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"Man cannot discover new oceans unless he has the courage to lose sight of the
shore."

~ André Gide



ABSTRACT

Morbilliviruses cause an acute disease characterized by rash, respiratory and
gastrointestinal signs, and severe immunosuppression. In addition, neurological
complications can occur and the prevalence varies within the genus. The highest
incidence of CNS involvement is associated with canine distemper virus (CDV), with up
to 30% of all acute cases resulting in encephalopathies. Only one in a thousand people
infected with measles virus experience neurological involvement, whereas neurological

disease in ungulate morbilliviruses is exceedingly rare.

To characterize mechanisms of morbillivirus pathogenesis, our laboratory has
developed a small animal model, using the ferret, to better understand morbillivirus
pathogenesis and immunosuppression. Ferrets are natural hosts for CDV, and develop the
typical rash, fever, severe leukopenia, gastrointestinal and respiratory signs of disease.
Also, when inoculated with wild type strains, ferrets succumb to the infection within two
to five weeks. The goal of my thesis was to characterize the events which lead up to and
occur during the acute phase of CDV central nervous system (CNS) infection in ferrets.

In order to accomplish this, three specific objectives were defined.

The first research objective was to determine the pathways involved in CDV
neuroinvasion and to identify the cell types targeted by the virus. By using histology and
confocal microscopy, we showed that CDV not only enters the CNS by the hematogenous

route but, as previously suggested in studies with dogs, also uses the olfactory pathway.

In the second objective we investigated the kinetics of CDV neurodissemination
and the resulting damage that arises at early disease stages during acute encephalitis.
Towards this, a recombinant virus of the highly neurovirulent strain Snyder Hill was
constructed and we observed that despite a generalized immunosuppression, infected
animals developed a strong local inflammatory response. This response was characterized

by the presence of activated microglia, gliosis in highly infected brain regions and the

iii



expression of the pro-inflammatory cytokines interleukin-6, interferon-f and tumor

necrosis factor-a.

For the final objective, we wanted to investigate the transneuronal spread of
morbilliviruses. An in vitro model of infection using a primary culture of ferret neurons
was established and we demonstrated that this model mimics many key aspects of CDV
infection seen in vivo. We observed that CDV spreads non-directionally along
communicating neurons and determined that cell-cell contact is required for efficient
transneuronal dissemination. Although its development is still very recent, this system
will be useful to examine in more detail the mechanisms involved in morbillivirus

transneuronal spread.

Taken together my work contributes to a better understanding of the events
involved in morbillivirus CNS infection and may lead to new treatment strategies to limit

CNS sequelae or even to prevent CNS invasion.

Penny A. Rudd Veronika von Messling
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CHAPTER 1

INTRODUCTION




1. Morbilliviruses

1.1 Taxonomy and Morphology

Paramyxoviruses belong to the order Mononegavirales, which comprises all
single-stranded viruses that have a non-segmented, negative-stranded ribonucleic acid
(RNA) genome (Table 1). The order includes four families: Bornaviridae, Rhabdoviridae,
Filoviridae and Paramyxoviridae. The last family is further divided into two subfamilies,
the Paramyxovirinae and the Pneumovirinae. Five genera belong to the first subfamily
and include Avulavirus, Henipavirus, Morbillivirus, Respirovirus and Rubulavirus, while
the Pneumovirus and the Metapneumovirus genera belong to the latter subfamily.
Paramyxoviruses are pleomorphic in shape and the virion has a diameter of
approximately 150-300 nm (Takimoto and Portner, 2004). The variability in shape and
size can be attributed to the lack of stringency during the budding stage of the replication
cycle (Fauquet, 2005). All members of the Paramyxovirus family have two structural
modules: an internal ribonucleoprotein core, or ribonucleoprotein complex (RNP) that
contains the single-stranded RNA genome, and an outer module, made of membrane-

associated proteins, which form the envelope.

Morbilliviruses are a genus in the Paramyxovirinae subfamily, which includes six
members: the human pathogen Measles virus (MeV, type species), Canine distemper
virus (CDV), Rinderpest virus (RPV), Peste-des-petits-ruminants virus (PPRV), Phocine
distemper virus (PDV) and Cetacean morbillivirus (CeMV) (Figure 2). Morbilliviruses
are distinguished by three criteria: host range, genetic sequence and antigenetic
differences. Sequence similarities range from low to moderate depending on the protein
examined. All morbilliviruses have the identical gene order and number of genes. Other
distinguishing features of this genus are its lack of neuraminidase activity on the
hemagglutinin protein and the ability to produce both intracytoplasmic and intranuclear

inclusion bodies containing nucleocapsid-like structures.
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,——Dolphin morbillivirus (DMV)

L_—Porpoise morbillivirus (PMV)
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—-l Rinderpest virus (RPV)

Peste des petits ruminants (PPRV)

Phocine distemper virus (PDV)

Canine distemper virus (CDV)

40 30 20 10 b
Nucleotide difference (%)

Fig. 2 Phylogenetic relationship between morbilliviruses. Phylogenetic tree showing the
relationships between the different morbilliviruses based on sequence analysis of genes

encoding the H protein (Modified from Sips et al., 2007).



1.2 Genome Organization, Viral Proteins, Transcription and
Replication

Morbillivirus genomes are just under 16 kilobases (kb) in size. Each genome
codes for six genes, which results in the production of eight proteins. The gene order is:
nucleocapsid (N), phospho- (P), matrix (M), fusion (F), haemagglutinin (H) and large (L)
(Figure 3A). All genes are tandemly linked and separated by short untranslated regions
(UTR) (Lamb, 1996). These UTRs contain conserved junctional sequences that act as
transcriptional start and polyadenylation/stop sites. Gene expression is preceded by
polymerase entry at a single 3’ end followed by a start/stop transcription mechanism. The
junction found between each gene contains three regions: a gene end, an intergenic region
and a gene start site. At the end of a viral gene, the polymerase can terminate transcription
and release a polyadenylated messenger RNA (mRNA) before initiating transcription of
the next gene. In some instances, the polymerase can terminate the transcription without
initiating at the next entry site, which explains the gradient of transcription. The
abundance of viral mRNAs decreases with distance from the 3’ promoter. The next
important step is replication of the genome. Replication provides additional templates for
transcription and further genome replication. During replication, the RNA-dependent
RNA polymerase L (RdRp) initiates at the extreme 5’ end of the genome, synthesizes a
full-length complementary positive-strand RNA (antigenome). In turn, the antigenome
RNA functions as a template for synthesis of full-length progeny negative-strand
genomes. This requires that the RNA synthesizing machinery enter an anti-termination

mode, whereby the signals at gene boundaries are ignored.

The genomic RNA is encapsidated by the N protein and, together with the RdRp
and P proteins, forms a functional unit called the RNP. The P open reading frame (ORF)
overlaps the V ORF and access to the latter is achieved by co-transcriptional insertion of
non-templated guanine nucleotides at a precise location or “editing site”. This produces
mRNAs that differ in one or two nucleotides and hence the P and V proteins share an
identical amino terminus but have unique carboxyl termini (Cattaneo et al., 1989a:
Thomas et al., 1988). All Paramyxovirinae members that edit their P mRNA are also

governed by the ‘rule of six’, i.e. their genomes must be of polyhexameric length (6n+0)
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to replicate efficiently (Jacques and Kolakofsky, 1991; Murphy and Parks, 1997).
Morbilliviruses have a second functional unit, which is the envelope, and it consists of the
M, H and F proteins (Figure 3B).

1.3 Viral Protein Functions

1.3.1 The RNP Proteins

1.3.1.1 The Nucleocapsid Protein (N)

Like all nucleocapsids of all the viruses in the Paramyxoviridae family, the
morbillivirus nucleocapsid (N) has a characteristic herringbone-like appearance (Karlin et
al., 2002). The N protein is the major component of the morbillivirus virion. All
morbillivirus N proteins have two distinct domains. The first is a well-conserved
hydrophobic and globular core domain, which is thought to interact with the genomic
RNA and the second is a hypervariable disordered and hydrophilic tail (Bourhis, 2007).
In infected cells, N appears either in a monomeric form or as a complex with the P and L
proteins forming the RNP. In its monomeric form, N is responsible for the encapsidation
of the nascent genomic RNA chain during replication. In addition, interactions with the M

protein during viral assembly have been observed (Bourhis et al., 2006).

In vitro, the N protein also has immunosuppressive properties, either due to
binding of the Fc gamma receptor type II (CD32) on antigen presenting cells (Marie et
al., 2001), or through interactions with an unidentified N protein receptor (NR) expressed
on a large variety of cells in humans and mice (Laine et al., 2003). Via its hydrophilic tail,
N directly interacts with the NR and arrests T cells in GO/G1 cell cycle phase instead of
inducing apoptosis (Bourhis, 2007). However, the importance of these effects for

morbillivirus pathogenesis remains to be investigated.
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In the infected cell, the N protein interacts with various cellular proteins such as
heat shock protein 72 (Hsp72) and interferon regulatory factor 3 (IRF-3), resulting in the
modulation of viral replication and interferon induction (tenOever et al., 2002; Zhang et
al., 2002). Hsp proteins have been shown to be involved in the activation of immune
responses (Wallin et al., 2002), while IRF-3 plays an essential role in antiviral immune

responses by controlling interferon (IFN) induction (Sato et al., 2000).

1.3.1.2 The Phosphoprotein (P)

The P protein plays a vital role in transcription and replication. One of its primary
functions is to interact with the N and L proteins, thus tethering the polymerase onto the
nucleocapsid template. In addition, the P protein also plays a chaperone role for the N
protein. In the absence of viral RNA or any other viral protein, N can self-assemble on
cellular RNA thus forming nucleocapsid-like particles (Karlin et al., 2002; Spehner et al.,
1991). P is able to bind N in its monomeric form preventing its self-association in the
absence of RNA synthesis and retains the soluble form of N to the cytoplasm (Bourhis et
al., 2006; Curran et al, 1995). This N-P complex is used by the polymerase to
encapsidate newly synthesized genomic RNA. Enzymatic studies showed that the N-
terminal domain of P is neither involved in polyadenylation nor capping of viral
messenger RNA. However, it was not determined if the C-terminal domain is capable of
such activities (Chinchar and Portner, 1981). It has been shown that the C-terminus of P
is required for the stability of L. The absence of such P-L complexes leads to the
degradation of L (Horikami et al., 1994; Smallwood et al., 1994). In addition, electron
microscopy experiments have shown that the P protein is not randomly distributed but
rather grouped in well defined clusters, which sometimes contain the L protein (Portner et
al., 1988). It is possible that the association between the P and L proteins is necessary for
these complexes to stretch over the helical template locally and become active during

RNA synthesis.



