
to select GOF mutants, with a single P541S mutation in CDV H (corresponding to
residue P545 in the RBD of MeV H) being demonstrably important (41). Similarly to
residue 191, identified here as important in determining virus host range, this residue
also appears to vary between morbilliviruses in a species-specific manner (Fig. 2A).
Further evidence for the importance of these critical residues is provided by sequence
analysis of RPV viruses adapted to rabbits—where a P191S mutation was observed (Fig.
2A). In addition, related amino acid changes, lying in close proximity to the CDV H RBD
(position 549, corresponding to 553 in MeV) (Fig. 2A), have also been implicated in
adaptation to varied carnivore hosts (42) and, in a study separate from those described
above, hSLAM (D540G in CDV, corresponding to residue 544 in MeV) (Fig. 2A) (19). A key
feature of these amino acids is that they lie in or in close proximity to the RBD of H. MeV
residues equivalent to CDV P541 and D540 lie at the edge of the region of hydrophobic
interactions between H and SLAMF1 termed “site 4” by Hashiguchi et al. (24). A report
of a role of �-propellers 4 and 5 (in which site 4 sits) of the H head domain in SLAM
binding predates the structural study by Hashiguchi, and there are considerable
published mutagenesis data to support the idea of their importance in receptor
interactions and host range (14). However, the structure of the MeV H-SLAM complex
illustrated the key importance of additional residues in �-propeller 6 that make up the
complete RBD, in particular, P191 to R195 in MeV H. This is essential to the formation
of site 3 (Fig. 2)—an intermolecular �-sheet assembled by the polypeptide backbones
of H 191 to 195 and SLAM 127 to 131. This region was not probed in earlier
mutagenesis studies (14); however, we have now shown that amino acid changes in
this region play a role in determining host range. Significantly, a recent study using a
SLAM-blind, recombinant CDV mutant showed that partial reversion in a ferret model
of disease was associated with compensatory mutations in the RBD, including the
mutation T192A within site 3 (43). Using our functional assays of particle entry and
cell-cell fusion, it is difficult to assess the exact biochemical nature of the altered
interactions between H and SLAMF1. The most likely explanation is an alteration to

FIG 8 Minor-frequency nsSNPs within the hSLAM HBS are associated with altered MeV-glycoprotein
mediated fusion. (A) Allele frequencies of human SLAMF1 nsSNPs within the HBS of hSLAM. (B) Residues
equivalent to nsSNPs found within the publicly available EXAC database and the hSLAM HBS are shown
on the molecular surface of maSLAM (HBS regions are colored as described for Fig. 2B). (C) Variation
within the hSLAM HBS reduced MeV-induced cell-cell fusion. Results are expressed relative to the WT
hSLAM amino acid sequence (UniProt accession no. Q13291). (D) Western blot analysis of the three
variant hSLAMs (and of the dominant sequence [WT]) expressed in target cells. The graph denotes the
mean activity from �4 biological replicates, with error bars denoting standard deviations. Statistical
analysis: one-way ANOVA with Dunnett’s multiple-comparison test (*, P � �0.05; **, P � �0.01; ***,
P � �0.005; ****, P � �0.001).
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FIG 9 Cross-protective neutralization is affected by gain-of-function mutations within the PPRV H RBD. (A and B) Neutralization of WT and R191P-bearing PPRV
PPs by sera from goats (PPRV specific; left panel; n � 10) (A) and humans (MeV specific, right panel; n � 8) (B). EC90 titers (color-matched by serum) are shown;
error bars denote standard errors of the means. Antibody titers were calculated by interpolating the point at which there was a 90% reduction in luciferase
activity (90% neutralization or 90% inhibitory concentration [EC90]). Statistical analysis was performed using the nonparametric Wilcoxon matched-pair signed
rank test (*, P ��0.05). (C) In certain human serum samples, e.g., 377 and 584 (red and green squares, respectively), R191P confers a nAb escape phenotype
to PPRV PPs. Surrogate VNT titrations were performed with individual MeV-specific human sera to calculate cross-protective titers against WT and R191P PPRV
pseudotypes. Titrations were performed in triplicate on nonrestricted HEK293 canine SLAM cells, with error bars denoting standard errors of the means. The
coloring of the lines within the graphs matches the sera used in the summary EC90 panel (i.e., panel B).
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protein-binding affinity; however, more-subtle effects on the ability of H to trigger
F-mediated fusion (its fusion helper function) or on the relative levels of stability of H
dimers and tetramers are also possible, especially given the close proximity of position
191 to the H stalk. While we did assess the relative levels of stability of the mutants (Fig.
3B and 5C), these issues are best addressed using direct protein-binding assays, the
subject of ongoing investigations in our laboratory.

