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ABSTRACT

Measles and canine distemper viruses (MeV and CDV, respectively) first replicate in lymphatic and epithelial tissues by using
SLAM and nectin-4 as entry receptors, respectively. The viruses may also invade the brain to establish persistent infections, trig-
gering fatal complications, such as subacute sclerosis pan-encephalitis (SSPE) in MeV infection or chronic, multiple sclerosis-
like, multifocal demyelinating lesions in the case of CDV infection. In both diseases, persistence is mediated by viral nucleocap-
sids that do not require packaging into particles for infectivity but are directly transmitted from cell to cell (neurons in SSPE or
astrocytes in distemper encephalitis), presumably by relying on restricted microfusion events. Indeed, although morphological
evidence of fusion remained undetectable, viral fusion machineries and, thus, a putative cellular receptor, were shown to con-
tribute to persistent infections. Here, we first showed that nectin-4-dependent cell-cell fusion in Vero cells, triggered by a demy-
elinating CDV strain, remained extremely limited, thereby supporting a potential role of nectin-4 in mediating persistent infec-
tions in astrocytes. However, nectin-4 could not be detected in either primary cultured astrocytes or the white matter of tissue
sections. In addition, a bioengineered “nectin-4-blind” recombinant CDV retained full cell-to-cell transmission efficacy in pri-
mary astrocytes. Combined with our previous report demonstrating the absence of SLAM expression in astrocytes, these find-
ings are suggestive for the existence of a hitherto unrecognized third CDV receptor expressed by glial cells that contributes to the
induction of noncytolytic cell-to-cell viral transmission in astrocytes.

IMPORTANCE

While persistent measles virus (MeV) infection induces SSPE in humans, persistent canine distemper virus (CDV) infection
causes chronic progressive or relapsing demyelination in carnivores. Common to both central nervous system (CNS) infections
is that persistence is based on noncytolytic cell-to-cell spread, which, in the case of CDV, was demonstrated to rely on functional
membrane fusion machinery complexes. This inferred a mechanism where nucleocapsids are transmitted through macroscopi-
cally invisible microfusion events between infected and target cells. Here, we provide evidence that CDV induces such microfu-
sions in a SLAM- and nectin-4-independent manner, thereby strongly suggesting the existence of a third receptor expressed in
glial cells (referred to as GliaR). We propose that GliaR governs intercellular transfer of nucleocapsids and hence contributes to
viral persistence in the brain and ensuing demyelinating lesions.

C anine distemper virus (CDV) and measles virus (MeV) belong
to the Morbillivirus genus of the Paramyxoviridae family and
induce severe diseases in humans (MeV) and animals (CDV) with
high mortality and morbidity. The Morbillivirus glycoproteins H
and F assemble as a complex on the cellular plasma membrane or
on the viral envelope and constitute the viral fusion machinery.
While an H tetramer (composed of stalks supporting head do-
mains) interacts with a host cell surface receptor (1, 2), the F
trimer fuses the cellular with the viral envelope, the first essential
step leading to viral cell entry and spread.

The pathogenesis of CDV infection in animals resembles that
of MeV infection in humans in many respects. Indeed, both vi-
ruses enter the host through the alveolar macrophages and den-
dritic cells in the respiratory tract using the CD150/SLAM mole-
cule (3-6). Subsequently, viral amplification and spread
throughout the lymphatic tissues occur, and profound immuno-
suppression is induced (7-10). The second replicative phase in
many organs correlates with the expression of PVRL4 (also
termed nectin-4, or N4) by epithelial cells (11-14) and leads to
typical gastrointestinal, dermatological, and respiratory signs. Vi-
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ral replication within the respiratory tract eventually leads to con-
tagion through the release of viral particles in the lumina of the
airways (8, 13, 15). Finally, both morbilliviruses may invade the
central nervous system (CNS), inducing severe neurological dis-
eases by establishing persistent infections (16-19). However,
while neurological complications remain rare in the case of MeV
infections, they are common in CDV infections (18, 20).

While persistent MeV infection causes subacute sclerosis pan-
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encephalitis (SSPE) in humans, dogs surviving the immunosup-
pressive stage of the acute disease tend to develop a chronic pro-
gressive or relapsing multifocal demyelinating CNS disease, which
resembles multiple sclerosis in humans. Importantly, common to
measles and distemper, it has been reported that viral persistence
and neurological diseases correlate with viral cell-to-cell spread
(preferentially in neurons for MeV [21-24] and astrocytes for
CDV [18, 25, 26]), allowing the virus to escape immune detection.
As suggested in MeV infections of neurons (23, 27), cell-to-cell
spread of CDV in the CNS most likely relies on membrane fusion
between infected and target astrocytes to establish free passage of
viral nucleocapsids. Indeed, we recently found that functional
hetero-oligomeric viral H/F complexes, and thus presumably
membrane fusion, were required to allow CDV spread in primary
astrocytic cultures (25). However, tangible signs of cell-cell fusion,
such as syncytium formation, were completely lacking in persis-
tent infections in astrocytic cultures. Such morphological evi-
dence of fusion could be detected only in cultures manipulated to
express SLAM, a receptor which is absent in normal CNS cells.
Therefore, we predicted that membrane fusion activity may be
restricted to the formation of microscopically invisible microfu-
sion pores, which may rely on highly specific conditions, includ-
ing the involvement of a receptor other than SLAM. This view was
further supported by our recent findings showing that the extent
of morbillivirus-induced fusion also depends on the nature of the
viral receptor (28).