1.3.1.3 The Large Protein (L)

The poorly characterized L protein is by far the largest of all the morbillivirus
proteins and due to the gradient of transcription is the least abundant (Poch et al., 1990).
Its coding sequence is around 6500 nucletotides, which is more than one third of the total
genome length. All morbillivirus L genes have a single ORF positioned at residue 23
thereby creating 5° UTRs of identical size (Mcllhatton et al., 1997). The L protein
contains the polymerase activity of the RdRp while P mediates the contact between L and
N (Bankamp et al., 1996; Cevik et al., 2004). Genetic and biochemical studies indicate
that the L protein mediates viral mRNA capping, methylation and polyadenylation
(Abraham et al., 1975; Hercyk et al., 1988; Hunt and Hutchinson, 1993).

The L protein is formed of three distinct domains separated by two highly variable
hinge regions. Sequence analysis indicates that the first domain is thought to possess a
RNA binding function, the second is thought to have replicative and transcriptive activity,
and the third domain may be another nucleotide binding domain or a protein kinase (Poch
et al., 1990). Introduction of epitope tags into the hinge regions show that H1 region does
not tolerate insertions since this abolishes L function whereas the same insertions in H2
had no affect on L function. This study also demonstrated that the presence of the third
domain is essential in maintaining L protein function (Duprex et al., 2002). It has been
suggested that the tri-domain structure of the L. protein may be functionally similar to the
three-protein replication machinery seen in orthomyxoviruses however, this comparison

remains to be experimentally proven (Mcllhatton et al., 1997).



1.3.2 The Envelope Proteins

1.3.2.1 The Hemagglutinin (H) and Fusion (F) Glycoproteins

The hemagglutinin (H) and fusion (F) proteins are the two morbillivirus envelope
glycoproteins. The envelope is formed of a lipid bilayer derived from the cellular plasma
membrane of its host cell. The glycoproteins form the viral spikes (Fig. 3B), which can be
seen by electron microscopy on the surface of the virus particles. The H protein is a type
IT glycoprotein without neuraminidase activity, whose head domain was crystallized as a
dimer (Colf et al., 2007; Hashiguchi et al., 2007). The full-length H protein first forms a
disulfide-linked dimer with another H protein (Plemper et al., 2000) and then with a
trimer of the fusion protein F. The main role of the H protein is to mediate attachment to
the target cell by binding to the cellular receptors CD46 or signaling lymphocyte
activation molecule (SLAM, CD150). The F protein is a type I glycoprotein, which
mediates the fusion of the virus envelope with the membrane of the host cell. In order to
be biologically active, the F protein must be post-translationally cleaved. This cleavage is
mediated by the proprotein convertase furin and yields the F, and F, subunits (Watanabe
et al., 1995).

Morbilliviruses enters their host target cells by pH-independent membrane fusion
at the cell surface. Receptor binding results in conformational changes of the H protein
dimer that in turn triggers F-protein trimer conformational changes, ultimately resulting in
membrane fusion between the envelope and host cell (Navaratnarajah et al., 2009; Yin et
al., 2006). Fusion activity of the glycoprotein complex is controlled at different levels,
including the strength of association of the F-protein trimer with the H-protein dimers
(Plemper et al., 2002). Moreover, the membrane-associated viral matrix protein restricts
fusion through its interactions with the cytoplasmic tails of F and H, probably by
stabilizing the glycoprotein complex (Cathomen et al., 1998a; Cathomen et al., 1998b;
Tahara et al., 2007). Infection of susceptible cells in culture induces widespread cell—cell
fusion, producing giant multinucleated cells or syncytia, which is the hallmark cytopathic

effect of a morbillivirus infection.



The H/F complex has also been demonstrated to be involved in
immunosuppression (Weidmann et al., 2000a; Weidmann et al., 2000b). Infected cells,
inactivated virus particles, as well as cells expressing F and H proteins are able to prevent
cell proliferation suggesting that surface contact-dependent signaling events are
implicated in immunosuppression (Niewiesk et al., 1997). In contrast, recombinant
measles viruses expressing a vesicular stomatitis virus G protein in place of F and H
cannot inhibit lymphocyte proliferation (Schlender et al., 1996). Moreover, addition of
antibodies directed against the MeV glycoproteins restores lymphocyte proliferation
(Sanchez-Lanier et al., 1988). The importance of the F/H complex for

immunosuppression was also seen in RPV and PPRV (Heaney et al., 2002).

1.3.2.2 The Matrix Protein (M)

The M protein plays crucial roles in virus budding (Cathomen et al., 1998a),
structural integrity of the virus (Mcllhatton et al., 1997; Mebatsion et al., 1999),
transcriptional regulation (Suryanarayana et al., 1994), and infectivity (Garoff et al.,
1998). It is located on the inner leaflet of the viral envelope and is initially synthesized in
the cytoplasm but rapidly associates with cellular membranes (Bellini et al., 1986; Riedl
et al., 2002). More specifically, the M protein is found both in perinuclear inclusions,
which are formed by the RNPs and at the inner side of the plasma membrane of infected
cells where it interacts with the cytoplasmic domains of the viral surface glycoproteins F
and H. M appears to act by concentrating viral envelope proteins and the RNPs to the site
of virus assembly (Buechi and Bachi, 1982). It has been shown that M down regulates the
glycoprotein-mediated cell-cell fusion and initiates the final virus assembly and budding
process at the plasma membrane, since abrogation of the M protein function greatly
affects MeV assembly (Cathomen et al., 1998a; Moll et al., 2002).



In contrast to other paramyxoviruses (Sanderson et al., 1994; Schmitt et al., 1999)
MeV M is not co-transported with F and H proteins but reaches the cell surface
independently (Naim et al., 2000). Furthermore, M co-transports the RNPs to the plasma
membrane, after sufficient surface accumulation of M (Runkler et al., 2007). Since it has
been demonstrated that actin depolymerization drugs interfere with viral budding, the
cytoskeleton is likely involved in the transport of the viral components to the cell surface
(Bohn et al., 1986; Stallcup et al., 1983).

Despite its involvement in multiple interactions with cellular and viral proteins
(Moyer et al., 1990) and fusion regulatory function, a possible implication of the M
protein in sorting and release of the virus was also investigated. In polarized epithelial
cells, apical virus budding is M protein dependent, since F and H proteins both have
basolateral sorting signals within their cytoplasmic domains (Maisner et al., 1998; Moll et
al., 2001; Moll et al., 2004).

In addition, it has been proposed that the M protein may be a contributing factor to
the development of persistent brain infection known as subacute sclerosing
panencephalitis (SSPE) (Billeter et al., 1994). In fact, most viruses isolated from SSPE
patients demonstrate hypermutations throughout the entire M protein (Ayata et al., 1989;
Cattaneo et al., 1988; Wong et al., 1989). However, its exact role in the establishment of

SSPE remains to be determined.

1.3.3 Non-Structural Proteins V and C

The V and C proteins are involved in immunosuppression and particle assembly
(Devaux and Cattaneo, 2004; Kerdiles et al., 2006). The P/V/C locus in paramyxoviruses
is associated with host immune evasion by interfering with antiviral cytokines in the IFN
family. This interference can be due to either the inhibition of IFN signaling (Didcock et
al., 1999), prevention of apoptosis (He et al., 2002; Wansley and Parks, 2002), induction
of cell cycle changes (Lin and Lamb, 2000), inhibition of double-stranded RNA
signaling, or prevention of IFN synthesis (He et al., 2002; Poole et al., 2002; Wansley and
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Parks, 2002). Like other paramyxoviruses the MeV V protein has been shown to inhibit
IFN responses by interacting with signal transducer and activator of transcription
(STAT)-1 and -2 (Caignard et al., 2007; Palosaari et al., 2003). In response to type I IFN,
the MeV V protein can interrupt the Janus activated kinase (JAK)-STAT pathway by
blocking the melanoma differentiation-associated gene-5 (MDA-5) mediated induction
pathway (Nakatsu et al., 2008), and can either hinder the dimerization of STAT proteins
and their nuclear localization (Palosaari et al., 2003) or prevent the phosphorylation of
STAT-1 and 2 (Takeuchi et al., 2003). Another report has demonstrated the ability of the
MeV C protein to inhibit the production of type I IFN in human cells by disrupting the
corresponding signaling pathway (Shaffer et al., 2003). In addition to its role in virulence,
a recent study showed that the C protein is actually present in virions and plays a role in
the production of infectious MeV particles by enhancing assembly and stabilizing
infectivity (Devaux and Cattaneo, 2004). Infection of ferrets (Mustela putorius furo) with
recombinant CDVs lacking their V or C proteins demonstrated that the V protein is
required for the swift invasion of mucosal tissues and lymphoid organs whereas the C
protein plays a role in subsequent infectious phases (von Messling et al., 2006). Taken
together, these findings suggest that V and C contribute importantly to morbillivirus

pathogenesis.

1.4 Host Range and Disease

Morbilliviruses obtained their collective name from the diminutive form of
morbus, meaning plague (Rima and Duprex, 2006). Members of the Morbillivirus genus
are responsible for some of the most contagious and severe human and animal diseases.
Cattle, sheep, goats, seals, porpoises and dolphins are also affected by morbillivirus
infections. All viruses in this genus cause an acute disease characterized by rash,
respiratory and gastrointestinal signs, and severe immunosuppression (Griffin, 2001;
Moss et al., 2004; Schneider-Schaulies and Schneider-Schaulies, 2008). The virus is
transmitted by aerosols (Appel, 1969), and has a strong lymphotropism due to the

presence of its receptor SLAM (CD150) on several types of immune cells (described in
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section 1.5.2 SLAM/CD150) (Cocks et al., 1995; Sidorenko and Clark, 2003; Tatsuo et
al., 2001).

MeV is the most well known member of this genus and is the only human
pathogen. In industrialized countries, MeV infection is not usually life threatening, and it
only rarely causes serious long-lasting sequelae. Acute MeV infections are characterized
by rash, fever, cough, coryza, conjunctivitis and photophobia. A hallmark feature of MeV
infection is the appearance of Koplik’s spots on the mucosal surface of the mouth 1-2
days prior to other symptoms (Figure 4). Complications of acute measles usually affect
the respiratory and intestinal tracts but can include otitis and encephalitis (Schneider-
Schaulies et al., 2002). Despite an effective vaccine, measles is associated with high
morbidity and mortality rates ranging from 5-10% in developing countries (Clemens et
al., 1988; Diaz et al., 1992).
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CDV was first identified in domestic dogs. Dogs affected by this virus usually lost
their normal “good temper” hence the name distemper. In 1905 the French scientist Henri
Carré first demonstrated that a CDV infection could be transmitted by a filterable agent
thereby proving Koch’s postulates (Carré, 1905). CDV not only infects carnivores of the
Canidae family but also Mustelidae (ferrets mink, otter), Ursidae (bears), Mephitidae
(skunks), Hyaenidae (hyenas), Ailuridae (red panda), Pinnipedia, (seals), Procyonidae
(raccoons), Viverridae (civets) and Felidae (lions, tigers, cheetahs) (Appel et al., 1994;
Cattet et al., 2004; Qin et al., 2007; Roelke-Parker et al., 1996; von Messling et al., 2003;
Woolf et al., 1986).