Separately, we demonstrated that changes within the HBS on SLAM can also have
significant functional consequences for viral glycoprotein activity (Fig. 6 and 8). Using
sequencing and structural modeling of nonhuman SLAMF1, Ohishi et al. identified a
number of H residues (63, 66, 68, 72, 84, 119, 121, and 130) that are potentially
important in determining host range (44). A number of these residues (63, 72, 119, and
130) were subsequently shown to lie directly within the SLAMF1 HBS (24), confirming
their likely importance. These conclusions are now supported by our findings that
modifications to these residues, in particular, L119 and R130, in hSLAM altered the host
specificity of H interactions (Fig. 6 and 8, respectively).

Given the universal usage of SLAMF1 as an entry receptor for morbilliviruses and the
relative similarities of the RBD of H and the HBS of SLAMF1 (Fig. 2A and 6A) at this
interface, it is perhaps not surprising that specific amino acids appear critical in
determining virus host range. The recent observation that the morbillivirus RBD (which
overlaps for both SLAMF1 and Nectin-4 binding) is also a dominant and conserved
neutralizing antibody epitope has helped to explain both the monoserotypic nature of
morbilliviruses and the success of live attenuated vaccines (37). Our observation that
changes to the RBD also affected antibody-mediated neutralization (Fig. 9) supports
this conclusion and further indicates that, to some degree, this region may also
represent an essential epitope for cross-protective neutralizing antibody binding.

The proposition that receptor tropism can inform studies on the zoonotic potential
of paramyxoviruses represents an emerging area of interest (45, 46). As discussed by
Zeltina et al. (46), the morbilliviruses and henipaviruses are especially interesting in this
context because they bind proteinaceous receptors (SLAMF1 and Nectin-4 or EphrinB2
and EphrinB3, respectively)—with viral affinity for these proteins potentially determin-
ing host range. In drawing conclusions on morbillivirus host range, those authors relied
on analysis of the overall variation of the RBD; however, by focusing separately on the
four motifs that constitute this domain, we were able to identify a single site relevant
to the host range, representing a hypothesis that was confirmed in our functional study
and through analysis of nsSNPs within human SLAMF1. Our approach highlights the
need for in-depth analysis of the structural interface between the attachment protein
and the receptor and indicates that the morbillivirus host range might be determined
by only a small number of amino acids within the entirety of the RBD. Whether this
applies to more distantly related viruses, such as feline morbillivirus (Fig. 1A) or the
recently identified morbilliviruses of bats and rodents (47), remains to be determined.