While enormous progress has been made in recent years on the
morbillivirus receptors involved in the systemic phase of the in-
fection (8, 16, 29-32), not much has been done on the role of such
receptors in the CNS. Our previous report using dog brain cell
cultures (DBCCs) revealed that primary astrocytes did not express
SLAM (25), thereby arguing against this molecule as a main orga-
nizer of viral persistence. In line with this idea, Pratakpiriya and
colleagues recently suggested the involvement of canine N4 (cN4)
in CDV-mediated neuropathogenesis, based on the fact that some
neurons could be stained for both CDV antigens and cN4 (14).
These data indicate cN4 as a putative candidate receptor eventu-
ally regulating persistent infections.

In this study, we present evidence that cN4 was not expressed
in either cultured primary astrocytes or in the white matter of
brain sections of infected and noninfected dogs. Interestingly, cN4
expression could be detected in the ependymal cell layer and fo-
cally in the meninges. These data, combined with the fact that
an engineered recombinant “cN4-blind” neurovirulent CDV re-
tained full cell-to-cell transmission efficacy in primary astrocytes,
formally demonstrated that cN4 is not required to support persis-
tent infections. Rather, our findings provide strong evidence for
the existence of a third cellular receptor for CDV expressed in glial
cells (referred to as GliaR) that may induce microfusion pores,
thereby allowing cell-to-cell viral spread and persistence.

MATERIALS AND METHODS

Cell cultures. Primary dog brain cell cultures (DBCCs) were prepared as
described elsewhere (26). Subconfluent batches of DBCCs were used for
the different experiments and kept at 37°C in the presence of a 5% CO,
atmosphere. Petri dishes covered with glass coverslips and coated with
poly-L-lysine (Sigma-Aldrich, Switzerland) were used for seeding DBCCs
for further immunofluorescence assays. The cultures were composed pre-
dominantly of astrocytes and were kept alive for up to 3 months. Dulbec-
co’s modified Eagle medium (DMEM; Life Technologies, Zug, Switzer-
land) supplemented with 10% fetal calf serum (FCS; Bioswisstec,
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Schafthausen, Switzerland) and penicillin-streptomycin (Life Technolo-
gies) was changed every 2 to 3 days. Vero cells (receptor-negative) and two
other Vero cell lines constitutively expressing either the canine SLAM
receptor (Vero-cSLAM; kindly provided by Yusuke Yanagi) or the canine
nectin-4 receptor (Vero-cN4) (28) were grown in DMEM supplemented
with 10% FCS and 1% penicillin-streptomycin and incubated at 37°C in
the presence of a 5% CO, atmosphere. Vero-cSLAM cells were incubated
once a week with Zeocin (Invitrogen, Switzerland).

Viruses. The recombinant A75/17-CDV engineered to express red
fluorescent protein (recA75/17"F) was used in all infection experiments.
The virus is derived from the wild-type (wt) demyelinating canine distem-
per virus A75/17 strain (33) and was exclusively amplified in Vero-cSLAM
cells. The recA75/17"% H*® (where ko is knockout) is a variant which lacks
the attachment protein gene. To complement the deficiency, the latter
virus was amplified in Vero-cSLAM cells expressing the H protein (Vero-
c¢SLAM-H) cells, as elsewhere described (25). A recombinant A75/17"%
strain bearing a single substitution in the H protein (Y539A) was previ-
ously successfully rescued and demonstrated to be unable to infect pri-
mary canine keratinocytes (34). recA75/17"%® and recA75/17"® H-Y539A
were amplified and titrated in Vero-cSLAM cells, as previously described
(35).

Virus growth kinetics and virus titration assays. Vero, Vero-cSLAM,
and Vero-cN4 cells were infected with the recA75/17"" and the recA75/
17" H-Y539A viruses at a multiplicity of infection (MOI) of 0.01 (as
titrated in Vero-cSLAM cells). After 2 h the medium was replaced by fresh
medium, and samples were taken at 12, 24, 36, 48, and 60 h postinfection.
The cell-associated viruses were released by two cycles of freezing and
thawing of the cellular monolayer. Growth kinetics were also determined
in DBCCs. To this aim, confluent cultures were infected with the recA75/
17" or the recA75/17"% H-Y539A virus at an MOI of 0.01 (as titrated in
Vero-cSLAM cells). Cell-free and cell-associated viruses were harvested at
3, 6,9, and 12 days postinfection (p.i.). All samples were titrated in Vero-
cSLAM cells by limited dilutions as described previously (36).