1.5 Receptors

1.5.1 CD46

The first receptor to be identified for MeV was CD46 (Dorig et al., 1993; Naniche
et al., 1993). CD46 is a type-1 transmembrane glycoprotein of 57-67 kilodaltons (kDa)
that belongs to a family of complement factors involved in protection from self-cell
destruction by complement (Liszewski et al., 1991; Sidorenko and Clark, 2003). It is
ubiquitously expressed in several isoforms on all nucleated cells (Bartz et al., 1998;
Naniche et al., 1993). MeV vaccine strains and some wild-type strains can cause a down-
regulation of CD46 resulting in an increased susceptibility of infected cells to
complement-mediated lysis (Schneider-Schaulies et al., 1995; Schnorr et al., 1995).
Genetic and biochemical analyses have identified several aa in MeV involved in the
interaction with CD46, of which aa 481 of the MeV H protein was shown to be the most
important (Lecouturier et al., 1996). However, further studies revealed that this receptor is
mainly used by MeV vaccine strains and Vero cell-adapted wild-type strains since CD46
specific antibodies did not prevent infection of lymphocytes (Bartz et al., 1998; Hsu et al.,
1998).

16



1.5.2 SLAM/CD150

SLAM or CD150 is expressed on immature thymocytes, activated T and B cells,
memory T cells, monocytes and mature dendritic cells (DCs), in both humans and mice
(Cocks et al., 1995; Minagawa et al., 2001; Sidorenko and Clark, 2003; Tatsuo et al.,
2001). SLAM was first identified as a MeV receptor by functional expression cloning in
2000 (Tatsuo et al., 2000). Furthermore, the use of anti-SLAM antibodies inhibited MeV
entry, confirming SLAM’s role as cellular receptor (Erlenhoefer et al., 2001). SLAM has
subsequently been identified as a general morbillivirus receptor with CDV using canine
SLAM and RPV bovine SLAM (Tatsuo et al., 2001). It has also been demonstrated that
CDV wild-type strains are readily isolated in Vero cells stably expressing canine SLAM
thereby indicating that SLAM is used as the main receptor in vivo (Seki et al., 2003). An
additional study revealed that a SLAM-blind recombinant virus is unable to cause disease
in its natural host emphasizing the importance of this molecule for pathogenesis (von
Messling et al., 2006).

1.5.3 Other Receptors

Although the tissue distribution of SLAM explains the morbillivirus
lymphotropism, they are also known to infect epithelial, endothelial and neuronal cells in
vivo (Herndon and Rubinstein, 1968; McChesney et al., 1997; Sakaguchi et al., 1986).
Since these cells do not express SLAM and since wild-type viruses do not use CD46 as a
receptor, the existence of additional cellular receptors has been postulated (Cocks et al.,
1995; Yanagi et al., 2006). Studies with recombinant MeVs expressing the green
fluorescent protein demonstrated SLAM- and CD46- independent entry in CHO and EL4
cells providing further evidence for an additional receptor (Hashimoto et al., 2002;
Leonard et al., 2008). The same phenomenon is seen in other morbilliviruses; however, it
is not known if they all use the same molecule (Bundza et al., 1988; Di Guardo et al.,
2005; von Messling et al., 2004; Wohlsein et al., 1993). Very recently, it has been
demonstrated in vitro that MeV infection occurs via CD147/EMMPRIN (extracellular

matrix metalloproteinase inducer) (Watanabe et al., 2010). CD147 is a transmembrane
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glycoprotein and is expressed on many different cell types including epithelial and
neuronal cells. The authors suggest that CD147 may function as an entry receptor for
MeV in SLAM-negative cells, however it remains to be determined whether this

molecule actually plays a role for MeV infection in vivo.

1.6 Immunosuppression

MeV induces specific immunity and causes a generalized suppression of the
immune response that can last up to six months after primary infection (Kerdiles et al.,
2006; Schneider-Schaulies and ter Meulen, 2002). This immunosuppression is
characterized by lymphopenia of both CD4+ and CD8+ T-cells without significantly
altering the CD4/CD8 ratio (Arneborn and Biberfeld, 1983; Okada et al., 2000). An
increased expression of Fas (CD95) and annexin V staining on both types of T-cells
occurs during the acute phase of measles infection, suggesting that apoptosis plays a part
in the observed lymphopenia (Ryon et al., 2002). This is also true for acute CDV
infections (Schobesberger et al., 2005). However, a significant amount of uninfected cells
present in lymphoid tissues undergo apoptosis (Kumagai et al., 2004; Moro et al., 2003a),
indicating that mechanisms other than virus-dependent apoptosis are involved in

lymphopenia (Kajita et al., 2006; Moro et al., 2003b; Schobesberger et al., 2005).

MeV infection is also characterized by a cytokine imbalance favouring a
prolonged T-helper 2 (Th2) response at late stages. This suppresses cellular immunity to
secondary infections (Griffin and Ward, 1993), which are responsible for the majority of
measles associated deaths. The initial T-helper 1 (Th1) response mediates viral clearance,
while the Th2 response is involved in the development of virus-specific antibodies.
Increased levels of interleukin (IL)-10 have been found for weeks in the plasma of
children infected with measles (Moss et al., 2002). IL-10 down-regulates the synthesis of
numerous cytokines, suppresses macrophage activation, abolishes T-cell proliferation,
and promotes the release of cytokine inhibitors (Chernoff et al., 1995; de Waal Malefyt et
al., 1991; Sieling et al., 1993). The suppressive nature of IL-10 on CD4+ T-cells and
macrophages may play a role in inhibition of delayed-type hypersensitivity (DTH)
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responses and further contribute to increased susceptibility to secondary infections (Moss
et al., 2004). It has been determined for CDV in dogs that a lack of detectable cytokine
expression in peripheral blood mononuclear cells (PBMC) is associated with a high viral
load and viremia, indicating that an overwhelming virus infection may suppress cytokine
production in lymphoid cells (Grone et al., 1998). This observation was corroborated in
the ferret model, where a lack of cytokine expression in peripheral blood leukocytes leads
to severe immunosuppression and the lethal outcome. In contrast, surviving ferrets
exhibited a robust and sustained cytokine production with an initial Th1- followed by a

Th2-biased immune response (Svitek and von Messling, 2007).

Another characteristic of MeV infection is the inhibition of lymphocyte
proliferation following mitogenic, allogeneic or recall antigen stimulation ex vivo
(Borrow and Oldstone, 1995; Hirsch et al., 1984). This effect is not only seen for MeV
but for all morbillivirus infections (Heaney et al., 2002). Ex vivo studies have
demonstrated that IL-2 is sufficient to reverse the proliferation inhibition of PBMCs from
MeV-infected patients, suggesting that classical anergy is the cause of lymphocyte
unresponsiveness to mitogen stimulation (Griffin et al., 1987). In addition, contact
between MeV-infected cells and human PBMCs was sufficient to inhibit lymphocyte
proliferation in vitro (Sanchez-Lanier et al., 1988), which could be reversed by adding
anti-MeV serum or carbobenzoxy-D-Phe-L-Phe-Gly or fusion inhibitory peptide (FIP), a
synthetic oligopeptide known to inhibit MeV-induced fusion (Yanagi et al., 1992). This
observation indicates the importance of the interactions between the MeV glycoproteins

H and F with cell surface receptors for T cell proliferation.
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2. Central Nervous System Complications and Morbilliviruses

Members of the Morbillivirus genus, CDV, PDV, and the CeMV of dolphins and
porpoises exhibit high levels of central nervous system (CNS) infection in their natural
hosts (Domingo et al., 1990; Griot et al., 2003; Kennedy, 1998). In contast, CNS
complications are rarely observed for MeV and have not been reported for RPV and
PPRY infections (Cosby et al., 2002). However, it is possible that all morbilliviruses have
the potential to infect the CNS, since RPV and PPRV are neurovirulent in mouse models
(Galbraith et al., 2002).

2.1 Complications Associated with MeV

Infection of the CNS during acute measles may be a regular occurrence, since
changes in electroencephalograms are observed in approximately half of all patients (Nasr
et al., 2000). Most patients rapidly clear the virus and do not suffer from long-term
sequelae. However, patients with abnormal responses or immunocompromised
individuals can suffer severe neurological consequences. Three different types of CNS

complications can arise during or after acute measles infection.
2.1.1 Acute Demyelinating Encephalomyelitis (ADEM)

Acute demyelinating encephalomyelitis (ADEM) occurs in approximately 1/1000
MeV cases, 10-20% of which result in death (Miller, 1964). Clinically, ADEM is
characterized by an acute onset of focal neurological signs such as motor weakness or
paraplegia and encephalopathy. Patients usually present impaired consciousness, fever
and stiffness of the neck, and in some cases seizures. ADEM occurs about 5 to 6 days
after the onset of rash and is characterized by minimal amounts or absence of virus in the
brain of patients. Furthermore, virus can only be detected with highly sensitive techniques
such as in situ hybridization. ADEM is associated with widespread perivascular
demyelination of neurons that surround small cerebral vessels. Furthermore, there is a

loss of myelin basic proteins (MBP) in regions where demyelination occurs, which is
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reminiscent of experimental allergic encephalitis (EAE) (Gendelman et al., 1984). Taken
together these findings suggest that ADEM results from an autoimmune reaction rather
than from the virus itself. However, due to its low prevalence, the characterization of
ADEM has been difficult.

2.1.2. Measles Inclusion Body Encephalitis (MIBE)

The second neurological complication associated with MeV is measles inclusion
body encephalitis (MIBE). It is seen only in immunocompromised or immunodeficient
individuals and may be accompanied by giant cell pneumonia (Kaplan et al., 1992;
Mustafa et al., 1993). The mortality rate reaches approximately 75%, and all survivors
have significant neurological sequelae (Mustafa et al., 1993). Imaging studies, such as
brain MRI and computed tomography, are often normal in MIBE patients so specific
diagnosis requires a brain biopsy (Freeman et al., 2004). The median length of time from
acute MeV or exposure to MIBE onset is 4 months. There is currently no effective
treatment for MIBE. MIBE has been documented to arise following vaccination, in
patients with dysgammaglobulinaemia or a pre-existing undiagnosed immune
abnormality (Bitnun et al., 1999; Mawhinney et al., 1971). The mechanisms by which the
virus reaches the CNS and establishes viral persistence are not well understood. A case
study reported that while the patient had an absence of an antibody response to certain
vaccines, he did show specific antibodies to other antigens, including MeV, suggesting an
abnormality in the humoral response (Bitnun et al., 1999). MIBE is characterized by a
progressive neurological deterioration, including seizures and altered mental status.
Biopsies have shown that MIBE causes gliosis with the presence of intracytoplasmic and
intranuclear inclusions in glial cells and neurons. Very little inflammation is present and

in most cases virus can be isolated from the brains of patients (Ohuchi et al., 1987).