While there is no clear indication that enhanced entry alone is sufficient to confer a
pathogenic phenotype to PPRV in humans, our minigenome experiments indicate that
production of nascent particles in virus-infected human cells is likely. However, acqui-
sition of a novel receptor usage phenotype might not immediately relate to patho-
genesis in the host. Tellingly, the in-host reversion of receptor usage by a SLAM-blind
CDV in ferrets did not restore virulence in vivo, even in a permissive host (43), perhaps
because there was only partial reversion in SLAM binding. Separately, it was found that
transgenic mice expressing hSLAM do not fully reconstitute a natural MeV infection
when challenged (48). Other factors beyond entry, e.g., the efficiency of innate immune
antagonism by the viral accessory proteins C and V, which are known to antagonize the
host’s interferon response and may be species specific in their mechanism of action
(49), are also likely to be important in the development of pathogenic and/or trans-
mission phenotypes. However, since adaptation to a new host (through mutation and
selection mechanisms) requires genomic replication inside infected cells, we would
maintain that entry is the most important barrier to overcome, at least initially. This
highlights the importance of both receptor usage and cross-protective antibodies in
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morbillivirus zoonotic transmission events, conclusions summarized in a simple model
of morbillivirus emergence (Fig. 10A). Here, the probability of a major outbreak in
atypical host populations is assumed to be dependent on receptor usage phenotypes
and on the proportion of the population with cross-protective antibodies, as well as on
the basic rate of reproduction (reproduction number) of the emergent virus. Applying
this model to potential PPRV emergence in humans using a previously established R0

for this virus (Fig. 10B) highlights the potential need for continued vaccination in
human populations. Similar patterns are likely to be relevant across the spectrum of
morbillivirus hosts, particularly in cattle which no longer have high levels of immunity
following the eradication of RPV and the cessation of vaccination.

While there are examples of single amino acid changes in H conferring enhanced
tropism to human receptors, e.g., CDV (19), these events were identified using classical
GOF experiments. Our study highlighted how it is possible to identify pathogens with
zoonotic potential and GOF variants by structure-guided biochemical investigations.
Using these “alternative” GOF approaches, we have demonstrated that receptor usage
and cross-protective nAbs are important and distinct barriers to morbillivirus zoonotic
transmission whose removal could have serious consequences for the ecological
relationship between these viruses and their hosts, a finding that is especially signifi-
cant given the ongoing eradication campaigns for PPRV and MeV, as well as the recent
eradication of RPV. In addition, in light of our findings with respect to cross-neutralizing
anti-MeV nAbs, we encourage epidemiological surveillance of mutations in this region,
akin to the active surveillance programs for influenza virus (50). The 1986 isolation of
a K191-encoding PPRV in the United Arab Emirates (accession number KJ867545)
highlights the potential for natural variation at this position and supports the continued
vaccination of humans and goats alike to both maintain high herd immunity levels and
prevent emergence of PPRV in human populations.

MATERIALS AND METHODS
Plasmids and mutagenesis. MeV F and H open reading frames (ORFs) were amplified from a patient

isolate of MeV from Dublin, Ireland (51), following RT-PCR performed on RNA from infected Vero hSLAM
cells. PPRV constructs were amplified from the PPRV reference strain (described previously [16];
AJ849636, Turkey 2000, field isolate, lineage IV). oSLAMF1 and hSLAMF1 were isolated from sheep and
human monocytic cells, respectively. All constructs were cloned into pcDNA3.1 (Thermo Fisher). MeV H
expression constructs were amplified to include an N-terminal hemagglutinin (HA) tag. Site-directed

FIG 10 PPRV has zoonotic potential in human populations. (A) Factors influencing the emergence of
morbilliviruses in atypical hosts. (B) The chance of PPRV emergence in humans. Blue line, the rate of
spillovers of a variant of PPRV, capable of human-to-human transmission, into a human population in
which a fraction n of individuals have cross-protective nAbs, relative to the equivalent rate in a
population where no individuals have cross-protective nAbs [z(n)z(0)]; black line, following a single
spillover event, the probability of a major outbreak driven by human-to-human transmission [p(n)]; red
line, relative rates of major outbreaks in human populations, compared to a population where no
individuals have cross-protective nAbs [m(n)m(0)]. Refer to Materials and Methods for detailed formulas.
We assumed that a variant of PPRV capable of human-to-human transmission would have an R0 value of
6.85 in human populations with no cross-protective nAbs. This represents the estimated basic repro-
duction number of PPRV in Afghan (Bulkhi) sheep in Pakistan (60).
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mutagenesis was confirmed by sequencing. The specific cloning strategies and primer sequences used
are available upon request.

