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ABSTRACT Upon infection, morbilliviruses such as measles virus, rinderpest virus,
and canine distemper virus (CDV) initially target immune cells via the signaling lym-
phocyte activation molecule (SLAM) before spreading to respiratory epithelia
through the adherens junction protein nectin-4. However, the roles of these recep-
tors in transmission from infected to naive hosts have not yet been formally tested.
To experimentally addressing this question, we established a model of CDV contact
transmission between ferrets. We show here that transmission of wild-type CDV
sometimes precedes the onset of clinical disease. In contrast, transmission was not
observed in most animals infected with SLAM- or nectin-4-blind CDVs, even though
all animals infected with the nectin-4-blind virus developed sustained viremia. There
was an unexpected case of transmission of a nectin-4-blind virus, possibly due to
biting. Another unprecedented event was transient viremia in an infection with a
SLAM-blind virus. We identified three compensatory mutations within or near the
SLAM-binding surface of the attachment protein. A recombinant CDV expressing the
mutated attachment protein regained the ability to infect ferret lymphocytes in vitro,
but its replication was not as efficient as that of wild-type CDV. Ferrets infected with
this virus developed transient viremia and fever, but there was no transmission to
naive contacts. Our study supports the importance of epithelial cell infection and of
sequential CDV H protein interactions first with SLAM and then nectin-4 receptors
for transmission to naive hosts. It also highlights the in vivo selection pressure on
the H protein interactions with SLAM.

IMPORTANCE Morbilliviruses such as measles virus, rinderpest virus, and canine dis-
temper virus (CDV) are highly contagious. Despite extensive knowledge of how mor-
billiviruses interact with their receptors, little is known about how those interactions
influence viral transmission to naive hosts. In a ferret model of CDV contact trans-
mission, we showed that sequential use of the signaling lymphocytic activation mol-
ecule (SLAM) and nectin-4 receptors is essential for transmission. In one animal in-
fected with a SLAM-blind CDV, we documented mild viremia due to the acquisition
of three compensatory mutations within or near the SLAM-binding surface. The in-
teraction, however, was not sufficient to cause disease or sustain transmission to na-
ive contacts. This work confirms the sequential roles of SLAM and nectin-4 in morbil-
livirus transmission and highlights the selective pressure directed toward productive
interactions with SLAM.
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The Morbillivirus genus comprises viruses with a diverse vertebrate host range,
including measles virus (MeV), which infects humans and nonhuman primates,

rinderpest and peste-des-petits-ruminants viruses, which target large and small rumi-
nants, and canine distemper virus (CDV), which infects a broad range of terrestrial
carnivores, including dogs and ferrets (1). With an estimated basic reproduction num-
ber (R0) of 12 to 18 for MeV (2), morbilliviruses are among the most contagious
infectious agents known. Effective vaccines are available for the aforementioned vi-
ruses, although high vaccination rates are required to prevent outbreaks in susceptible
populations. Rinderpest was recently declared eradicated in cattle, which is due in large
part to a successful worldwide vaccination campaign, and similar progress could be
made for measles by increasing vaccine coverage (3).

MeV is markedly more contagious than other respiratory pathogens such as pan-
demic influenza viruses (4, 5). This high transmissibility of morbilliviruses is thought to
be largely due to extensive replication and release of infectious virus in the respiratory
tract during later infection stages, when infected individuals or animals show signs of
clinical disease (6, 7). Damage and irritation in the upper respiratory tract during this
phase can trigger sneezing and coughing, which in turn generate droplets and aerosols
that can spread widely. MeV can be stable in indoor environments for several days, and
there is a high risk for viral transmission by contaminated fomites in health care
environments such as hospitals (8). While MeV and influenza virus are often associated
with airborne transmission, direct contact transmission also plays a significant role. The
airborne transmission route imposes a high selective barrier to transmission where the
diversity of the transmitted virus population is low (7, 9), whereas contact transmission
presents a lower barrier allowing larger doses of more diverse viral loads to be
transferred (9, 10). The mode of contact transmission is therefore an important con-
sideration in outbreak investigations (8, 11).