2.1.3. Subacute Sclerosing Panencephalitis (SSPE)

The third and most uncommon neurological complication associated with MeV is
SSPE. This encephalopathy affects approximately one out of every million cases of MeV
infection. However, it has been reported that in some areas, like Papua New Guinea, the
prevalence can be as high as one out of every ten to twenty-five thousand cases (Sips et
al., 2007; Takasu et al., 2003). On average, patients experience the first symptoms of
SSPE about eight years after the acute infection (Connolly et al., 1967; Modlin et al.,
1977) and one contributing factor for the risk of developing SSPE is a natural infection
before the age of two (Jabbour et al., 1972). The first signs of SSPE include a low
attention span and severe motor dysfunction such as ataxia. The disease progresses to a
vegetative state, ultimately resulting in death. Upon examination, demyelination and
extensive infection of neurons are seen in all cases. In addition, in later stages of the
disease, oligodendrocytes, astrocytes and endothelial cells are all infected (Kirk et al.,
1991). Immunohistochemical analysis shows an increase in major histocompatibility
complex (MHC) classes I and 1I positive cells in the brains of SSPE patients, which are
mostly macrophages/microglia and reactive astrocytes, and occasionally neurons

(Gendelman et al., 1984; Hofman et al., 1991).

In SSPE patients humoral and cell-mediated immune functions are normal
(Norrby and Kristensson, 1997). Extremely high titers of neutralizing antibodies are
found in the cerebrospinal fluid (CSF) and in the serum of patients suffering from SSPE
(Hall and Choppin, 1979). Most of these antibodies are directed against the MeV
structural proteins N, F and H, while very few antibodies against P and M are found.
Viral genomes from autopsied SSPE patients carry many mutations in the M, F and H
proteins rendering them non-functional (Ayata et al., 2007; Billeter et al., 1994). In
contrast, the RNP proteins were found unaltered. Among the most common modifications
seen are point mutations and deletions, hypermutation events, insertion of premature stop
codons and even the truncation and or distortion of the cytoplasmic domain of the F

protein (Cattaneo et al., 1986; Schmid et al., 1992; Wong et al., 1989). These changes



could explain why the virus is still able to replicate, but unable to effectively form

particles (Billeter et al., 1994; Cattaneo et al., 1989b).

2.2. Canine Distemper Encephalitis (CDE)

2.2.1 The Acute Phase

CDV causes a wide range of encephalopathies in dogs, including acute non-
inflammatory encephalitis, acute encephalitis associated with lymphocyte infiltration and
perivascular cuffing, acute demyelination of white matter, a subacute to chronic form of
encephalitis that involves the degeneration and necrosis of various cell populations
accompanied by demyelination and last of all old dog encephalitis (Axthelm and
Krakowka, 1998). Previous studies have shown that these different CDV induced
neuropathologies are strain specific (Summers et al., 1984). Certain strains, such as
Cornell A75/17 and Ohio strain R252 induce progressive demyelination, while an
infection with Snyder Hill (SH) strain leads to acute disease, seizures and
polioencephalitis, which is a hallmark of canine distemper encephalomyelitis
(McCullough et al., 1974; Summers et al., 1979, 1984; Vandevelde and Zurbriggen,
2005). CDV enters the CNS by infecting mononuclear cells that cross the blood-brain
barrier, but it may also be released into the CSF by infected epithelial cells in the choroid
plexus and then fuse with the ependymal cells of the ventricles (Higgins et al., 1982;
Vandevelde and Zurbriggen, 2005).

Not all dogs infected with CDV die, and only 50% develop signs of disease.
Mortality rates vary depending on the strain and the dog’s ability to mount an effective
immune response (Appel, 1969; Appel et al., 1982; Krakowka et al., 1975). Based on
histopathological studies and examination of CSF from infected dogs, it is thought that
CDV always transits through the CNS of infected animals. However, if the animal clears
the virus in a timely manner, only minimal damage will be observed. A delayed immune

response results in clinical encephalomyelitis of varying degrees of severity (Summers
and Appel, 1994).
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Encephalitis during the acute phase of disease usually correlates with the presence
of virus in the brain, and its development is highly predictable (Vandevelde and
Zurbriggen, 2005). The initial myelin lesions develop during the period of severe
immunosuppression, and are not accompanied by an inflammatory response since there is
no evidence of perivascular cuffing (Vandevelde et al., 1982). One of the first signs of
demyelination involves ballooning of the myelin sheets, vacuolation of the white matter,
myelin phagocytosis and astrocytic swelling. To explain these findings, many studies
have tried to establish a correlation with an infection of oligodendrocytes, although very
few contain CDV mRNA (Vandevelde and Zurbriggen, 2005). Morphological changes
have been observed without evidence of necrosis or apoptosis (Blakemore et al., 1989;
Summers and Appel, 1987). Instead, demyelination appears to correlate with the infection
of glia in the white matter (Vandevelde et al., 1985; Zurbriggen et al., 1995). The exact
mechanism of demyelination during this early phase is still unknown. It is plausible that
oligodendrocytes are affected by neighbouring infected cells. During the acute phase,
MHC class II is up-regulated in the white matter, most likely in microglial cells

(Alldinger et al., 1996), which may have detrimental effects on the myelin sheets.

2.2.2 The Chronic Phase of Distemper and Inflammatory Demyelination

At six to seven weeks post-infection, which coincides with recovery from
immunosuppression, perivascular cuffing by lymphocytes, plasma cells and monocytes
are seen in the initially virus-produced brain lesions. This infiltration then leads to
additional immune-mediated tissue damage (Vandevelde et al., 1981; Wisniewski et al.,
1972). In addition to immune cell infiltration, large amounts of intrathecal antibodies are
produced (Vandevelde et al., 1986; Wunschmann et al.,, 1999). The pro-inflammatory
cytokines IL-6, IL-8, IL-12 and tumor necrosis factor (TNF)-o are also up-regulated,
whereas levels of anti-inflammatory cytokines such as IL-10 and transforming growth
factor (TGF)-f remain stable, and the pro-inflammatory cytokines IL-1, IL-2 and IFN-y
are undetectable (Markus et al., 2002). Studies have shown that antiviral immune
complexes against CDV are able to induce oligodendroglial degeneration in mixed brain

cell cultures. They also showed that the depletion of macrophages in such cultures
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resulted in preventing the oligodendrocyte loss and therefore also preventing
demyelination. These results suggest that demyelination may in fact result from a by-
stander effect that is caused by antibody dependent cellular toxicity (Botteron et al., 1992;
Griot-Wenk et al., 1991). Antibodies against myelin and MBP have also been found in
the serum and CSF of clinical and experimental cases of CDV (Krakowka et al., 1973;
Vandevelde et al., 1986). However, these immunological events do not correlate with
disease progression and the importance of these findings remains to be determined. Viral
persistence may also contribute to the chronic phase demyelination (Vandevelde and
Zurbriggen, 2005). CDV can persist in the white matter outside demyelinating lesions
(Bollo et al.,, 1986), and may lead to recurrent immune activation (Vandevelde and
Zurbriggen, 2005). Since astrocytes are a prime target of CDV, the high level of infection
observed in these cells likely contributes to the overall tissue damage in the CNS of
infected dogs during the chronic phase of the disease (Nedergaard et al., 2003; Ransom et
al., 2003; Seifert et al., 2006).

2.3 Old Dog Encephalitis (ODE)

Old dog encephalitis (ODE) is a rare condition in elderly dogs that have recovered
from a CDV infection that occurred many years before. Rarely, it can be vaccine-
associated without any evidence of a previous subclinical CDV infection. Progressive
cortical neurological signs with multifocal severe perivascular and parenchymal
lymphoplasmacytic encephalitis, and cerebral neuronal infection are characteristic for
ODE. The cerebrum and brainstem are the main areas of damage. In experimental
infections of gnotobiotic dogs, clinical signs of ODE include ataxia, generalized tremors
and hyperkinesis. At later times post-infection, dogs may develop grand mal seizures,
circling behaviour, blindness, and paresis before succumbing to the disease (Axthelm and
Krakowka, 1998).
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The similarities between SSPE in humans and ODE in dogs have generated a lot
of interest. First, both of these afflictions are extremely rare, and occur years after
vaccination or initial infection. They are accompanied by demyelination and the result of
viral persistence in the CNS. However, one main difference between these two
neurological complications lies at the molecular level. SSPE isolates replicate poorly in
MeV susceptible cell lines, indicating that the initial virus became replication deficient. In
addition, most mutations appear to be in the M protein, leading to a reduction of M-
specific antibodies (Hall and Choppin, 1979; Hall et al., 1979; Stephenson et al., 1981). In
contrast, ODE isolates show few mutations in viral proteins (Shapshak et al., 1982).
Furthermore, dogs produce antibodies against all viral proteins, including M (Hall et al.,
1980).



3. Models for the Study of Morbillivirus Neurovirulence

Since CNS complications are only seen in CDV and MeV infections, researchers
must use either natural hosts of CDV, such as the dog or the ferret, or transgenic animal
models expressing one of the two known MeV receptors CD46 or SLAM to study
neurovirulence. These animal models were initially used to examine pathogenesis or

immunosuppression and have subsequently been adapted to study neurovirulence.
3.1 Transgenic Mouse Models

NSE-CD46 transgenic mice express the BC1 isoform of CD46, under the control
of the neuron specific enolase (NSE) promoter. This promoter restricts the expression of
CD46 to only CNS neurons. However, by restricting the expression of CD46, this model
does not replicate the natural ubiquitous distribution of CD46 found in humans. NSE-
CD46 mice are usually infected either intranasally (i.n.) or intracranially (i.c.) with
vaccine strains of MeV. Only neonatal or immunodeficient adult mice succumb to the
disease. Upon infection these animals mount an inflammatory response, including
infiltration of CD4+ and CD8+ T cells, an up-regulation of MHC class I and II molecules,
gliosis, apoptosis and the expression of chemokines such as regulated upon activation
normal T-cell expressed and secreted (RANTES), IFN-y inducible protein 10 (IP-10),
macrophage inflammatory protein | o (MIP-1 a) and -18, and pro-inflammatory
cytokines such as IL-1f3, IL-6, and TNF-a. Despite this robust immune response, these
mice cannot effectively control the infection and eventually die from the disease. In
contrast, immunocompetent adult mice are able to mount an efficient immune response
and survive the infection. These transgenic mice are also an important source of primary
culture of hippocampal neurons expressing CD46. The use of these cells is then used to

corroborate in vivo findings (Lawrence et al., 1999; Manchester et al., 1999; Manchester
and Rall, 2001).