Cell-cell fusion assay. A fusion assay was performed as described else-
where (37). Briefly, 6 X 10° Vero, Vero ¢cSLAM, or Vero cN4 cells, plated
24 h prior to the experiment in six-well plates, were cotransfected with 1
g of either the pCI plasmid expressing the H protein of A75/17 (pCI-H-
A75/17, or pCI-H) or the H-Y539A mutant (pCI-H-Y539A) along with
1.8 pg of pCI-F and 0.2 pg of pCI-RFP (expressing the red fluorescent
protein). In some experiments, a previously described F variant was co-
expressed with H proteins (pCI-F-L372A) (28, 38). All of the pCI-H- and
-F-expressing constructs were previously described (28, 34, 38). Cells were
visually assessed at 24 h (or as indicated in the text) posttransfection for
the presence of syncytia, and represented field of views were captured with
an inverted fluorescence microscope (FluoView FV1000; Olympus).

Confocal fluorescence microscopy. Cell-to-cell spread of the recA75/
17" or the recA75/17"% H-Y539A virus in Vero, Vero-cSLAM, and Vero-
cN4 cells and DBCCs were tracked under real-time conditions by laser
scanning confocal fluorescence microscopy (FluoView FV1000; Olym-
pus) because both viruses additionally expressed the red fluorescent re-
porter protein. Images were monitored at 1, 3, and 5 days p.i. Virus track-
ing was similarly performed in DBCCs with the difference that images
were taken at 3, 6, 9, 12, and 16 days p.i.

Immunofluorescence analysis. DBCCs were plated in petri dishes
containing glass coverslips. At the time of infection (0 days p.i.) and 6
weeks postinfection, cells were fixed with 4% phosphate-buffered saline
(PBS)-buffered paraformaldehyde for 20 min at room temperature. For
intracellular component staining, the coverslips were washed twice with
0.1% Tween 20 in PBS (PBS-T) and permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich, Switzerland) for 5 min. For cell surface compo-
nent staining, cells were not permeabilized. After two washes with PBS-T,
cells were blocked for 1 h at room temperature with PBS-T containing
10% of either normal goat serum (Dako, Baar, Switzerland) or fetal calf
serum. The first antibodies were diluted in PBS-T and incubated at room
temperature overnight in a humid atmosphere. Coverslips were then
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washed three times in PBS-T, and the appropriate Alexa Fluor-conjugated
secondary antibodies (1:500 in PBS-T) were incubated at room tempera-
ture for 1 h together with 4’,6-diamidino-2-phenylindole ([DAPI]
D1306; Life Technologies) for nucleus counterstaining (1:10,000 in PBS-
T). Finally, the cells were washed twice in PBS-T and once in distilled
water and subsequently mounted on glass slides with Glycergel (Dako
Diagnostics, Zug, Switzerland). Slides were then monitored by laser scan-
ning confocal microscopy (FluoView FV1000 software; Olympus).

Immunohistochemistry. Histological paraffin sections of dog tissues
were used for detection and distribution analysis of nectin-4, including
brain, trachea, and small intestine. Tissue sections were deparaffinized
and rehydrated following standard immunohistochemistry protocols. Af-
ter endogenous peroxidase was quenched with 3% H,O, in PBS-T for 15
min, the tissues were submitted to heat-induced epitope retrieval at 95°C
for 20 min. The slides were cooled down, washed three times in PBS-T,
and subsequently blocked with 5% FCS in PBS-T over 20 min. Next, tissue
sections were incubated overnight at 4°C with the first polyclonal anti-
body, anti-nectin-4 (AF2659; R&D Systems) at a concentration of 1:1,000
in PBS-T under a humid atmosphere. Successively, biotinylated donkey
anti-goat secondary antibody (1:1,000 in PBS-T) (705-065-003; Jackson
ImmunoResearch) and peroxidase-labeled streptavidin conjugate (1:
1,000 in PBS-T) (016-030-084; Jackson ImmunoResearch) were added for
30 min each at room temperature in the dark. Finally, the slides were
treated with 3,3"-diaminobenzidine substrate (AEC kit 101-1KT; Sigma-
Aldrich, Switzerland) and counterstained with Ehrlich’s hematoxylin for
6 s. Slides were washed twice in PBS-T, rinsed with distilled water, and
mounted on glass slides with Aquatex (Dako Diagnostics, Zug, Switzer-
land).

Antibodies. Several antibodies were used for the investigation of cel-
lular components: mouse monoclonal antibody (MAb) anti-glial fibril-
lary acidic protein (GFAP; 1:1,000) (ab4648; Abcam, Switzerland), rabbit
polyclonal antibody anti-GFAP (1:1,000) (Z0334; Dako Diagnostics,
Zug, Switzerland), mouse monoclonal antibody anti-vimentin (1:1,000)
(M7020; Dako Diagnostics, Zug, Switzerland), mouse monoclonal anti-
body anti-neurofilament II (1:200) (C0762; Dako Diagnostics, Zug, Swit-
zerland), and goat polyclonal antibody anti-human nectin-4 (1:1,000)
(AF2659; R&D Systems). The fluorescently labeled secondary antibodies
used were Alexa Fluor 488 goat anti-rabbit IgG (1:500) (A11008; Life
Technologies), Alexa Fluor 488 and 647 goat anti-mouse IgG (each,
1:500) (A-11001 and A-21235, respectively; Life Technologies), and Alexa
Fluor 488 and 647 donkey anti-goat (each, 1:500) (A-11055 and A-21447,
respectively; Life Technologies).