Cell-cell fusion assays. HEK293T effector cells were transfected (using Transit-X2 transfection
reagent [Mirus] per the manufacturer’s instructions) with 500 ng each of MeV or PPRV F and H expression
constructs and 250 ng of the 1-to-7 fragment of recombinant luciferase-green fluorescent protein
(rLuc-GFP) (52). Separately, target cells were transfected with 1 �g of various SLAMF1 expression
constructs, as well as with 250 ng of the 8-to-11 fragment of rLuc-GFP. At 48 h posttransfection, effector
and target cells were washed, counted, and cocultured at a ratio of 1:1 in white-walled 96-well plates to
a final density of 1 � 105 cells per well. At 16 to 24 h postcoculture, the Renilla luciferase activity in fused
cells was measured (in a Promega GloMax multimode plate reader) by removing the media and adding
2 �g/ml of cell-permeative coelenterazine 400a (Biotium) diluted in phosphate-buffered saline (PBS).
Apart from the assay whose results are presented in Fig. 1D and E, all fusion assays were performed with
a cognate F protein from the same viral strain. For Fig. 1D and E, the F protein from the Senegal lineage
1 strain was used with PPRV Senegal, Benin, Kenya, and Ethiopia H. PPRV F proteins are highly conserved,
with �95% identity between strains (data not shown). Four or more coculturing biological replicates
were performed for each biological condition. All experiments were performed a minimum of three
times.

Pseudotyped viruses. Morbillivirus F and H expression constructs with truncated cytoplasmic tails
(ΔF/ΔH [30 and 24 aa, respectively]) were cloned and used for pseudotype production and quantitative
entry experiments as described previously (30). Briefly, HEK293T cells were plated for pseudotype
production at a density of 7.5 � 105 cells per well in 6-well dishes and were transfected the following day
with 3.5 �g of each of the pcDNA3.1-ΔF/ΔH constructs, as well as with 1.5 �g of p8.91 (encoding HIV-1
gag-pol) and 1 �g of CSFLW (the luciferase reporter expressing the lentivirus backbone). Matched
cognate combinations of F and H from PPRV and MeV strains were used in all assays. Supernatants
containing pseudotyped viruses were harvested at 72 h posttransfection, clarified by centrifugation, and
frozen at �80°C. Target cells were plated at a density of 2 � 104 cells per well in 96-well dishes 1 day prior
to transduction/infection for 72 h. Firefly luciferase activity in these cells was assayed using a luciferase
assay system (Promega) according to the manufacturer’s instructions and a Promega GloMax multimode
plate reader.

Surrogate VNTs. To prepare VSVΔGluc pseudotypes, HEK293T cells were transfected with the H and
F expression vectors from the respective viruses, followed by superinfection with VSVΔGluc (VSVG) as
described previously (53, 54). Supernatants were harvested 48 h postinfection, divided into aliquots, and
frozen at �80°C. The titer of each viral pseudotype stock was estimated by preparing serial dilutions in
triplicate and plating onto 293 canine SLAM cells followed by incubation for 48 to 72 h at 37°C, at which
time luciferase substrate was added (steadylite plus; Perkin Elmer) and the signal analyzed on a
MicroBeta 1450 Jet luminometer (Perkin Elmer). Canine SLAM was used because neither MeV nor PPRV
appears to be restricted by this receptor (data not shown). The viral titer (50% tissue culture infectious
dose [TCID50]) was calculated using the Spearman-Kärber formula. To measure virus neutralization, 4-fold
serum dilutions ranging from 1:8 to 1:32,768 were prepared in triplicate and added to 293 canine SLAM
cells in 96-well white flat-bottomed plates, followed by 2.5 � 103 TCID50 of VSVΔG(F&H) pseudotype.
Plates were incubated for 48 h at 37°C, at which time luciferase assays were performed. Antibody titers
were calculated by interpolating the point at which there was a 90% reduction in luciferase activity (90%
neutralization or 90% inhibitory concentration [EC90]).

