment
was not blinded.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| |Z Antibodies |Z |:| ChIP-seq

|:| |Z Eukaryotic cell lines |:| |Z| Flow cytometry

|Z |:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|:| |Z Animals and other organisms

X|[] clinical data

XI|[] pual use research of concern

Antibodies

Antibodies used Rabbit polyclonal anti-HA, Novus biologicals (#NB600-363); 1:1000

Rabbit polyclonal AU1 epitope antibody, Novus biologicals (#{NB600-453); 1:1000

Rabbit monoclonal GAPDH antibody, Cell signaling technology, clone 14C10, (#2118); 1:1000
Rabbit monoclonal GFP antibody, Cell signaling technology, clone D5.1, (#2956); 1:300 dilution
OMNIMap anti-rabbit-HRP, Roche (#760-4310); 1:1000 dilution

. Mouse anti-Nectin-4/PVRL4 antibody, Millipore Sigma (#MABT64), clone N4.61, 1:1000

. Goat anti-rabbit 1gG H&L Alexa Fluor® 647, Abcam; 1:2000

. Goat anti-mouse 1gG H&L Alexa Fluor® 647, Abcam; 1:2000

. Mouse anti-human CD14 (clone 61d3), eBioscience; 1:100

10. Mouse anti-human HLA-DR (clone LN3), eBioscience; 1:75

11. Mouse anti-human CD68 (clone Y1/82A), eBioscience; 1:100

12. Mouse anti-human CD150-PE (clone A12), eBioscience; 1:75

©oNO U s WS e

Validation 1. Rabbit polyclonal anti-HA (#NB600-363) was verified by Novus biologicals by western blotting and IF; it was also knockout validated
(https://www.novusbio.com/products/ha-tag-antibody _nb600-363)
2. Rabbit polyclonal AUI epitope antibody (#NB600-453) was verified by Novus biologicals for western blotting (https://
www.novusbio.com/products/aul-epitope-tag-antibody nb600-453#datasheet)
3. Rabbit monoclonal GAPDH antibody (#2118) was verified for endogenous GAPDH expression by Cell signaling technology for
western blotting, IF, and flow cytometry (https://www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118)
4. Rabbit monoclonal GFP antibody (#2956) was verified for transfected GFP expression by Cell signaling technology for western
blotting (https://www.cellsignal.com/products/primary-antibodies/gfp-d5-1-rabbit-mab/2956)
6. Mouse anti-Nectin-4 antibody (clone N4.61), was verified by Millipore Sigma for flow cytometry (https://www.emdmillipore.com/
US/en/product/Anti-Nectin-4-PVRL4-Antibody-clone-N4.61,MM_NF-MABT64)
9. Mouse anti-human CD14 (clone 61d3) was verified by eBioscience for flow cytometry (https://www.thermofisher.com/antibody/
product/CD14-Antibody-clone-61D3-Monoclonal/63-0149-42)
10. Mouse anti-human HLA-DR (clone LN3) was verified by eBioscience for flow cytometry (https://www.thermofisher.com/antibody/
product/HLA-DR-Antibody-clone-LN3-Monoclonal/62-9956-42)
11. Mouse anti-human CD68 (clone Y1/82A) was verified by eBioscience for flow cytometry (https://www.thermofisher.com/
antibody/product/CD68-Antibody-clone-eBioY1-82A-Y1-82A-Monoclonal/51-0689-42)
12. Mouse anti-human CD150-PE (clone A12) was verified by eBioscience for flow cytometry (https://www.thermofisher.com/
antibody/product/CD150-Antibody-clone-A12-7D4-Monoclonal/12-1509-42)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T cells (ACTT Ca# CRL-3216)
A549 cells (ATCC Ca#t CCL-185)
CHO cells (ATCC Ca#f CCL-61)
Vero cells (ATCC Cat# CCL-81, RRID:CVCL_0059)
BSR T7/5 cells (RRID:CVCL_RW96)
NCI-H441 cells (ATCC Ca#t HTB-174)
Vero-hCD150 cells (from Dr. Yanagi)
Vero-dCD150 cells (from Dr. Yanagi)
Vero-bCD150 cells (created in this paper)
Vero-nectin4 cells (created in this paper)

Authentication 293T cells, A549 cells, and H441 cells were authenticated via STR profiling using the ATCC authentication service. The other
cells lines were not authenticated.