Two cellular receptors have been identified for morbilliviruses: signaling lymphocyte
activation molecule (SLAM or CD150) and nectin-4. SLAM is expressed on B and T cells,
as well as certain subsets of dendritic cells (DCs) and macrophages (12–14), and it
serves as the primary immune cell receptor. At initial infection stages, virus entering the
upper respiratory tract comes into contact with SLAM-positive immune cells, most likely
tissue-resident DCs or alveolar macrophages. These cells then traffic to local draining
lymph nodes, where the virus spreads to T and B cells. Within 1 week after infection,
virtually the entire lymphatic system is colonized (15–17). Infected circulating immune
cells subsequently spread the virus to epithelial cells via contact with nectin-4, which
is expressed on the basolateral side of the apical junction complexes (18, 19). Virus then
invades the epithelium and, after replication in epithelial cells, is released into the
upper respiratory tract, where it can be transmitted to the next host (20–24).

Morbilliviruses must be shed into the airways for efficient infection of the next host.
Monkeys infected with a recombinant MeV that does not bind nectin-4 and ferrets
infected with an analogous nectin-4-blind CDV do not shed detectable virus in bron-
choalveolar lavage fluids or urine (25, 26). This implies that epithelial cell infection is
important for transmission. In contrast, SLAM binding is required to establish systemic
morbillivirus infection. However, monkeys and ferrets infected with either SLAM-blind
MeV or CDV, respectively, produce strong immune responses against these viruses
despite a lack of viremia (27, 28). The fact that SLAM-blind viruses infect and efficiently
replicate in epithelial cells may provide an explanation for this apparent discrepancy,
but it also implies that local replication in the respiratory epithelium could result in
low-efficiency transmission.

To address the respective roles of SLAM and nectin-4 in virus transmission to naive
contact animals, we infected ferrets with wild-type CDV or with viruses blind to either
receptor. Transmission was monitored over prolonged periods of contact, as well as
during shorter defined periods spanning the onset of clinical signs of disease. We show
formally that receptor-blind viruses are not readily transmissible, even in the more
permissive contact transmission model. We also document that contact transmission
precedes clinical signs by approximately 1 day. Finally, our analysis of the biological
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characteristics of a pseudorevertant SLAM-blind virus illustrates the strong selective
pressure for efficient interaction of morbilliviruses with SLAM.

RESULTS
Wild-type CDV contact transmission is highly efficient. Even though morbillivi-

ruses are airborne pathogens, close contact plays an important role in their epidemi-
ology (11, 29). Host-to-host transmission assesses the ability of virus to be shed by an
infected animal and subsequently establish a successful infection in a naive contact.
Contact transmission results in more frequent exposure to higher viral doses than the
airborne route (9, 10), increasing the likelihood that transmission events will be
observed, although aerosols still contribute to transmission in this context. It is also
distinct from direct infection, which evaluates infectivity under ideal circumstances. To
determine the efficiency of CDV transmission during a prolonged contact period, ferrets
were infected with the wild-type CDV strain 5804PeH (30, 31) and then cohoused with
uninfected contact animals, starting 3 days after infection. Viremia was first detected on
day 3 after infection and peaked between days 7 and 10 (Fig. 1A), reflecting the typical
range for this virus (32), with corresponding decreases in lymphocyte proliferation (Fig.
1B) and total white blood cell counts (Fig. 1C). The infected animals were sacrificed
between days 12 and 13 after infection, when they reached experimental endpoints
(Fig. 1D).

In contact animals, robust viremia was detected 7 days after cohousing with infected
animals (Fig. 1A). As in previous studies (33), onset of leukopenia was already observed
at the 3-day time point, when virus was detectable at only very low levels (Fig. 1C),
while lymphocyte proliferation inhibition followed kinetics similar to those in the
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FIG 1 Efficient transmission of wild-type CDV to naive contact animals. Eight ferrets were infected intranasally with 2 � 105

TCID50 of the wild-type (wt) strain 5804PeH and were then each cohoused with one naive contact animal after 3 days (n �
8 infected/contact pairs). (A) The course of cell-associated viremia is shown as the log10 of the virus titer per 106 PBMCs. (B)
In vitro proliferation activity of lymphocytes from infected and contact animals. (C) Total PBMC counts from infected and
contact animals, shown as 103 leukocytes per mm3. (D) Survival of infected and contact animals. The death of an animal is
indicated by a step down on the curve, and median survival for each group is indicated on the graphs. Days postinfection are
indicated on the x axes of the graphs, and error bars represent standard error of the mean.
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originally infected animals, with a small peak on day 3 and the drop on day 7 after
contact (Fig. 1B). Consistently, there was a 1-week delay in survival for the contact
animals (Fig. 1D). These experiments demonstrate that wild-type CDV is efficiently
transmitted in a setting involving prolonged contact and suggest that transmission
occurs almost immediately after cohousing of the animals.