Minigenome assays. Minigenome assays were performed as described previously (55) using human
A549 cells and a PPRV Turkey 2000 minigenome with a Gaussia luciferase reporter gene.

Protein biochemistry. All protein samples were prepared in 1� radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitors (Thermo Fisher). Briefly, the existing growth medium
was removed and cells were washed in phosphate-buffered saline (PBS) before being pelleted by
centrifugation. Pelleted cells were then resuspended in 1� RIPA buffer and left on ice for 10 min
before repeated centrifugation was performed at high speed (16,000 � g) for a further 10 min at 4°C.
Protein lysate-containing supernatants were then stored at �20°C until required. Samples for
Western blotting were analyzed by SDS-PAGE, semidry polyvinylidene difluoride (PVDF)-based
transfer, and blotting in Tris-buffered saline (TBS)-Tween containing 5% (wt/vol) milk powder. All
primary antibodies were incubated overnight at 4°C. Western blotting was performed using the
following antibodies: anti-morbillivirus/MeV hemagglutinin (cytoplasmic tail) (H-cyt) (rabbit poly-
clonal; a gift from R. Cattaneo [56]) (1:1,000), anti-FLAG (9A3; Cell Signaling [CS]) (1:1,000), anti-
GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase) (14C10; CS) (1:1,000), anti-HA (C29F4; CS)
(1:1,000), anti-HIS (CS) (1:1,000), SLAM (N-19), Santa Cruz sc-1334, and standard horseradish perox-
idase (HRP)-linked secondary antibodies (CS).

Probability of a major outbreak. Mathematical modeling was used to assess the probability of a
PPRV outbreak in humans. Consider a cross-protected population where a proportion n of individuals are
completely protected by cross-protective nAbs and the rest have no protection. The rate of spillover
events of a PPRV variant, capable of replication within humans, into this population can be written as
z(n) � z(0)(1 � n), where z(0) is the rate of spillover into a fully susceptible population in which no
individuals are cross protected. Once a spillover has occurred, the probably of a major outbreak is given

by p�n� � 1 �
1

�1 � n�R0
if (1 � n)R0 � �1 or by p(n) � 0 otherwise (57), where R0 is the basic

reproduction number of the PPRV variant in a fully susceptible population where no individuals are cross
protected (Fig. 10B, black line). Multiplying these two quantities gives the expected rate of major
outbreaks as follows: m(n) � z(n)p(n). Since z(0) is an unknown quantity, we determined the relative rates
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of spillover events and major outbreaks in cross-protected populations and fully susceptible populations,

giving z(n)/z(0) � (1 � n) and m�n�⁄m�0� � 1 �
R0�1 � n��1

R0 �1
, respectively (Fig. 10B, blue and red lines).

Bioinformatics and modeling. Comparison of amino acid sequences was performed using the
Vector Nti package (Thermo Fisher) and AlignX embedded software as well as the Weblogo online server
(58). Information regarding nsSNPs within human SLAMF1 was obtained from the ExAC database (32),
while ovine SLAMF1 variations were mapped as described previously (31). Models of the PPRV H and
ovine SLAM structures were generated using the I-TASSER Web server (59) and the MeV H and maSLAM
structures from PDB 3ALX (24) as templates, respectively. Models of oSLAMF1:MeV H and PPRV H:maS-
LAMF1 complexes were generated by superposing models of oSLAM and PPRV H onto maSLAM and MeV
H, respectively, from the high-resolution structure of the complex (PDB 3ALX) (24). Molecular images
were generated using PyMOL (Schrodinger LLC).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI

.01248-18.
SUPPLEMENTAL FILE 1, XLSX file, 0.3 MB.
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