Mycoplasma contamination Cells were tested on a monthly basis for Mycoplasma contamination and all cell lines routinely tested negative.

Commonly misidentified lines No commonly misidentified cell lines were used in this study

(See ICLAC register)

Animals and other research organisms
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Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Six Jamaican adult male fruit bats (Artibeus jamaicensis) were used for the bat challenge experiment from a colony of fruit bats at
Colorado State University. Jamaican fruit bats were sourced from the Colorado State University breeding colony that was established
from donated zoo bats in 2006. This is a free-flight colony and reproductive females produce one offspring at about 5 to 6 month
intervals. Bats are fed daily with fresh fruit (cantaloupe, watermelon, banana) supplemented with monkey biscuits and iron-
containing bird feed as additional protein and calorie sources. For experimental challenge with virus, bats were housed in a bird cage
(66h x that allowed full extension of wings and movement. Landscape fabric is routinely used as a roosting substrate in cages.
Photoperiod of 12/12 hr with ambient temperature maintained at 22°C and relative humidity ranging from 35% to 50%. Bats were
euthanized by inhalation of 3% isoflurane to effect, followed by thoracotomy.

Three female ferrets were used for serum and were housed in an ABSL1 open cage facility at Georgia State University. Ferrets were
vaccinated with an rDNA canarypox-vectored CDV vaccine, Purevax®Ferret Distemper (PFD) CDV at 10 weeks old as per
manufacturer’s protocol (prime plus two additional doses at 3-week intervals), and serum was collected when they were 8- months
old.

Photoperiod: 14h light, 10h dark

Maintenance: Open, grouped housing with environmental enrichment, weekly cage changes

Food and water ad libitum

Brand of food: Marshall Farms formulated diet

End of study: after a single blood draw, 2ml of blood each ferret, ferret retired afterwards, no adverse effects monitored at all
Animals were monitored daily

Temperature in room: 20°C, relative humidity in room: 40%

A subadult male bat was captured in the Amazon region of Brazil. The bat was later identified by mitochondrial profiling as a riparian
myotis. When captured by mist net and sampled, the bat was apparently healthy.

All bats used in the study were males. All ferrets used were female.

Bats were trapped using mist nets and held in cloth bags for roughly 20 minutes until sampling. Oral, rectal, and urine swabs were
then collected and frozen immediately in LN2. Once sampling was complete, the bat was released.

Animal study was performed following the Guide for the Care and Use of Laboratory Animals. Animal experiment was approved by
the Institutional Animal Care and Use Committee of Colorado State University (protocol number 1090) in advance and conducted in
compliance with the Association for the Assessment and Accreditation of Laboratory Animal Care guidelines, National Institutes of
Health regulations, Colorado State University policy, and local, state and federal laws.

Although these archival ferret sera was obtained as part of IACUC approved studies (IACUC protocol: A22035, indicated in methods),
the work has not been published elsewhere.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X, All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation

Instrument

Software

Adherent cells were removed from the plate with EDTA and scraping. Human immune cells were Fc blocked and stained with
surface marker antibodies prior to being fixed in 2% PFA and analyzed via Flow

The Attune NxT flow cytometer (ThermoFisher) and Guava® easyCyte™ Flow Cytometer (Luminex) were used for collection

Flow data was analyzed using FlowJo (v 10) and FCSExpress v 7.

Cell population abundance For experiments with human macrophages, at least 10,000 events were gathered per run. After sorting out debris and dead
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Cell population abundance cells, about 5-7,000 cells were left to further sort and gate. For experiments with Vero cells and H441 cells, between
10-20,000 events were gathered per sample. After sorting out debris and dead cells, 3-9,000 cells remained for further
sorting. For activated T cell experiments, more than 20,000 events were gathered per sample.

Gating strategy For all experiments, debris was removed using FSC by SSC sorting. For the T cell and human macrophage experiments, a LIVE/
DEAD fixable stain was also used. After removing debris and dead cells from the population, samples were sorted for single
cell populations. For T cell experiments, GFP gates were drawn based on negative controls. For Vero and H441 cell
experiments, Nectin-4 and CD150 gates were drawn using negative stained controls. For human macrophage experiments,
live single cells were sorted based on CD68+ staining (gates drawn on negative controls). The GFP+ CD68+ cell population was
sorted by drawing GFP gates for CD68+ macrophages, using uninfected cells as the negative control.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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