Efficient CDV transmission coincides with the onset of clinical signs. It is
postulated that transmission starts when the first clinical signs are observed or slightly
before (34–36). Detailed information about the earliest times of transmission is impor-
tant for the effective public health management and epidemiological tracing of out-
breaks. To assess the extent of transmission prior to the onset of clinical signs, we
cohoused naive and infected animals for 24-h periods between days 4 and 7 after the
initial infection with 5804PeH, which typically results in first signs of fever and rash at
7 to 8 days after infection (30). Out of all conditions tested, only one contact animal
cohoused on days 5 to 6 became infected (Fig. 2A); it developed cell-associated viremia
at around day 14 and succumbed to the disease approximately 1 week thereafter (Fig.
2B). Thus, transmission prior to the onset of clinical signs can occur occasionally and
likely reflects individual differences in the course of dissemination.

We next investigated the effect of contact exposure at later times after initial
infection. Naive and infected animals were cohoused for 48 h between days 6 and 11,
spanning the period from slightly before the first appearance of fever and rash to
severe systemic disease. Contact animals all developed clinical signs approximately 1
week after first exposure to the infected animal (Fig. 2C) and had a corresponding delay
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FIG 2 Kinetics of wild-type CDV transmission to naive contact animals. Ferrets were infected intranasally with 2 � 105 TCID50 of the
wild-type strain 5804PeH and then cohoused for consecutive 24-h periods immediately preceding the onset of clinical signs (A and
B) or for consecutive 48-h periods during and after the onset of clinical signs (C and D). (A and C) The course of cell-associated viremia
is shown as the log10 of the virus titer per 106 PBMCs for contact exposure periods of 24 h between days 4 and 7 (A) and for 48 h
between days 6 and 11 (C). (B and D) Survival of infected and contact animals for contact exposure periods of 24 h between days 4
and 7 (B) and for 48 h between days 6 and 11 (D). The death of an animal is indicated by a step down on the curve, and the
color-coded median survival for each group is indicated on the graphs. Each series in panels A and C represents one animal (n � 2
infected with 2 contacts per contact window). Symbols for panels A and B are indicated in panel B, and those for panels C and D are
indicated in panel D. Days postinfection are indicated on the x axes of the graphs.
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in time to death (Fig. 2D), confirming the link between onset of clinical disease and
transmission.

SLAM and nectin-4 receptors are required for transmission. The two phases of

CDV infection and disease, colonization of immune tissues and spread to epithelia, are
determined by interaction with the two receptors SLAM and nectin-4, respectively (37,
38). Evolutionary forces drive H protein variability during virus circulation, and com-
pensatory mutations often arise at other positions that offset detrimental changes in
the protein (39). By infecting susceptible animals with viruses that are no longer able
to interact with either SLAM or nectin-4 (26, 27), we can gain insight into the compen-
satory mechanisms that affect the interactions between CDV and its receptors. We
assessed the impact of receptor interactions on CDV transmission by cohousing naive
and infected animals starting 3 days after initial infection. Only one of the animals
infected with the SLAM-blind virus developed low-titer transient viremia on day 7 after
infection (Fig. 3A), but transmission occurred in none of the pairs (Table 1). In contrast,
cell-associated viremia was seen in all animals infected with the nectin-4-blind virus and
lasted for 2 weeks (Fig. 3B). However, transmission occurred in only one pair between
days 17 and 21 after initial infection, which represents a considerable delay compared
to the 7- to 10-day period seen for the wild-type virus (Fig. 1). Neither the initially
infected nor the contact animal displayed any clinical signs, suggesting that the virus
had not mutated into a pathogenic phenotype.

While the lack of viremia in the contact animals is a strong indication that there was
no transmission, we could not exclude that exposure to small amounts of virus resulted
in subclinical infection (40). We thus assessed whether neutralizing antibodies against
CDV were generated in selected infected/contact animal pairs prior to and after the
transmission experiments. All animals were seronegative prior to infection, and only the
infected animals developed detectable neutralizing responses after infection (Fig. 3C
and D). Subsequent challenge with the wild-type 5804PeH strain revealed complete
protection of SLAM- and nectin-4-blind virus-infected animals from viremia (Fig. 3E and
F) and from clinical disease and death (Fig. 3G and H). In contrast, all contact animals
experienced a typical course of disease associated with high cell-associated viremia
(Fig. 3E and F) and 100% mortality (Fig. 3G and H), demonstrating formally that usage
of both SLAM and nectin-4 receptors is essential for CDV transmission.