YAC-CD46 mice are another transgenic model, which express a yeast artificial
chromosome (YAC) containing the entire human CD46 encoding gene. This allows the
expression of CD46 under the control of its natural promoter resulting in widespread
expression throughout the animal, which mimics the natural distribution seen in humans
(Mrkic et al., 1998; Oldstone et al., 1999). YAC-CD46 mice express all four major
isoforms of CD46, and the overall CD46 expression is among the highest of all transgenic
mouse models. Intracranial injection of MeV in this model results in an immune response
similar to the NSE-CD46 mice (Oldstone et al., 1999). However, MeV replication is
restricted to CNS neurons, while normal MeV targets such as astrocytes and microglia
remain uninfected. It is possible that the expression of other receptors is needed for
efficient infection of these cell types. YAC-CD46 mice can also be infected
intraperitoneally (i.p.) or intravenously (i.v.), resulting in low-level replication without
viremia or clinical signs (Manchester and Rall, 2001). It is hypothesized that under these
conditions, the immunocompetent mice can clear the viral infection before widespread

dissemination.

The YAC-CD46 mice were bred with an interferon-a receptor deficient mice
(IFNAR™) (Mrkic et al., 1998). Like the parental strain, these mice widely express all
four major isoforms of CD46 at high levels. Intranasal infection with the MeV
Edmonston strain, a typical vaccine strain, resulted in limited replication. Infectious virus
was only occasionally recovered from lungs and brain and never detected in other regions
(Mrkic et al., 1998), and pathological changes in the lungs included inflammation. These
findings are comparable to those observed in intranasally infected macaques (Albrecht et
al., 1980; McChesney et al., 1997). Intracranial inoculation of MeV in IFNAR” CD46
mice resulted in meningitis with inflammatory infiltrates of leukocytes and extensive
vacuolization and necrosis of nearby brain parenchyma. Reactive astrocytes were also
detected around but not in regions of necrosis. Curiously, a lesser extent of infection was
also observed in non-transgenic IFNAR deficient mice demonstrating that factors other

than CD46 are important for MeV replication in the CNS.
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Thus far there are four different transgenic mouse models that express the other
known MeV receptor SLAM. To date, only one has been used to address questions
regarding neurovirulence. This model consists of a C57BL/6 genetic background
expressing human SLAM linked to the mouse hydroxymethylglutaryl coenzyme A
reductase promoter region. SLAM is therefore ubiquitously expressed, but the highest
expression levels of SLAM were seen in the brain. When these mice are inoculated
intracranially with vaccine or wild-type strains, MeV N specific RNA can be detected up
to three months after the infection indicating that MeV can establish persistence in the
CNS even if no virus particles were isolated from these brains. In contrast, when suckling
mice are infected intracranially, infectious particles could be retrieved from brains and
spinal cord as early as 72 h post-infection suggesting active virus replication and
dissemination (Sellin et al., 2006). Even though both vaccine and wild-type strains are

virulent in this model, the vaccine strains remain less pathogenic.

3.2 Ferret Model of SSPE

The ferret, a natural CDV host, has been used as an SSPE model. Upon
intracerebral inoculation of brain tissues from SSPE cases, ferrets developed signs of
neurological involvement such as ataxia, hind limb spasticity and a general loss of interest
in their environment. Some animals also manifested abnormal electroencephalograms
three to five weeks post-infection. Histopathology revealed the presence of perivascular
cuffing, neuronophagia, microglia and reactive astrocytes. No signs of demyelination
were observed, and the cerebellums of all animals did not show signs of infection and/or
damage. Electron microscopy studies did not reveal any virus particles in the brain of
these animals nor were antibodies detected in serum samples. These observations
demonstrated the feasibility of propagating an infectious agent isolated from the brains of

SSPE patients in ferret brains (Katz et al., 1968).
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To reproduce all features of SSPE in ferrets, animals were first vaccinated against
MeV and followed by infection with an SSPE isolate six weeks later. The D.R. strain
used in that study was a cell-associated non-productive lacking the expression of the M
protein. With this experimental approach the outcome of infection included encephalitis
in 50% of all ferrets (Mehta and Thormar, 1979), resembling the condition seen in SSPE
patients. Furthermore, serum antibody titers against MeV increased during the subclinical
period and cell-associated SSPE virus was present in the brains for a period of up to eight
and a half months post-infection indicating an active immune response in the CNS of
infected animals. In addition, when ferrets are first immunized against MeV and then
infected with D.R., the histopathology resembles those seen in humans afflicted with
SSPE (Brown et al., 1985). These findings confirm that ferrets can be persistently
infected with a SSPE virus, and low level production of virus proteins and particles can
continuously stimulate an immune response as with human SSPE cases. Overall, this

strengthens the validation of the ferret model as a means to investigate certain aspects of
SSPE.

3.3 Other Animal Models

It is important to mention that other animal models exist for the study of
morbillivirus infections. Macaques have been crucial for the development of measles
vaccines (DeSwart, 2009). Unfortunately, these animals are rarely used to examine
neuropathogenesis. Only a few investigators have used tissues collected from monkeys to
model human CNS disease (Albrecht et al., 1977; Steele et al., 1982), since cost and

availability limit the use of primates.

More recently, a cotton rat model (Sigmodon hispidus) has been developed for the
study of MeV pathogenesis. These animals are inbred and can be infected with a broad
range of MeV strains including vaccine, wild-type and even recombinant measles viruses
without adaptation. They support MeV replication in the respiratory tract and lymphoid
organs and develop the classical immunosuppression that accompanies measles. Because

of their small size and availability they are more cost-effective than non-human primate
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models. Cotton rats have been proven especially useful to screen antiviral substances and
vaccines. Regrettably, it has not been determined if they are a suitable model for the study

of morbillivirus neurovirulence (Niewiesk, 1999, 2009; Wyde et al., 1992).
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4. Hypothesis and Research Objectives

All animal models used to investigate morbillivirus neurovirulence have
advantages and drawbacks. No transgenic mouse model fully reproduces the tissue
distribution for both known human measles receptors, CD46 and SLAM. In order to
induce clinical signs of CNS dysfunction, neonatal mice or intracranial inoculation must
be used. Only primates develop measles-like disease, but neurological complications are
rare. Even though CNS involvement is more frequently associated with CDV infections

in dogs, the incidence is still too low to make a mechanistic investigation affordable.

Recently, ferrets infected with CDV have been shown to efficiently mimic all
aspects of a morbillivirus infection including severe leukopenia and gastrointestinal and
respiratory signs, and frequently involve CNS infection. Since tropism and tissue
distribution of many, if not all, morbillivirus infections are similar, findings in ferrets can
likely be extrapolated to other morbillivirus infections. Our working hypothesis is that the
ferret model could also be used to study the events leading to and occurring during the

acute phase of CNS infection.

Our group has previously shown that animals infected with the 5804P strain,
which kills within two weeks, never manifest neurological signs while those infected with
the A75/17 strain survive for three to five weeks and develop CNS disease. The first
research objective was to use the A75/17 strain to characterize morbillivirus
neuroinvasion. Towards this, we first confirmed the neurovirulent potential of A75/17 in
the ferret model. Next, we investigated the timing and sequence of events during the acute
phase of morbillivirus CNS invasion by using immunohistochemistry techniques to

determine which pathways are used by CDV to access the brain and its target cells.
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For most virus infections of the CNS immune-mediated damage, the route of
inoculation, and death of infected cells, all contribute to the pathology observed. Our
second objective aimed at investigating the role of these factors in early canine distemper
neuropathogenesis. Towards this, we infected ferrets with the Snyder Hill strain, which
causes CNS disease within two weeks. We first compared the neuroinvasion kinetics
upon intranasal and intraperitoneal inoculation to assess whether the point of entry into
the periphery can influence viral dissemination into the CNS. Next, we characterized the

pathological changes and associated inflammatory response triggered by the infection.

Based on our results obtained in the context of the first objective, which suggest
that CDV spreads along the olfactory route across communicating neurons to gain access
to the inner regions of the CNS, we hypothesized that CDV disseminates trans-
neuronally. To test this hypothesis, an in vitro model of primary culture of ferret neurons
was established. We first characterized our neuronal culture and then examined if most of
the virus produced during a neuronal infection is released in the supernatant or remain
cell bound. The primary culture of neurons also allowed us to use a modified Campenot
chamber system previously described for the use of studying pseudorabies virus infection
(Ch'ng and Enquist, 2006). This system duplicates all of the in vivo correlates of trans-
neuronal spread and permits us to determine if CDV can disseminate across neurons in an

anterograde or retrograde direction.
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Abstract

Canine distemper virus (CDV), a member of the Morbillivirus genus that also
includes measles virus, frequently causes neurologic complications, but the routes and
timing of CDV invasion of the central nervous system (CNS) are poorly understood. To
characterize these events, we cloned and sequenced the genome of a neurovirulent CDV
(strain A75/17) and produced an infectious cDNA that expresses the green fluorescent
protein. This virus fully retained its virulence in ferrets: the course and signs of disease
were equivalent to those of the parental isolate. We observed CNS invasion through two
distinct pathways: anterogradely via the olfactory nerve and hematogenously through the
choroid plexus and cerebral blood vessels. CNS invasion only occurred after massive
infection of the lymphatic system and spread to the epithelial cells throughout the body.
While at early time points, mostly immune and endothelial cells were infected, the virus
later spread to glial cells and neurons. Together, the results suggest similarities in the
timing, target cells, and CNS invasion routes of CDV, members of the Morbillivirus

genus, and even other neurovirulent paramyxoviruses like Nipah and mumps viruses.
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Introduction

Canine distemper virus (CDV) and the closely related viruses that infect marine
mammals have the highest incidence of central nervous system (CNS) complications
among viruses of the genus Morbillivirus. Up to 30% of dogs exhibit signs of neurologic
involvement during or after CDV infection, and most wild carnivores that succumb to
CDYV have some evidence of CNS infection (8, 18, 20, 38, 51). With 1 in 1,000 cases, the
neurovirulent potential of measles virus (MeV) is comparatively lower, but CNS
complications remain one of the main problems associated with MeV infections in
countries with an established health care system (32). Because of its relatively high
degree of neurovirulence and the availability of a sensitive small animal model, CDV is

an ideal candidate to characterize the events involved in morbillivirus neuroinvasion.

All morbilliviruses display a strong lymphotropism, which correlates with the
presence of their principal receptor, the signaling lymphocytic activation molecule
(SLAM, CD150), on a variety of immune cells (6, 36, 40). In ferrets infected with a
virulent CDV strain, more than 50% of circulating peripheral blood mononuclear cells
(PBMC) contain infectious virus, and up to 10% of PBMC in MeV-infected monkeys are
virus positive (46, 53). Because of these findings and the fact that morbilliviruses are
highly cell associated, it is thought that the contact between virus and CNS occurs
through infected PBMC. Previous studies of typical wild-type isolates like strain A75/17
in dogs further support this theory (38).