Reverse transcription-PCR (RT-PCR). Total RNA was isolated from
uninfected and infected DBCCs and from Vero, Vero-cSLAM, and
Vero-cN4 cell cultures using an RNeasy kit (Qiagen AG, Basel, Swit-
zerland) and reverse transcribed into cDNA using Superscript III re-
verse transcriptase and random primers (SuperScript III First-Strand
Synthesis SuperMix, 18080-400; Life Technologies). Specific DNA se-
quences were amplified using a high-fidelity polymerase-containing
kit (HiFidelity PCR kit; Qiagen). Amplicons were then run on a 1.5%
agarose gel and visualized with a UV camera (Quantum ST5-1100/
26LMX X-Press; Vilber Lourmat, Witec AG, Switzerland) with the
Quantum ST5 X-Press software package. Specific primers for amplify-
ing the housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were used as internal controls. All primers employed
for the PCRs are available upon request.

Sequencing of the H-A75/17 gene. Viral RNAs from 6-week-old in-
fected DBCCs were extracted, reverse transcribed, and amplified as de-
scribed above, with the difference that primers specific for the amplifica-
tion of the H-A75/17 gene were employed (available upon request).
Subsequently, the DNA products were sequenced using a BigDye, version
3.1, cycle sequencing kit (43374; Life Technologies). The sequencing re-
actions were run on an ABI 3730 automated sequencer.
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RESULTS

The cN4 molecule is not expressed at detectable levels in
DBCCs. Since some CDV-positive neurons additionally exhibit-
ing cN4 expression could be detected in infected canine brains,
Pratakpiriya and colleagues proposed a role of cN4 in CDV neu-
ropathogenesis (14). However, no clear data were provided re-
garding cN4 expression in astrocytes, the main target cells sustain-
ing viral persistence in the brain. With the aim to determine
whether ¢N4 might play a role in persistent CDV infections, we
first used dog brain cell cultures (DBCCs) to evaluate the level of
cN4 expression in glial cells. As previously reported (25, 26), we
confirmed (i) that DBCCs were mainly composed of astrocytes
and (ii) that A75/17-CDV spread in this cell system from cell to
cell in a noncytolytic manner with extremely small amount of free
particle production (not shown).

To investigate the presence of cN4 in astrocytes at the protein
and RNA levels, we performed immunostainings and RT-PCR
analyses, respectively. Because no anti-canine N4 antibody is cur-
rently available, immunofluorescence (IF) analyses were per-
formed using a polyclonal anti-human N4 antibody (cross-react-
ing with the canine N4 molecule). IF did not reveal any staining in
primary astrocytes regardless of whether the cells were infected
(Fig. 1A, left panel) or not (data not shown). As controls, Vero and
Vero-cN4 cells were also stained with the polyclonal antibody, and
fluorescence emission could be detected only in Vero-cN4 cells
(Fig. 1A, right panel).

To further confirm these results, total RNA was initially ex-
tracted from Vero, Vero-cSLAM, and Vero-cN4 cells, and selec-
tive amplification of the desired receptor was validated using spe-
cific sets of primers. Primers designed to amplify the GAPDH gene
were also included in this set of experiments and served as internal
controls for the assay (Fig. 1B). Next, RT-PCRs were repeated
from total RNA extracted from infected DBCCs; the experiment
shown in Fig. 1B indicates that after 35 cycles of amplification
neither cSLAM nor ¢N4 could be detected, whereas the GAPDH
and CDV H genes were readily amplified. Lack of detection of
both receptors’ mRNAs was also obtained from noninfected
DBCCs (data not shown).

Taken together, these data strongly suggested that both known
morbillivirus receptors, cN4 and ¢SLAM, were not expressed to
detectable levels in primary astrocytes. Consequently, these find-
ings further indicated that persistent CDV infections (which are
promoted by functional viral fusion machineries [25]) relied on a
mechanism that did not require the presence of a cell surface re-
ceptor that triggers membrane fusion through H contacts (akin
the proposed cell-to-cell spread of MeV in neurons [23]). Alter-
natively, a yet unidentified (H-binding) CDV receptor expressed
in glial cells may contribute to persistent infections by inducing
highly restricted membrane fusion activity.

cN4 remains undetectable in the white matter of dog brain
tissues. In order to explore whether our in vitro findings may
corroborate the in vivo situation, we next determined the cN4
expression pattern in the brain of adult dogs. To this purpose, we
selected tissue sections from uninfected adult dogs and from A75/
17-CDV-infected ones that exhibited chronic encephalitis.