Biting may account for a nectin-4-blind virus transmission event. We observed

two unexpected events in our SLAM- and nectin-4-blind transmission studies: one case
of transmission of a nectin-4-blind CDV and a short-lived viremia in one animal infected
with the SLAM-blind virus (Table 1). To assess whether CDV genomic mutations
accounted for these events, we sequenced the H genes of the relevant viruses and
found that the H gene from the transmitted nectin-4-blind virus was identical to that
of the input virus carrying the P493S and Y539A mutations, which abolish entry
through nectin-4 (Fig. 4A) (26). Since the infected animal did not develop signs of
disease and frequent fighting was observed in this pair, direct contact between infected
circulating immune cells and the oral mucosa of the contact animal during biting is a
possible mode of transmission, in a manner similar to the natural transmission of feline
immunodeficiency virus (FIV), where a blood-borne virus is transmitted by biting or
other aggressive intraspecific behavior (41). Fighting between other animals, however,
was infrequent, and no injuries were noted.

Compensatory mutations within or close to the SLAM-binding surface account
for transient viremia. In contrast, sequence analysis of the H gene of the CDV causing

transient viremia revealed three differences from the input virus. Two of the changes were
either in the H protein surface interacting with SLAM (A529S) or immediately adjacent to it
(S546Y) (Fig. 4B and C) (42). The third mutation (T192A) was located in a region of the stalk
in close proximity to the globular head that stabilizes the �-sheet structure of the receptor-
binding domain (Fig. 4B and C) (42). Presuming a partial reversion to a transmissible
phenotype, we named this virus “SLAM-revertant” (SLAMrev).
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In addition to receptor binding, the H protein also provides fusion support, which is
associated with conformational changes that in turn trigger fusion mediated by the F
protein (43). We cloned the SLAMrev H into a eukaryotic expression plasmid and
assessed the impact of the three mutations in the SLAMrev H protein on SLAM-
mediated fusion support function. When coexpressed with the CDV F protein in
VerodogSLAMtag cells, the H(SLAMrev) protein supported fusion at levels around 30 to
35% of those for the wild-type H protein (Fig. 4D). Introduction of the T192A and S546Y
mutations into SLAM-blind H alone was sufficient to reach this level, whereas the A529S
mutation had no effect and its combination with the spatially close S546Y mutation was
also not beneficial (Fig. 4D).

To evaluate the impact of these changes on pathogenesis, a recombinant CDV was
produced by exchanging the H gene of the wild-type virus 5804P with the H gene
cDNA from the SLAMrev virus, which contains all three H mutations (Fig. 4E). We
compared the biological characteristics of this virus with those of the wild-type and
SLAM-blind isogenic strains by single- and multistep growth curve analysis. Wild-type
CDV reached peak titers by 36 h after infection in the single-step growth curve, whereas
the virus expressing H(SLAMrev) experienced a slight 12-h delay before reaching
approximately the same titer, and the SLAM-blind virus did not replicate appreciably
(Fig. 4F). In the multistep growth curve, wild-type and H(SLAMrev) viruses grew to
similar peak titers, with the H(SLAMrev) virus again displaying a slight growth delay for
the first 36 h, while the SLAM-blind virus replicated very poorly (Fig. 4G). The virus
expressing the SLAMrev H protein is thus slightly impaired in its ability to enter immune
cells but ultimately replicates with efficiency similar to that of the wild-type virus.

To assess its ability to infect and disseminate in immune cells in vivo, we infected
two ferrets with the 5804PeH-H(SLAMrev) CDV and cohoused each animal with a
naive contact starting 3 days after infection. Both infected animals developed
viremia, which was cleared in the second week after infection, but the contacts
remained uninfected (Fig. 5A). Both infected animals had transient moderate to
high fever (39.5°C and 40.5°C) between days 5 and 10 after infection (Fig. 4B), and
no other clinical signs were observed (data not shown). Only the infected animals