At the onset of the symptomatic disease around 14 days after intranasal
inoculation, infected cells are predominantly detected in the perivascular spaces of the
CNS, the choroid plexus, and the ependyma (19, 39). Around 3 weeks after infection,
CDV-positive glial cells and neurons are found in the white matter, and the beginning of
demyelination is observed in these regions (41). The CNS infection peaks 4 to 5 weeks
after inoculation, when virus is detected in neurons and glial cells throughout white and
gray matter in a focal fashion (23, 45, 52). Around 10% of dogs die at this time from

acute encephalitis developing while their immune system fails to control the infection.
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In animals that mount an effective cellular and humoral immune response,
perivascular cuffing and lymphocyte infiltration of the infected areas occur at the same
time as the rash and other signs of disease recede, and CDV-specific neutralizing
antibodies are detected in the serum and cerebrospinal fluid (CSF) (39, 41, 52). This
immune response results in virus clearance from the CNS, but can be accompanied by
continued demyelination, which is ultimately responsible for the development of
neurological signs in a subset of animals several weeks after recovery from the acute
infection (38, 44).

Despite this body of knowledge, the timing and sequence of events during the
acute phase of morbillivirus CNS invasion remain unclear, principally because only a
fraction of experimentally infected dogs develop acute encephalitis (38, 51) and the
available rodent models require injection of the virus into the brain to cause infection (10,
22). We have previously established a morbillivirus pathogenesis model based on the
study of CDV in ferrets, one of its natural hosts (46, 47). CDV-infected ferrets develop an
acute disease that is usually lethal within 2 to 5 weeks, and there is little variation

between animals infected with the same strain (37, 47).

To expand our ferret model to the characterization of morbillivirus neuroinvasion,
we first confirmed the neurovirulent potential of A75/17 in ferrets. This strain is a typical
representative of canine street isolates that has been extensively characterized in dogs
(38). We generated an infectious cDNA clone of this strain, which corresponded exactly
to the sequence deposited in GenBank (accession no. AF164967), and introduced the
reporter gene coding for enhanced green fluorescent protein (¢GFP) in this cDNA. The
resulting virus facilitated monitoring the CNS invasion routes. We show that CNS
invasion occurs only after extensive spread to epithelia. We demonstrate anterograde
invasion via the olfactory bulb in addition to the previously characterized hematogenous
spread through the choroid plexus and cerebral blood vessels (19). This work directly
visualizes, for the first time, different stages of morbillivirus neuroinvasion during the
acute disease phase, providing new insights into the disease progression and cellular

targets.
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Materials and Methods

Cells and viruses

VerodogSLAMtag cells (47) and 293 cells (ATCC CRL-1573) were maintained in
Dulbecco's modified Eagle's medium (Invitrogen, Burlington, Ontario, Canada) with 5%
fetal calf serum (Invitrogen, Burlington, Ontario, Canada). Zeocin (Invitrogen,
Burlington, Ontario, Canada) was added (1 mg/ml) to the VerodogSLAMtag cells to
maintain the constitutive expression of canine SLAM. All viruses were propagated in
VerodogSLAMtag cells. A lymph node homogenate of a dog experimentally infected
with CDV strain A75/17 was a kind gift of Max Appel.

Construction and recovery of recombinant viruses

To generate an infectious cDNA clone of the neurovirulent CDV strain A75/17,
RNA was isolated directly from the lymph node homogenate. The cloning strategy was
the same as those used previously for other CDV vaccine and wild-type strains (47).
Briefly, the RNA was reverse transcribed using Superscript II (Invitrogen, Burlington,
Ontario, Canada), and the entire genome was amplified in 10 fragments using high-
fidelity polymerase (Roche Diagnostics, Laval, Quebec, Canada) and subcloned into
pCR-TOPO (Invitrogen, Burlington, Ontario, Canada). At least four clones of each
fragment were sequenced to establish a consensus sequence. The viral cDNA clone was
then assembled from fragments corresponding to the consensus sequence using naturally
occurring unique restriction sites, yielding pA75/17. An eGFP-expressing derivative
containing the eGFP open reading frame in an additional transcription unit between the H
and L genes (pA75/17eH) was obtained following the cloning strategy for 5804PeH (46).
The corresponding recombinant viruses were recovered as described previously, using an

MVA-T7-based system (48).
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Animal infection, grading of clinical signs, and imaging

The animal experiments were carried out as described previously (47). Briefly,
unvaccinated male ferrets (Mustela putorius furo) 16 weeks and older (Marshall Farms,
North Rose, NY) were then infected intranasally with 10* 50% tissue culture infectious
doses (TCIDs,) of the respective virus under general anesthesia (10 mg/kg ketamine, 1
mg/kg midazolam; CDMV, St. Hyacinthe, Quebec, Canada). Following the infection,
animals were monitored daily for signs of disease, and blood was collected at various

time points from the jugular vein under general anesthesia.

A grading system was established to evaluate the severity of clinical signs and to
determine end points for the removal of animals from the study. Animals that failed to eat
for more than 48 h, experienced weight loss of 15 to 20%, became severely dehydrated,
developed CNS signs (circling behavior, paralysis, or focal or generalized seizures),
displayed any other important reduction in functional status (severe pneumonia and/or
diarrhea), or became moribund before the end of the protocol were euthanized with an
overdose of pentobarbital (Nembutal; CDMV, St. Hyacinthe, Quebec, Canada). The
Macro-Illumination imaging system (Lightools, Encinitas, CA) was used to monitor
eGFP expression in organs (46). All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Experimental Biology Centre of the
INRS-Institut Armand-Frappier.

Lymphocyte proliferation assay and quantification of cell-associated viremia

A small amount of heparinized whole blood was used directly for a white blood
cell (WBC) count (Unopette; BD Biosciences, Mississauga, Ontario, Canada), and plasma
and PBMC were isolated using Ficoll (GE Healthcare, Baie d'Urfé, Quebec, Canada)
gradient centrifugation. The proliferation activity was determined using the 5-bromo2'-
deoxyuridine (BrdU) cell proliferation assay (Roche Diagnostics, Laval, Quebec, Canada)
according to the manufacturer's instructions. Briefly, the PBMC isolated from each

animal were split into two duplicates and either stimulated with 100 pg/ml
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phytohemagglutinin (PHA; Sigma, Oakville, Ontario, Canada) or left untreated. The next
day, BrdU was added to a final concentration of 10 M, and cells were incubated for
another 24 h before they were transferred into black 96-well plates, washed, and fixed at
65 °C for 1 h. BrdU incorporation was detected using a peroxidase-linked anti-BrdU
antibody and revealed with a chemiluminescent substrate. The signal was detected using a
microplate luminescence counter (Luminoskan Ascent, Thermo Electron Corp., Calgary,
Alberta, Canada). The proliferation activity was expressed as a ratio between stimulated
and nonstimulated cells, allowing for comparison of samples that differ in absolute cell

numbers due to the virus-induced leukopenia.

The erythrocytes in EDTA-treated blood were lysed in ACK lysis buffer (150 mM
NH,CI, 10 mM KHCO;, 001 mM EDTA, pH 7.2 to 7.4), and the isolated PBMC were
washed once with phosphate-buffered saline (PBS) solution (Invitrogen, Burlington,
Ontario, Canada) and counted. To quantify the cell-associated viremia, quadruplicates of
a 10-fold serial dilution of the isolated PBMC were transferred onto VerodogSLLAMtag
cells seeded in 96-well plates and cultivated for 4 days. The cell-associated virus titer was

expressed as TCIDs, per 10° cells.

Antibodies and staining reagents

Infected T cells were identified immunohistochemically using a mouse anti-CD3
antibody, infected endothelial cells using a mouse anti-von Willebrand factor, and
infected glial cells using a rabbit anti-glial fibrillary acidic protein antiserum (all DAKO
Cytomation, Mississauga, Ontario, Canada). These antibodies recognize a conserved
epitope and have been reported to cross-react with the respective ferret cell type. Neurons
were detected using NeuroTrace 530/615 (Invitrogen, Burlington, Ontario, Canada), a red
fluorescent variant of the Nissl stain. To visualize all cells present in the field of view,
either the nuclear stain 4',6-diamidino-2-phenylindole (DAPI) or the actin stain Alexa

Fluor 568-phalloidin was used (both Invitrogen, Burlington, Ontario, Canada).
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Staining of tissue sections and microscopic analysis

Animals were euthanized with an overdose of pentobarbital (CDMV, St.
Hyacinthe, Quebec, Canada) intraperitoneally. Once a deep plane of anesthesia was
reached, each animal was perfused first with 160 ml PBS, followed by 80 ml of 4%
paraformaldehyde (PFA). Tissues were harvested, fixed in 4% PFA for at least 24 h at
4 °C, and stored in PBS. Prior to sectioning, samples were placed in 30% sucrose in PBS
overnight at 4 °C, immersed in tissue embedding compound (Triangle Biomedical
Sciences, Durham, NC), and frozen on dry ice for at least 1 h. Serial 10- to 15-ym
sections were cut using a cryostat (Kryostat 1720 digital; Leitz, Midland, Ontario,
Canada) and mounted on Superfrost Plus slides (Fisher Scientific, Whitby, Ontario,
Canada), air dried, and stored at —20 °C.

For immunostaining, sections were thawed for 15 min, blocked for 30 min using
normal horse serum (Invitrogen, Burlington, Ontario, Canada) diluted to 1/100 in PBS,
and incubated with the respective primary antibody for 60 to 90 min at room temperature.
After a 1-h incubation with the appropriate Alexa Fluor 568-conjugated secondary
antibody (Invitrogen, Burlington, Ontario, Canada), coverslips were mounted in Prolong
Gold antifade reagent (Invitrogen, Burlington, Ontario, Canada) and left to harden
overnight at 4 °C. Fluorescent images were captured using either a standard fluorescent
microscope or the confocal laser microscope (MRC 1000; Bio-Rad, Mississauga, Ontario,
Canada).

For hematoxylin and eosin staining, slides were fixed in 100% MeOH and
rehydrated prior to staining for 5 min in Harris' hematoxylin solution (EMD Industries,
Gibbstown, NJ). Sections were rinsed in double-distilled H20, dipped in an ammonia
solution, and counterstained with acidified eosin Y (Sigma-Aldrich, Oakville, Ontario,
Canada). Slides were dehydrated, mounted in Entellan mounting medium (EMD

Industries, Gibbstown, NJ), and air-dried overnight.
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Results

A75/17 and its eGFP-expressing derivative A75eH are highly neurovirulent in

ferrets

To characterize the mechanism underlying morbillivirus neurovirulence, we chose
CDV strain A75/17. This virus has been primarily characterized in dogs, where it causes
acute disease including neurological signs in 10% of infected animals (38). In the more
sensitive ferret model, rash signifying the onset of the symptomatic disease phase started
around 10 days postinoculation (d.p.i.) with the nonrecombinant virus (Fig. 1B, A75/17).
All animals subsequently developed severe generalized rash, increasing signs of
gastrointestinal and respiratory involvement, and ultimately circling behavior and seizures
suggestive of CNS involvement, leading to their sacrifice for humane reasons within 3 to

5 weeks after infection (Fig. 1B, A75/17).