Immunohistochemical staining of paraffin-embedded tissue
sections was thus performed using the anti-human N4 polyclonal
antibody. Representative micrographs and close-up insets of cN4
distribution are presented in Fig. 2. As controls, paraffin sections
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FIG 1 The morbillivirus cellular receptor cN4 is not expressed in DBCCs. (A) Noninfected Vero-cN4 cells and regular Vero cells as well as noninfected (not
shown) and infected DBCCs were stained with an anti-human nectin-4 antibody. Immunofluorescence analyses indicated a clear signal exclusively in cells
expressing nectin-4. Representative fields of view were pictured using an inverted confocal fluorescence microscope (magnification, X100; FluoView FV1000;
Olympus). (B) cN4 mRNA is not detected in noninfected (not shown) or infected DBCCs. Total RNA was extracted from noninfected Vero, Vero-cSLAM, and
Vero-cN4 cells as well as from infected DBCCs and subjected to RT-PCRs to investigate the expression of the housekeeping gene GAPDH and the A75/17 H (CDV

H), cN4, and ¢SLAM genes.

of dogs’ intestinal tissues were included. Clear positive immuno-
staining with a basolateral distribution pattern in enterocytes was
detected, which is entirely consistent with the expected localiza-
tion of N4 in the zonula adherens (Fig. 2A).

In transversal sections of cerebellum and brainstem, only
weak and inconsistent punctate cN4 staining was detected in
some large brainstem neurons of both infected and uninfected
CNSs. Importantly, there was no consistent staining detected

staining could be observed in the ependymal cell layer and,
perhaps, multifocally in meningeal elements (Fig. 2C). The
ependymal staining was mostly restricted to the surface facing
the ventricle, including the cilia.

In sum, while cN4 expression in ependymal cells must be val-
idated using canine-specific reagents, these data nevertheless sug-
gested that cN4 is very likely not critical in supporting efficient
persistent CDV infections in both primary astrocytes and white

matter of canine brains.

Nectin-4

el

in the white matter (Fig. 2B). Interestingly, positive immuno-

Nectin-4

FIG 2 Nectin-4 is not detected in dog brain parenchyma. (A) Canine N4 staining from a paraffin section of intestine revealed N4 expression at the basolateral
side of enterocytes. A close-up view of the selected area is shown in the inset. (B) Canine N4 staining from a brainstem paraffin section at the level of the medulla
oblongata, fourth ventricle floor (IV), indicated the absence of N4 expression. Conversely, positive cN4 staining was found in the ependymal cell layer. A close-up
view of the ependymal cell layer is shown in the inset. (C) Canine N4 staining from a cerebellum paraffin section confirms the absence of N4 with some exceptions
in the meninges. A close-up view of the cerebellar leptomeninges with slight positive N4 staining is shown in the inset. Photomicrographs were taken at a
magnification of X400.
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FIG 3 Cell-cell fusion efficacy in the presence of canine N4 of H-A75/17 and derivative H-Y539A mutant viruses. Vero, Vero-cN4, and Vero-cSLAM cells were

transfected with DNA plasmids encoding empty vector (pCI), H-A75/17 (Hwt), or H-Y539A along with F-A75/17 (Fwt) (A) or F-L372A (B). A plasmid encoding
the red fluorescent protein was included to increase the sensitivity of the assay. Representative fields of view were captured at 24 h (or 48 h for the Hwt and
F-L372A combination in Vero-cN4 cells) posttransfection with a confocal microscope (magnification, X 100; FluoView FV1000; Olympus). The white arrow

indicates very limited induction of cell-cell fusion.

A single substitution in H (H-Y539A) ablates bioactivity se-
lectively through cN4. Although immunostaining and RT-PCR
technologies failed to record cN4 expression in primary astrocytic
cultures, the sensitivity of both methods might have missed the
detection of minute amounts of cN4 expression. In fact, extremely
low production of cN4 in astrocytes may account for the proposed
microfusion pore induction and ensuing free transfer of nucleo-
capsids. We thus thought to employ a virus-based, highly sensitive
system to explore this possibility. We previously reported that
A75/17-CDV induced only very limited syncytia in primary ca-
nine epithelial keratinocyte cultures and identified a mutation in
the H protein (H-Y539A) which fully ablated the capacity of the
virus to infect these cells (34). Later on, N4 was discovered as an
entry receptor for morbilliviruses in epithelial cells (11-14). Con-
sistent with the idea that cN4 may contribute to the limited mem-
brane fusion activity mediated by A75/17 in keratinocytes, we re-
cently provided evidence that cell-cell fusion in Vero cells
expressing cN4 remained, indeed, scarcely activated (28).

To validate the role of the H variant (Y539A) in ablating mem-
brane fusion selectively through cN4, we performed cell-cell fu-
sion assays in Vero cells expressing, or not, a morbillivirus recep-
tor (cSLAM and cN4) by transfecting different combinations of
CDV glycoproteins. As expected, while massive membrane fusion
was triggered though the SLAM receptor with standard H and F
proteins, the activity remained only marginal in the presence of
cN4 (Fig. 3A, central panels). When H-Y539 was coexpressed with
F-wt, fusion was selectively recorded in Vero-cSLAM cells (Fig.
3A, right panels). We then repeated the experiments using a re-
ported destabilized F mutant which strongly enhances bioactivity
(F-L372A) (28). Under these experimental settings, massive syn-
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cytium formation was observed when H-wt and F-L372A were
expressed in Vero cells expressing one or the other receptor (Fig.
3B, left panels). Conversely, the H-Y539A/F-L372A combination
triggered membrane fusion selectively in the presence of cSSLAM
(Fig. 3B, right panels).