FIG 3 Legend (Continued)
in plasma. Antibody titers are shown as the reciprocal of the highest dilution at which CPE was observed. Data are shown for
SLAM-blind-infected and contact animals (C) and nectin-4-blind-infected and contact animals (D). Plasma samples were tested from
the day of infection (day 0) and after all animals had cleared the nectin-4-blind infection (day 28). The geometric mean neutralizing
titer is indicated by a horizontal black bar for each group, and each symbol represents one animal. (E and F) Wild-type CDV challenge
of SLAM-blind- and nectin-4-blind-infected and contact animals on day 35. Cell-associated viremia is shown as the log10 of the virus
titer per 106 PBMCs for either SLAM-blind-infected animals (E) or nectin-4-blind-infected animals (F) and their respective contact
animals. Days postinfection are indicated on the x axes, and error bars represent standard error of the mean. (G and H) Survival of
SLAM-blind-infected and contact animals (G) or nectin-4-blind-infected and contact animals (H) after wild-type CDV challenge. The
death of an animal is indicated by a step down on the curve, and median survival is indicated on each graph. Animals numbers are
n � 3 infected/contacts pairs in panels C to H. Statistical significance in panels C to F was determined by one-way analysis of variance
(ANOVA) and Fisher least-significant difference (LSD) posttest. The survival curves in panels G and H were compared by Mantel-Cox
analysis.

TABLE 1 Transmission of SLAM- and nectin-4-blind CDVs

Condition

No. of animals with condition/total

SLAM-blind CDV Nectin-4-blind CDV

Infected
animals

Contact
animals

Infected
animals

Contact
animals

Viremia 1/7 0/7 8/8 1/8
Immunosuppressiona 0/7 0/7 8/8 1/8
Clinical signsb 0/7 0/7 0/8 0/8
Transmission NAc 0/7 NA 1/8
aImmunosuppression was defined as having a decreased leukocyte count (�1 � 103 PBMC/mm3) and
inhibition of PBMC proliferation after PHA stimulation (�20% of day 0 proliferation).

bAnimals were monitored for fever, rash, and weight loss.
cNA, not applicable.
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developed neutralizing antibodies against wild-type CDV (Fig. 5C), again indicating
that no subclinical transmission occurred. Thus, while enabling infection of lym-
phoid cells, the virus expressing the H(SLAMrev) was attenuated in ferrets and was
not transmitted to naive hosts.
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547 to 548 are shown in light gray and dark gray, respectively. The T192A substitution is shown in red. (D) Assessment of recombinant
H protein fusion support efficiency. VerodogSLAMtag cells transfected with plasmids expressing CDV F, the respective H genes, a
RenLuc constitutive reporter, and ffLuc driven by the T7RNAP promoter were overlaid with VerodogSLAMtag cells transfected with
a plasmid expressing T7RNAP under the control of the chicken �-actin promoter. The ffLuc signal from triplicate wells was normalized
to the respective RenLuc control for each well. The normalized values were then expressed relative to the H(5804P) control for each
replicate, which was set at 1. Error bars represent standard error of the mean. Statistical significance was determined by one-way
ANOVA with Fisher LSD posttest. H(SLAM-blind) and H(SLAMrev) were compared to H(5804P), and H(SLAM-blind)-A529S was
compared to H(SLAMrev). (E) Schematic of the genome of the parental 5804PeH and mutant 5804PeH-H(SLAMrev) recombinant
genomes. (F and G) In vitro growth kinetics of the recombinant 5804PeH virus expressing the H(SLAMrev) protein in purified ferret
PBMCs. Cells were infected with the respective viruses at an MOI of 1 (F) or 0.1 (G), and culture supernatants were harvested at the
time points indicated on each graph. Titers are expressed as TCID50/ml, and error bars indicate standard error of the mean. Statistical
significance in panel F and G was determined by comparing the mutant viruses to wild-type 5804PeH at each time point by one-way
ANOVA with Fisher LSD posttest.
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DISCUSSION

Morbilliviruses are among the most transmissible viruses known, but their transmis-
sion determinants are poorly characterized. By comparing the timing and efficiency of
transmission of wild-type and selectively receptor-blind CDVs in ferrets, we found that
contact transmission of wild-type virus can precede the onset of clinical signs. Further-
more, our data formally prove that sequential interaction with both the SLAM and
nectin-4 receptors is essential for transmission to naive hosts. Interestingly, three
compensatory mutations were detected in a virus that was originally SLAM blind but
caused mild viremia. However, expression of the corresponding H protein in the
context of a wild-type genome was not sufficient to restore transmission.