To produce an infectious cDNA of this strain and eventually insert a reporter gene
for easy monitoring of the infection, we cloned and sequenced the viral genome. We
confirmed the consensus sequence deposited in GenBank with the accession no.
AF164967. We then assembled an infectious clone based on this consensus sequence and
introduced eGFP in an additional transcription unit between the H and L genes (Fig. 1A),
to directly visualize infected cells and document viral spread as described previously (46).
The corresponding recombinant virus, named A75eH, elicited equivalent courses of
disease (Fig. 1B, A75eH, right side), indicating that eGFP gene addition had no
attenuating effect. Animals infected with either virus experienced a 90% loss of WBC in
the peripheral blood within the first week after infection (Fig. 1C) and were unable to
mount a neutralizing antibody response (data not shown). However, after an initial
dramatic drop, the remaining lymphocytes recovered some of their ability to proliferate in
response to nonspecific PHA stimulation (Fig. 1D), correlating with the prolonged
survival compared to animals infected with the previously used CDV strain 5804P, which

succumb to the disease after 14 days (47).
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Fig. 1 Comparison of the pathogenicity of the parental CDV strain A75/17 and its eGFP
expression recombinant derivative A75¢H. (A) Scheme of the A75¢H genome with the
eGFP open reading frame introduced as an additional transcription unit between the
hemagglutinin (H) and polymerase (L) genes. The genome is shown as a white elongated
box. The genes are indicated by the letters N (nucleocapsid), P (phosphoprotein), M
(matrix), F (fusion), H, and L. The additional eGFP-containing transcription unit is
represented by a black box and is marked "eGFP." (B) Time course of infection of groups
of three animals. Each pair of symbols represents one animal. Squares indicate the onset
of rash, and circles indicate the time of euthanasia for humane reasons. (C) Leukocyte
number and (D) in vitro proliferation activity of lymphocytes from these animals. The
group (n = 3) infected with A75/17 is represented by gray squares, and the group (n = 3)
infected with A75eH is represented by black circles. Days post-infection are indicated on
the x axis, and leukocyte number (leuko.) or proliferation activity is indicated on the y
axis. Dotted lines or broad hatched gray lines indicate threshold levels used for the

classification as moderate or severe immunosuppression, respectively.



A75eH causes CNS infection

To determine how the observed neurological signs were related to infection, we
measured virus titer in WBC, urine, and CSF. Cell-associated virus titers in WBC peaked
at 7 d.p.i., followed by a slight drop towards the end of the infection (Fig. 2A). Cell-free
virus was detected in the urine 7 d.p.i., reaching values similar to those found in the WBC
14 d.p.i., which correlated with the extensive spread to epithelia throughout the body
during the second week of the infection (Fig. 2A). In the CSF, cell-free virus was first
detected at 21 d.p.i. and increased steadily until the death of the animal, indicating a

substantial infection in CNS areas with contact with the CSF (Fig. 2A).

Macroscopic examination of a brain at the time of euthanasia revealed multiple
eGFP-expressing foci in the brain stem (Fig. 2B and C) and the surface of the frontal
lobes adjacent to the olfactory bulb (Fig. 2D and E). The median section revealed strong
eGFP expression throughout the olfactory bulb and within the frontal lobes (Fig. 2F and
G), while the more caudal parts of the cerebrum and the cerebellum were negative (Fig.
2E and G). This pattern was observed in all animals sacrificed at the end stage of the
disease. However, the extent of the spread correlated with the duration of the infection in
the respective animal; with those surviving for 35 to 40 days displaying the most
widespread eGFP expression, while positive foci were mainly found in the olfactory bulb

and adjacent cerebrum in those that had to be sacrificed earlier.

Infection of the CNS occurs after spread to epithelia

We have previously shown that lymphatic organs are the primary targets during
the early stages of CDV spread followed by a widespread infection of epithelia
throughout the body that coincides with the onset of rash, fever, and gastrointestinal and
respiratory signs (46). To determine the timing of CNS invasion, we sacrificed two to
three animals at weekly intervals and visualized the extent of infection in Peyer's patches
as representative of the lymphatic organs, lung for epithelial tissues, and olfactory bulb as

a possible point of CNS entry.
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Fig. 2 Replication of CDV in different body fluids and the brain. (A) Number of CDV-
infected cells or infectious units in PBMC, urine, and CSF. The cell associated virus titer
in the PBMC is expressed as TCIDs, per million cells, and the cell-free virus titer in urine
and CSF is expressed as TCIDy, per ml. (B to G) Visualization of infection in the brain at
the end stage of the disease. (B and C) Ventral view of the brain by (B) normal light or
(C) eGFP fluorescence excitation. Contours are outlined with a white line. (D and E)
Dorsal views of the same sample. (F and G) Saggital cut separating the left and right

hemispheres.
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The intensity of eGFP expression in Peyer's patches reached its maximum after 1
week (data not shown) and maintained this level throughout the course of the infection
(Fig. 3I to L). Again in accordance with our previous findings, we detected eGFP
expression in the lung 1 week after inoculation, which was initially limited to the larger
bronchi (Fig. 3E and F) and subsequently became increasingly generalized (Fig. 3G and
H). The earliest green foci in the olfactory bulb were revealed 21 d.p.i. (Fig. 3A to C). At
that time, no eGFP signal was found in other regions of the brain, further suggesting that
the olfactory bulb is an important port of entry. A consecutive increase in eGFP
expression in the olfactory bulb and spread to adjacent parts of the CNS were observed in

animals sacrificed at or after 28 d.p.i. (Fig. 3D).

CDYV accesses the brain through different pathways

While our macroscopic analysis highlighted the importance of the olfactory bulb,
previous studies with CDV and MeV have identified the choroid plexus and cerebral
blood vessels as likely origins of morbillivirus neuroinvasion (11, 39). To analyze the
involvement of these structures during different disease stages, we examined saggital
cryosections of the CNS for sites of eGFP expression. Consistent with our macroscopic
findings, only single green cells with the round morphology typical of circulating
lymphocytes were seen sporadically in the choroid plexus and in the lumen of capillaries
at the onset of clinical signs around 7 d.p.i. (data not shown). However, the overall
fluorescence did not exceed background levels seen in non-infected controls (Fig. 4A, E,
and I), indicating that the intranasal inoculation did not lead to a direct infection of
olfactory neurons. After 2 weeks, coinciding with a high-titer cell-associated viremia
(Fig. 2A) and the spread to epithelia (Fig. 3F), infected cells were found in the choroid
plexus (Fig. 4B) and the vicinity of cerebral blood vessels (Fig. 4F). The first eGFP-
positive olfactory nerve fibers were also detected at this time (Fig. 4J), concomitantly
with a massive infection of the respiratory mucosa (Fig. 3F). These findings suggest that
the infection of the brain requires prolonged exposure to infected cells, regardless of the

point of entry. At 21 d.p.i., when the first macroscopic signal was detected in the
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olfactory bulb (Fig. 3C), a majority of olfactory nerve fibers were infected and spread into

the olfactory glomeruli was observed (Fig. 4K).

48



14 dpi 21 dpi death

olfactory
bulb

Peyer's
patches

Fig. 3 Time course of CDV dissemination in different tissues. Shown are a macroscopic
visualization of infection in the olfactory bulb (A to D), a transverse section of a lung lobe
(E to H), and Peyer's patches (panels I to L). The contours of the organs are outlined by a
white line. (A, E, and I) Normal light photographs of the different tissues from an animal
sacrificed at 14 d.p.i. (B, F, and J) Same organs and time point as above but photographed
after eGFP fluorescence excitation. Also shown are the same organs as above from an
animal sacrificed at 21 d.p.i. (C, G, and K) and at the time of euthanasia (D, H, and L),

photographed after eGFP fluorescence excitation.
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Fig. 4 Time course of CDV dissemination in the CNS. After macroscopic imaging, PFA-

perfused brains were fixed in 4% PFA at 4 °C for an additional 48 h and transferred into
30% sucrose in PBS at 4 °C overnight. Four- to 7-mm-thick saggital sections were then
immersed in tissue embedding compound and frozen on dry ice. Ten- to 15-um
cryosections were subsequently analyzed for eGFP expression at a 200-fold
magnification. Positive cells were mainly detected in the choroid plexus (CP; panels A to
D), along cerebral blood vessels (CV; panels E to H), and in the olfactory bulb (OB;
panels I to L). Representative regions from animals sacrificed at 7 d.p.i (A, E, and 1), 14
d.pi.(B,F,andJ), 21 dp.. (C,G, andK), and 28 d.p.i. (D, H, and L) are shown.
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The simultaneous increase of eGFP-expressing cells associated with the choroid
plexus and blood vessels (Fig. 4C and G) coincided with the detection of free virus in the
CSF (Fig. 2A). Within the subsequent weeks, the number of infected cells at the different
entry points increased continuously (Fig. 4D, H, and L). In addition, there was evidence
of virus spread to the lining of the ventricles, the pia mater, and the underlying molecular
layer of the cerebral and cerebellar cortex via the CSF (Fig. 5A and B), invasion of the
brain parenchyma surrounding blood vessels indicative of direct hematogenous
dissemination (Fig. 5C), and migration from the olfactory glomeruli to mitral cells and
further towards the olfactory cortex (Fig. 5SD). The only histopathological change
consistently observed in all animals, was a lymphocyte infiltration in the choroid plexus
starting at 14 d.p.i. and persisting until the time of death (Fig. SE). The brain parenchyma
(Fig. 5F) and olfactory bulb (not shown) rarely showed signs of inflammation, most likely

due to the severe leukopenia and immunosuppression at this time.

Extensive hematogenous infection of glial cells and neurons is a late event

To identify the target cells over the course of the infection, we stained consecutive
saggital sections with markers specific for the different cell types present in the brain. Up
to 21 d.p.i.,, the eGFP-expressing cells detected in the choroid plexus and those with a
round morphology found in the vicinity of blood vessels were mostly T cells (Fig. 6A, E,
and I). Occasionally, infected monocytes or B cells were also found in these locations
(data not shown), consistent with the high-level viremia (Fig. 2A, squares). Capillary
endothelial cells were the only infected nonimmune cells associated with hematogenous
spread consistently detected between 14 and 21 d.p.i. (Fig. 6B, F, and J). Once the virus
had gained access to the ventricles and pia mater via the CSF around 28 d.p.i., glial cells
were the dominating infected cell type (Fig. 6C, G, and K). At this time, the first eGFP-
positive neurons were also observed: mostly in close proximity to infected glial cells (Fig.
6D, H, and L). Consistent with CSF-mediated dissemination, infected epithelial cells

were detected in the dura mater and the choroid plexus (data not shown).



Fig. 5 CDV spread and histopathological changes in the CNS at advanced disease stages.