These results taken together demonstrated that, similar to the
analogous MeV H-Y543A mutant (31), CDV H-Y539A is com-
pletely deficient in mediating fusion via cN4 (even in the presence
of a destabilized F mutant) even though there is a productive in-
teraction with cSLAM.

A recombinant A75/17 virus carrying the H-Y539A substitu-
tion is growth defective in Vero-cN4 cells. To investigate whether
the data obtained in transient-transfection assays could be reca-
pitulated in the context of full viruses, we infected the three Vero
cell lines with recA75/17"® and recA75/17"" H-Y539A and mon-
itored their patterns of infectivity and spread using fluorescence
microscopy over a period of 5 days. As expected, both viruses
demonstrated very slight levels of infection and spread in Vero
cells, whereas they induced massive fusion in the presence of
cSLAM (Fig. 4A and B). Strikingly, while recA75/17" could also
induce syncytia in Vero-cN4 cells, recA75/17"% H-Y539A activity
in Vero-cN4 cells was not significantly different from that in Vero
cells (Fig. 4A and B). Of note, and supporting the results of the
transient-transfection experiments, membrane fusion activity in-
duced by recA75/17" in the presence of cN4 was much less pro-
nounced than that induced in the presence of cSLAM (Fig. 4A).

We finally determined the growth kinetics of both viruses in
the various cell lines. Consistent with the infection pattern,
recA75/17"% hardly replicated in Vero cells, whereas titers of
about 10° infectious units/ml were reached in Vero-cSLAM cells
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FIG 4 Receptor-dependent differences in recA75/17"" and recA75/17"" H-Y539A infection profiles. (A and B) Vero, Vero-cN4, and Vero-cSLAM cells were
infected with recA75/17" or recA75/17"F H-Y539A at an MOI of 0.01. Representative fields of view were captured at 1, 3,and 5 days postinfection with a confocal
microscope (magnification, X100; FluoView FV1000; Olympus). ND, not determined (because the cell culture was fully lysed). (C) Growth curves of wt and
cN4%d viryses in different cell lines. recA75/17"% and recA75/17"% H-Y539A (renamed recA75/17"% H-cN4Plind) growth curves were obtained by infection of
Vero, Vero-cSLAM, and Vero-cN4 cells at an MOI of 0.01. Cell-associated viruses were harvested at 0, 12, 24, 36, 48, and 60 h postinfection (hpi), and titration
experiments were performed in Vero-cSLAM cells. Means = standard deviations of data from three independent experiments performed in triplicates are shown.
To determine the statistical significance of differences between the wt and the mutant viruses’ data sets, unpaired two-tailed f tests were performed (¥, P < 0.05;

**P < 0.01; NS, not significant).

already at 36 h postinfection (Fig. 4C). In contrast, in Vero-cN4
cells, the wt virus grew much more slowly and reached lower titers
since only 10* infectious units/ml was recorded at 60 h p.i. (Fig.
4C). Importantly, recA75/17"" H-Y539A did not exhibit any
growth advantage in Vero-cN4 cells compared to its growth in
Vero cells while it reached wt-like titers in the presence of cSLAM
(Fig. 4C).

Altogether, these results formally demonstrated (i) that cN4
acted as a functional cellular receptor for the prototypic neu-
rovirulent and demyelinating A75/17-CDV strain and (ii) that
the Y539A substitution in the attachment protein specifically
caused the loss of fusion triggering through the cN4 receptor.
We therefore renamed the recA75/17"% H-Y539A virus recA75/
17rfp H—cN4b“"d.

recA75/17"" H-cN4""4 exhibits noncytolytic cell-to-cell
transmission efficacy in primary dog brain cell cultures. The
reprogrammed recA75/17"" H-cN4""4 virus offered an ideal mo-
lecular tool to investigate, in a highly sensitive manner, the role of
cN4 in controlling A75/17-mediated noncytolytic cell-to-cell
transmission in primary brain cell cultures. We thus inoculated
the wild-type and the engineered (N4 viruses in the astrocytic
cell culture system and monitored their transmission ability using
live-cell fluorescence microscopy.

Remarkably, in primary astrocytes, the kinetics and mode of
transmission of recA75/17"" H-cN4""" were very similar to the
infection profile mediated by recA75/17"" (Fig. 5A and B). In-
fected cells did not exhibit any signs of fusion and/or cytolysis, and
long fluorescent astrocytic processes were often observed bridging
neighboring infected foci. Thus, cell-to-cell transmission with
recA75/17""% H-cN4"" remained typically noncytolytic. Of note,
these specific infection profiles were preserved even 6 weeks post-
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inoculation for both the wild-type and the mutant viruses (data
not shown).