SLAM-blind viruses replicate, but where? While it was known that infection of
ferrets with the SLAM-blind virus used in this study (32), as well as infections of
monkeys with a similar SLAM-blind MeV (28), induces strong adaptive immunity, the
SLAMrev CDV described here is the first revertant identified in an infected animal.
Indeed, accumulation of three mutations in the H gene suggests that the inoculated
virus must have replicated. Even though we isolated SLAMrev from peripheral blood
mononuclear cells (PBMCs), it seems likely that primary infection and replication
occurred in other cell types, perhaps antigen-presenting cells such as dendritic cells
(DCs).

DCs that express SLAM can be infected by morbilliviruses, but these viruses can also
bind to DCs by interacting with the cell surface lectin DC-SIGN (44). Infected DCs then
home to local draining lymph nodes, where infection is transmitted to SLAM-expressing
lymphocytes (16, 45, 46). Since SLAM-blind viruses captured by DCs in the respiratory
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tract would not be able to transfer to lymphocytes, an immune response similar to that
observed with monkeys vaccinated intramuscularly with MeV (17) is the most likely
explanation for the sterilizing immunity that we observed here. It cannot be excluded,
however, that limited replication in epithelial cells occurs, since the nectin-4-binding
site of SLAM-blind CDV remains intact (27). Localized infection of epithelial cells in the
respiratory tract could recruit antigen-presenting cells to respond to the infection, and
this may also contribute to the strong immunity induced by SLAM-blind viruses.

Efficient transmission requires virus release from the respiratory epithelium.
CDV transmission has been demonstrated using both contact and aerosol models (7,
29, 47), and animals with obvious signs of clinical disease easily transmit the virus to
naive hosts in both setups. The distribution of viral receptors is likely a key determinant
in efficient transmission. Infection of epithelial cells is initiated when CDV-infected
PBMCs contact the basolateral surface of the respiratory epithelium, where nectin-4 is
expressed as part of the apical junction complex (18, 20–22). Virus is then released from
the apical surface of infected respiratory epithelial cells into the lumen, where neither
nectin-4 nor SLAM is expressed. The release of newly produced virus particles would
therefore not be hindered by receptor binding interactions, facilitating spread as
respiratory droplets or by aerosol. Indeed, we detected cell-free MeV in the respiratory
tract of monkeys (22) and in the urinary tract of ferrets (26), further supporting this idea.
Even if occasional CDV transmission by biting can occur, our studies demonstrate that
morbillivirus infection of epithelial cells is a prerequisite for efficient transmission.

Compensatory mutations highlight selective pressure on SLAM-dependent cell
entry. The spatial vicinity of all three mutations to the SLAM footprint on the H protein
(48) detected here is consistent with an essential role of SLAM binding for morbillivirus
spread in natural hosts, but are the substitutions documented here also observed in
natural CDV isolates?

Some South African isolates have an M195I substitution (49) located close to the
T192A mutation in our SLAMrev virus. A different substitution at this position (M195V)
may influence receptor binding (39). Many isolates of the Asia-I lineage have a Y549H
substitution (50), which is immediately adjacent to residues 547/548 mutated in the
SLAM-blind virus. This substitution also occurs frequently in combination with an I542N
mutation, which introduces a potential N-linked glycosylation site (50). Several Asia-II
lineage isolates from South Korea have a T548M substitution (51), which alters one of
the residues in the second SLAM-binding cluster, and a South Korean isolate has a
D526G substitution in the first SLAM-binding cluster (https://www.ncbi.nlm.nih.gov/
nuccore/eu252148). A S546F substitution in another South Korean isolate (52) coincides
with the S546Y mutation in SLAMrev. Even if the functional consequences of these
mutations have not been investigated, the presence of substitutions in similar H protein
locations suggests that circulating CDV isolates are subject to the same SLAM-
dependent cell entry selective pressure documented here.

Our work demonstrates the importance of sequential use of the SLAM and nectin-4
receptors in CDV pathogenesis and transmission. Strong in vivo selective pressure
drives the H gene toward efficient interaction with SLAM, selecting compensating
mutations in or near the SLAM-interacting surface. However, suboptimal SLAM inter-
actions lead to inefficient lymphocyte infection, which interrupts the transmission cycle.
Since morbillivirus glycoproteins have limited inherent capacity for antigenic variation
(48, 53), strategies to reduce H protein-SLAM interactions, disrupting transmission, may
be useful for generating new vaccines.

MATERIALS AND METHODS
Cells and viruses. Vero cells stably expressing the canine SLAM receptor (VerodogSLAMtag) (30)

were maintained in Dulbecco’s modified Eagle medium (DMEM) (Sigma) containing 5% heat-inactivated
fetal bovine serum (FBS) (Gibco). The recombinant parental 5804PeH expresses enhanced green fluo-
rescent protein (eGFP) from an additional gene inserted between the hemagglutinin (H) and polymerase
(L) genes (31). The recombinant SLAM-blind (32) and nectin-4-blind (26) mutant viruses use the 5804PeH
genomic backbone and have been reported in prior publications. All viruses were grown on Verodog-
SLAMtag cells, and titrations were performed by limiting dilution and expressed as 50% tissue culture
infectious doses (TCID50).
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Transmission studies. Unvaccinated male and female ferrets (Mustela putoris furo) 16 weeks or older
were housed in the Paul-Ehrlich-Institut animal facility. All animal studies were approved by the
Institutional Animal Care Committee according to German and European regulations. For initial studies
with 5804PeH and all studies with SLAM- and nectin-4-blind viruses, groups of three or four animals were
infected intranasally with 2 � 105 TCID50 of the respective viruses and housed individually for 3 days. At
3 days postinfection, the infected animals were cohoused with a naive contact animal for the remainder
of the experiment. The infected/contact pairs were monitored daily for clinical signs of fever, rash,
activity, depression, and weight loss. For day-of-transmission studies, contact animals were cohoused
with infected animals for 24 h on days 4 and 5, 5 and 6, and 6 and 7 or for 48 h on days 6 and 7, 8 and
9, and 10 and 11 after initial infection and then were moved to separate cages. Blood samples were
collected twice weekly from the superior vena cava under general anesthesia for the first 3 weeks and
weekly thereafter. Cell-associated viremia in peripheral blood mononuclear cells (PBMCs) was quantified
by limiting dilution (32) and expressed as TCID50/106 PBMCs. The extent of PBMC proliferation inhibition
was measured by stimulation of Histopaque-purified PBMCs with 2 �g/ml of phytohemagglutin M (PHA)
and subsequent detection of bromodeoxyuridine (BrdU) incorporation into proliferating cells using a cell
proliferation BrdU enzyme-linked immunosorbent assay (ELISA) kit (Roche). Since the SLAM- and nectin-
4-blind viruses are completely attenuated and all animals survived infection, one group of 3 infected/
contact pairs from each virus was subsequently challenged intranasally with 2 � 105 TCID50 of 5804PeH
to confirm that infected animals had indeed developed immunity while contact animals had in fact not
been infected and were thus still susceptible to lethal disease.

VNTs. For virus neutralization tests (VNTs), neutralizing-antibody titers were determined by mixing
serial dilutions of plasma collected before infection (day 0) or contact (day 3) and at the end of the study
(day 28) with 102 TCID50 of 5804PeH. The virus and plasma dilutions were incubated at 37°C for 15 min
before 50 �l of VerodogSLAMtag cells was added to each well. The neutralizing titer was expressed as
the reciprocal of the highest dilution at which no cytopathic effect (CPE) was observed after 3 days.

Mutant H gene cloning and mutagenesis. Viral RNA was isolated using the RNeasy minikit (Qiagen)
from VerodogSLAMtag cells infected with the SLAM-revertant (SLAMrev) virus, which was originally
obtained from one animal that had transient viremia on day 7 after infection with SLAM-blind CDV. The
RNA was reverse transcribed with SuperScript III reverse transcriptase (Invitrogen) according to the
manufacturer’s recommendations.

The H gene and flanking regions were amplified from the resulting cDNA using primers that bind in
the F gene transmembrane domain and the 5= terminus of the eGFP gene and then were sequenced. The
expression plasmid pCG-CDV H(SLAMrev) was generated by amplifying the SLAMrev H open reading
frame (ORF) and cloning into the BamHI and SphI sites of pCG-IRESzeomut (30). The mutations T192A,
A529S, and S546Y found in the SLAMrev H gene were introduced individually and in combination into
the SLAM-blind H gene expression plasmid by site-directed mutagenesis using Pfu DNA polymerase.

To generate the genomic plasmid p5804PeH-H(SLAMrev), the H ORF of the SLAMrev virus was
amplified and joined to the subgenomic cassette between the BsrGI and AscI sites by overlapping PCR.
This construct was then transferred into the full-length p5804PeH plasmid, which expresses the en-
hanced green fluorescent protein (eGFP) from an additional open reading frame located between the H
and L genes (31). All plasmids were verified by sequencing, as were all viruses after successful recovery.