To further confirm that the cN4"™® virus indeed exhibits
properties similar to those of its wild-type counterpart, we verified
its ability to produce free particles. Growth kinetics of cell-associ-
ated and cell-free viruses were thus determined throughout a pe-
riod of 12 days. Titers of cell-associated viruses recorded for both
viruses displayed very similar kinetics and were reaching identi-
cally low values at 12 days postinoculation (slightly more than 10
infectious units/ml) (Fig. 5C). The deficiency was even more
marked regarding virus budding since titration experiments of
cell-free particles revealed the absence, or an extremely small
amount, of free viruses released in the supernatant for both viruses
(Fig. 5D). We thus concluded from this set of experiments that the
efficient dissemination of recA75/17"" H-cN4""™ in primary as-
trocytes did not rely on extracellular particle formation but,
rather, on a unique intercellular cell-to-cell mechanism.

Because RNA viruses contain polymerases with high muta-
tional rates (indicating their ability to swiftly react to any environ-
mental selective pressures by introducing adaptive mutations in
the viral genome) (39), we assessed whether the efficient spread in
astrocytes monitored with the cN4”"¢ virus correlated with a re-
version of the single substitution introduced in the wild-type se-
quence. To this aim, total RNA was extracted from 6-week-old
persistently infected cell monolayers, followed by RT-PCRs. Se-
quencing analysis of the products indicated that the H gene (of
two independent infections) of either the wild-type or the (N4
virus remained unaltered. Indeed, both viruses unequivocally
conserved their original H predicted amino acid sequences with
the tyrosine and the alanine at position 539 of the wild-type and
mutant viruses, respectively (data not shown).

jviasm.org 5729


http://jvi.asm.org

Alves et al.

A recA75/17"®

DBCC

DBCC

C - recA7SN T D @ recA75/17" _
-6 recA75/17" H-cN4™" -6 recA75/17" H-cN4™™
£ £
25 25
c =

g 24 524
= 35 £ 5
bl oo
5% 3 5E3
= =
> E 5 > E >
o o
g g' /\
2 2
0 3dpi  6dpi  9dpi 12dpi _0 ) 3dpi ) 6dpi i 9dpi I 12(1;‘

FIG 5 Efficacy of recA75/17" and recA75/17"" H-cN4"i"¢ cell-to-cell transmission in DBCCs. (A and B) Cell-to-cell spread of recA75/17" or recA75/17"
H-cN4"ind jin DBCCs was monitored throughout a period of 16 days. Cell-to-cell transmission in living cells was performed by recording virus-induced red
fluorescence emission. In both experiments representative fields of growing infected foci were captured at 3, 6, 9, 12, and 16 days postinfection (dpi) with a
confocal microscope (magnification, X 100; FluoView FV1000; Olympus). (C and D) Both recA75/17"% and recA75/17"° H-cN4""" are defective in producing
free particles in DBCCs. Growth kinetics in DBCCs of cell-associated (C) or cell-free (D) particles generated by recA75/17" or recA75/17"" H-cN4"i"d yyere
determined. DBCCs were infected with the both viruses at an MOI of 0.01, and particles in the supernatant or remaining bound to the cells were harvested at 0,
3,6, 9, and 12 days postinfection. Results represent the means of three independent experiments. To determine the statistical significance of differences between
the growth of the wt virus (or cN4"" mutant) in Vero cells expressing the indicated receptor compared to its growth in regular Vero cells, unpaired two-tailed

t tests were performed (¥, P < 0.05; **P < 0.01).

Collectively, these findings provided supplementary key evi-
dence that cN4 is not involved in regulating cell-to-cell virus
spread in primary astrocytes while further supporting the notion
that CDV persistence in the white matter of canine brains also
does not rely on cN4.

DISCUSSION

Neurological complications in MeV and CDV infections result
from viral persistence, which is based on viral cell-to-cell spread
through neurons in SSPE (21, 22, 24) and through astrocytes in
demyelinating distemper encephalitis (25). Although direct evi-
dence remains elusive, in both MeV and CDV brain infections,
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virus transfer is thought to occur through microfusions between
infected and target cells (21, 25, 40). Importantly, transmission
deficiency of an H° recombinant CDV (25) combined with the
finding that an anti-H monoclonal anybody (1347) (25) as well as
a small-molecule F refolding-blocker (3g) (41) efficiently inhib-
ited viral spread strongly suggested that the putative microfusion
events require functional viral membrane fusion machineries.
Currently, two morbillivirus receptors have been identified:
SLAM in lymphatic tissues and N4 in epithelial tissues (3, 4, 11-14),
explaining pathological consequences such as immunosuppression,
and respiratory and gastrointestinal lesions. Although neuro-inva-
sion may also require the expression of appropriate viral receptor(s)

May 2015 Volume 89 Number 10


http://jvi.asm.org

in neural cells, the role of viral receptors in neurological complica-
tions of morbillivirus infections has received much less attention. In
CDV infections, there is little evidence that cSLAM may be involved
in neuropathogenesis since cSLAM is not constitutively expressed in
the canine brain (42) and since we failed to detect cSLAM RNA ex-
pression in primary astrocytic cultures (25). In contrast, because
Pratakpiriya and colleagues recently demonstrated the presence of
canine N4-positive CDV-infected neurons, a putative role of cN4 in
CDV neuropathogenesis was inferred (14).

Our initial findings were in favor of the assumption that c<N4
could be responsible for persistent infections in the white matter
(25, 43, 44). Indeed, cell-cell fusion induced by A75/17 was dra-
matically less pronounced in Vero-cN4 than in Vero-cSLAM cells.
However, essential pieces of evidence further supporting this no-
tion were lacking: we were unable to demonstrate expression of
cN4 in the white matter on tissue sections as well as in cultured
canine astrocytes. Moreover, and unexpectedly, a cN4"™? virus
replicated and spread very efficiently in primary astrocytic cul-
tures. Having additionally excluded the possibility of reversion to
the wild-type sequence of the single amino acid substitution car-
ried by the cN4""? virus and considering the findings of previous
studies (25, 41), we hypothesize that persistent infection of viru-
lent CDV in the CNS white matter is dependent on a third hitherto
unknown receptor expressed by glial cells.

However, in analogy to persistent MeV infections in neurons,
an alternative explanation would be cell-to-cell transmission ex-
clusively relying on the viral fusion protein without the support of
H. Previous results suggested that the initial entry of MeV relied
on the presence of a receptor, whereas subsequent nucleocapsid
transfer at synaptic contacts might not (23). Indeed, it has been
proposed that F alone could bind to a specific receptor, resulting
in the activation of the membrane fusion process (23). Consistent
with the latter hypothesis, our latest results indeed indicated that F
complexes efficiently trafficked to the cell surface in their bioactive
prefusion, metastable state even in the absence of H (45). How-
ever, if F trimers alone could truly trigger fusion in the absence of
H, why did the H** recombinant virus exhibit deficiency in cell-
to-cell transmission?

Molecular characterization of the MAb anti-CDV-H 1347 pro-
vides additional arguments against the concept of CDV F being
able to induce membrane fusion on its own. Indeed, we found that
MAD 1347, which efficiently blocks nucleocapsid transfer in astro-
cytes (25), binds to the stalk region of H and blocks fusion pro-
motion without interfering with either receptor interaction or
F-H binding activity (unpublished data). Therefore, these find-
ings argue against two alternative hypotheses: (i) H-receptor con-
tact merely shortens the distance between the two opposite mem-
branes, in turn allowing F to refold in an H-independent manner,
or (ii) H is responsible for transporting F in selective plasma mem-
brane microdomains where it can engage its own receptor. Thus,
our data taken together invariably indicated that persistent infec-
tions relied on fully functional H and F proteins, which provided
multiple lines of evidence that noncytolytic cell-to-cell transmis-
sion can be best explained by the existence of a third receptor
expressed by glial cells (GliaR).

Collectively, our in vitro and in vivo data allowed us to propose
a model sustaining CDV neuro-invasion and ensuing immuno-
pathological complications. Following primary replication of
CDV in the lymphatic tissues, which is mediated by the SLAM
receptor, further dissemination of the infection to the epithelial
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organs is dependent on N4 (8, 11-13, 31, 46). The putative GliaR
expressed in perivascular astrocytes could be accessed either from
infected endothelial cells or from CDV-carrying circulating
mononuclear cells, which have been shown to penetrate the
blood-brain barrier (47). Alternatively, based on positive immu-
nostaining, we speculate that CDV may also use N4 to breach the
ependymal and meningeal barriers, which are, throughout the
CNS, in intimate contact with an underlying astroglial cell layer
(glia limitans). This view might be consistent with the reported
frequent periventricular and subpial localization of CDV-induced
demyelinating lesions (20, 46, 47) with intense infection of the
ependymal cells. Once astrocytes are targeted, the infection will
further spread deeply in the white matter in a GliaR-dependent
manner. Several hypotheses may then explain the ensuing persis-
tent viral infection: (i) selective distribution of GliaR and/or viral
fusion machineries at specific microdomains of astrocytic plasma
membranes, (ii) suboptimal affinity binding between GliaR and
CDV-H, (iii) restricted GliaR expression, (iv) high intrinsic pre-
fusion F stability of wt CDV strains (45), or (v) a combination of
these factors (thus opening a narrow F “triggering range,” as pre-
viously suggested [28]). In turn, these mechanisms will translate
into microfusions, with noncytolytic transfer of nucleocapsids at
specific contacting sites of neighboring astrocytes, akin to the
transsynaptic spread proposed for MeV in neurons. In this way,
CDV will swiftly spread in the astrocytic network, thereby outrun-
ning the intrathecal immune response. Consequently, immune
reactions keep lagging behind viral replication, which continually
creates additional infected foci that, in turn, will be the basis for
triggering new cycles of bystander demyelination (25).

In conclusion, while SLAM and N4 have been shown to be
essential to understanding the pathogenesis of systemic dissemi-
nation in morbillivirus infections, we believe that our model in-
volving a third receptor mediating intercellular viral nucleocapsid
transfer in brain cells could help to explain morbillivirus-induced
neurological diseases in general. We are thus convinced that iden-
tifying GliaR will represent a major breakthrough toward our mo-
lecular understanding of morbillivirus neuropathogenesis and
possible therapeutic options.
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