Recovery of recombinant viruses and growth kinetics. A recombinant virus expressing the SLAMrev
H protein was recovered as described previously (26, 54), with modifications. Briefly, 293 cells were seeded
into six-well dishes at a density of 7 � 105 cells per well. The next day, cells were transfected with 8 �g of
p5804PeH-H(SLAMrev) and combinations of 0.5, 0.1, 0.5, and 0.7 �g MeV N, P, and polymerase (L) and T7 RNA
polymerase (RNAP) expression plasmids, respectively, using 12.5 �l TurboFect (Thermo Fisher) per well. Three
to five days later, the transfected cells were transferred onto VerodogSLAMtag cells seeded at 80 to 90%
confluence in 10-cm dishes. Individual syncytia were inoculated onto fresh VerodogSLAMtag cells. Stocks of
all viruses used in this study were produced on VerodogSLAMtag cells. Titers were determined by limiting
dilution and expressed as 50% tissue culture infectious doses (TCID50).

In vitro growth kinetics in ferret PBMCs. PBMCs were isolated from heparinized whole ferret blood
by Histopaque-1077 centrifugation for 40 min at 400 � g. The cells were washed three times with
phosphate-buffered saline (PBS) and then resuspended in RPMI 1640 medium (BioWest) containing 10% FBS
and 1% L-glutamine. For single- and multistep growth curves, purified PBMCs were seeded in round-bottom
96-well plates at a density of 2.5 � 105 cells/well and were stimulated overnight with 5 �g/ml concanavalin
A (ConA) (Sigma). The following day, cells from the respective animals were resuspended, pooled, and washed
with PBS. Cells were then infected with the respective viruses at a multiplicity of infection (MOI) of either 1
or 0.1 for 1 h. Unadsorbed virus was removed by washing three times with PBS. PBMCs were incubated in
round-bottom 96-well plates in RPMI containing 5 �g/ml ConA at 37°C. Culture supernatants were harvested
daily by transfer of the cell suspension into fresh Eppendorf tubes. PBMCs were pelleted by centrifugation at
1,000 � g for 5 min. The supernatants were transferred to fresh Eppendorf tubes and stored at �80°C, and
virus in the supernatant fractions was determined by TCID50 assay.

Quantitative fusion assays. Quantitative fusion assays were performed as previously described (55),
with modifications. Confluent monolayers of VerodogSLAMtag cells in a 6-well dish were transfected with
5 �g/well of pCAGGS-T7RNAP, which expresses the bacteriophage T7 DNA-dependent RNA polymerase
(T7RNAP) under the control of the chicken �-actin promoter. The transfected cells were trypsinized 18 h
later and pooled for use as target cells in the assay. In parallel, 105 VerodogSLAMtag cells were seeded
into black flat-bottom 96-well dishes. These cells were transfected with 0.25 �g/well of plasmid
containing the firefly luciferase (ffLuc) gene under the control of the T7RNAP promoter (pTM1-ffLuc)
along with 0.125 �g/well of expression plasmid for the CDV F protein and 0.125 �g/well of expression
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plasmid for the respective CDV H proteins, as well as 0.25 �g/well of a control plasmid expressing Renilla
luciferase (RenLuc) under the control of the thymidine kinase promoter (pRL-TK) (Promega). After
incubation for 6 h at 37°C, 104 T7RNAP-expressing target cells/well were added to the 96-well dishes and
were incubated at 37°C for 24 h. Assays were developed using the Dual-Glo luciferase assay system
(Promega). Cells were lysed with 75 �l/well of Dual-Glo reagent and incubated at room temperature for
10 min. The firefly luciferase was then read in a PheraStar luminometer. Next, 75 �l/well Dual-Glo Stop
& Glo reagent was added to each well and incubated at room temperature for 10 mins, and the Renilla
luciferase signal was read. The firefly luciferase signal was divided by the Renilla luciferase signal for each
respective well to generate the normalized luciferase signal. Values from each triplicate transfection were
averaged and are expressed as the fusion relative to wild type H(5804P) for each experiment. Fusion
studies were performed three times.

CDV H protein structural modeling. The H protein sequence of the 5804P strain (AY386316) was
queried in the Phyre2 Protein Fold Recognition Server database (56), and a structural model was
generated using the crystal structure of MeV H in complex with human SLAM (PDB 3ALW) as a template
(48). The resulting PDB file was annotated using UCSF Chimera version 1.12 (57).
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