Shown is microscopic analysis of cryosections stained blue with DAPI to visualize cell
nuclei at a 400-fold magnification (A to D) or stained with hematoxylin and eosin at a
200-fold magnification (E and F). (A) Pia mater, (B) parenchyma bordering a blood
vessel in the cerebellum, (C) ependyma bordering a ventricle, and (D) olfactory bulb. (E)
Choroid plexus and (F) parenchyma of the frontal lobe from an animal sacrificed at 28

d.p.i.
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T cells endothelial cells glia cells neurons

Fig. 6 Identification of cells infected through hematogenous spread. Shown is confocal

microscopic analysis of cryosections stained with antibodies against different cellular
markers at a 1,000-fold magnification. (A to D) CDV-infected cells; (E to H) respective
cellular markers, visualized with an Alexa Fluor 568-labeled secondary antibody; and (I
to L) composite image of the two colors. (A, E, and I) Infected T cells in the choroid
plexus and (B, F, and J) endothelial cells in a cerebral capillary at 14 d.p.i. identified with
a mouse anti-CD3 or anti-von Willebrand factor antibody, respectively. (C, G, and K)
Infected glial cells and (D, H, and L) neurons at 28 d.p.i. visualized with a rabbit anti-ghal
fibrillary acidic protein polyclonal antiserum or the 530/615 NeuroTrace Nissl stain,
respectively. Examples of double-positive cells are indicated by white triangles. The
partial overlap of red and green signals seen in some cases is due to the fact that most of
the antibodies recognize proteins located in the cell membrane while eGFP is expressed in

the cytoplasm.
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The olfactory bulb is a main point of CDV CNS entry

In contrast to many other respiratory viruses with neurovirulent potential (2, 4),
direct CNS entry via the olfactory bulb was not considered a major infection route for
morbilliviruses. However, in our study, olfactory nerves were infected as early as 14 d.p.i.
(Fig. 4)), and the olfactory bulb was the first location of macroscopic eGFP expression
(Fig. 3C). We were able to follow this CNS invasion pathway microscopically from the
neurons located in the olfactory mucosa, along the olfactory nerve filaments passing
through the cribriform plate, and into the olfactory glomeruli, which constitute the

synapse between olfactory nerve fibers and mitral cells.

At 14 d.p.., infected cells were detected throughout the olfactory mucosa in
cryosections stained with the neuronal cell body-specific Nissl stain (Fig. 7A, yellow
cells), indicating that these cells were infected at the same time as the surrounding
mucosal epithelial cells. The green staining seen at the rostral margin of the olfactory
bulb at this time (Fig. 4J) represents multiple individual olfactory nerve filaments (Fig.
7B, counterstained with an actin marker). The detection of infected mitral cells as early as
21 d.p.i. (Fig. 7C, green cell, counterstained with an actin marker) indicates that the virus
is transmitted across neuronal synapses and thus has the potential to spread anterogradely

to deeper CNS structures.
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Fig. 7 Visualization of CNS invasion via the olfactory route. Shown is confocal

microscopic analysis of cryosections at 1,000-fold magnification. (A) Merged image of
the olfactory mucosa at 14 d.p.i. stained with the 530/615 NeuroTrace Nissl stain to
visualize neuronal cell bodies. The triangle indicates an infected olfactory receptor
neuron, and the arrowhead marks a sensory cilia protruding into the mucus layer. (B and
C) Merged images of (B) the olfactory nerve filaments at 14 d.p.i. and (C) the olfactory
glomeruli at 21 d.p.i. stained with Alexa Fluor 568-phalloidin to visualize actin in the
surrounding structures. An individual olfactory glomerulum is located in the lower left
corner of panel C, indicated by a white line. Examples of individual nerve fibers are

highlighted by white triangles.
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Discussion

Neurovirulent distemper in ferrets and dogs

Ferrets are exquisitely sensitive to CDV and usually succumb to the infection
without ever developing an effective immune response (47). Taking advantage of eGFP-
expressing 5804P-derived viruses, we previously demonstrated massive infection of
lymphatic organs and the resulting dramatic depletion of circulating lymphocytes during

the initial disease phases.

At 7 d.p.i., most of the remaining circulating lymphocytes are infected, setting the
stage for the invasion of epithelial tissues, including the upper and lower respiratory tract
(46). Here we operated with the neurovirulent strain A75eH, which does not kill infected
animals within 2 weeks and therefore allows us to monitor subsequent disease phases,
including neuroinvasion. We report the detection of first positive cells in the CNS around
2 weeks p.i., coinciding with widespread epithelial infection. This timing indicates that
CNS invasion occurs only after extensive spread through lymphatic and epithelial tissues
rather than directly as a consequence of the intranasal route of infection as has been
reported for primary neurotropic viruses (28). The localization of infected cells in the
olfactory nerves, the choroid plexus, and the vicinity of blood vessels furthermore reflects
two distinct routes of invasion: anterogradely via the olfactory nerves and

hematogenously through infected circulating lymphocytes.

The course of CDV in dogs initially follows the same pattern, including the
infection of cells in locations consistent with hematogenous invasion (31). However,
neutralizing antibodies are detected in up to 90% of the animals 2 to 3 weeks p.i.,
indicating the onset of an effective antiviral immune response that controls and then
eliminates the infection and coincides with resolution of the disease signs (31,39,41). In
the CNS, an inflammatory process characterized by lymphocyte invasion is observed,
which results in a chronic demyelinating disease in 10 to 30% of the animals (52). In

ferrets and the subset of dogs that fail to mount an immune response, the virus continues
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its spread through the brain, ultimately establishing a widespread infection of different
CNS cell types (39, 45). In ferrets, we observed that this spread occurs, depending on the
port of entry, either from the outer layers into the parenchyma or anterogradely from the
olfactory nerve through the mitral cells further along the olfactory signaling route. Given
the other similarities in the course of disease in ferrets and dogs, entry through the

olfactory bulb may occur in dogs as well.

CDY neurovirulence in ferrets as morbillivirus neuroinvasion model

The incidence of CNS invasion associated with morbillivirus infection varies
among the different family members. CDV and the viruses that infect marine mammals
frequently cause CNS complications, while rinderpest and peste des petits ruminants
viruses generally do not affect the brain (7). Measles virus holds an intermediate position,
as it causes several distinct but relatively rare CNS diseases. Among those, postinfectious
encephalomyelitis occurs in 1 in 1,000 cases within weeks of acute measles, but the
extent of viral replication seems minor and the pathology is immune mediated (14, 32).
On the other hand, extensive viral replication was documented in the context of a rare
fatal course of the acute disease (24, 30), and two chronic manifestations, measles
inclusion body encephalitis and subacute sclerosing panencephalitis (SSPE) (5). The
former occurs between 2 and 6 months after acute infection and is limited to individuals
with an innate immune defect resulting in an inability to clear the virus during acute
infection and subsequent persistence in the CNS (16, 32). A similar disease form, known
as old dog encephalitis, is also observed for CDV, where it occurs more frequently (3).
All chronic manifestations of morbillivirus CNS infections are inevitably fatal and

characterized by massive and widespread infection of neurons (25).

While the significance of our observations for the pathogenic mechanisms
underlying SSPE and old dog encephalitis remains to be explored, hematogenous
invasion has been deduced from histological analysis of brain sections of measles patients
who died from acute encephalitis and the histopathological analyses of marine mammals

that succumbed to morbillivirus infections (9, 11, 21, 30). In addition, the dissemination
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pattern documented in the later infection stages in ferrets strongly resembles that of fatal
measles in individuals that are unable to combat the infection (13, 24). This link between
the extent of spread and the ability of the host's immune response to control the infection
is also apparent in studies in immunocompetent and immunosuppressed mice (26, 42). In
summary, our findings suggest that CDV neuroinvasion in ferrets reflects the events

occurring in the context of other morbillivirus infections.

Mechanisms of CNS entry by Paramyxoviridae

This study shows remarkable parallels between CDV entry into the CNS of ferrets
and the mechanisms of brain invasion by other Paramyxoviridae. Several
paramyxoviruses with neurovirulent potential, including morbilliviruses, mumps virus,
and Newcastle disease virus, efficiently infect circulating lymphocytes, resulting in a cell-
associated viremia that lasts throughout the symptomatic disease phase (32, 34, 50). This
provides ample opportunity for infected lymphocytes to traffic through the blood-brain
and blood-choroid plexus barrier and locally release virus, starting infection of resident
epithelial and endothelial cells (12, 15). Consistent with this hematogenous route of CNS
invasion, infected cells are usually first detected in the choroid plexus and in close
association with cerebral blood vessels (34, 39). Once inside the CSF, the viruses may
invade the different membranes surrounding the CNS, the ependyma, and the superficial
lining of the cerebral cortex (34, 49), followed by infection of neurons and glia cells in
close proximity and subsequent spread into deeper layers (19, 26, 29). Taken together,
these observations suggest that paramyxoviruses use classical hematogenous CNS

invasion pathways described for several other neurotropic viruses (17, 33).

In addition to hematogenous CNS invasion, entry via the olfactory bulb has been
demonstrated for Sendai, La Piedad Michoacan, and, more recently, Nipah viruses, all of
which also cause massive respiratory epithelial infection (1, 27, 49). In the olfactory
mucosa, which lines the roof of the nasal cavity, the dendrites of mature olfactory
receptor neurons and these respiratory epithelial cells reside in close proximity, and easy

virus transition between the different cell types is conceivable. Since the axons of the
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bipolar olfactory receptor neurons enter the olfactory bulb by passing through the
cribriform plate, these neurons, once infected, provide direct access to the CNS. The
axons synapse in the olfactory glomeruli with the dendrites of mitral cells, the
corresponding second order neurons, which in turn project further to the deeper olfactory
and limbic systems, thus providing a rapid way of accessing these regions for v’ uses
capable of crossing the synaptic space (35). This pathway is used by various neurotropic
viruses (28), and the capacity to move transcellularly across either dendrodendritic or
axonal synapses has been identified as an important neurovirulence determinant (43). Our
findings add to the mounting evidence that entry via the olfactory bulb and spread along
the olfactory signaling route are common among paramyxoviruses and should be

considered alongside the classical hematogenous entry pathway.
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Abstract

For most virus infections of the central nervous system (CNS) immune-mediated
damage, the route of inoculation, and death of infected cells, all contribute to the
pathology observed. To investigate the role of these factors in early canine distemper
neuropathogenesis, we infected ferrets either intranasally or intraperitoneally with the
neurovirulent strain Snyder Hill. Regardless of the route of inoculation, the virus
primarily targeted the olfactory bulb, brainstem, hippocampus and cerebellum, whereas
only occasional foci were detected in the cortex. The infection led to widespread
neuronal loss, which correlated with the clinical signs observed. Increased numbers of
activated microglia, reactive gliosis, and different pro-inflammatory cytokines, were
detected in the infected areas, suggesting that the presence and ultimate death of infected
cells at early times after infection trigger strong local immune activation despite the

observed systemic immunosuppression.
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Introduction

Morbilliviruses cause an acute disease characterized by generalized
immunosuppression, rash, respiratory and gastrointestinal signs, and occasional but
devastating neurologic complications (Griffin, 2001; Moss et al., 2004; Schneider-
Schaulies & Schneider-Schaulies, 2008). Within the genus Morbillivirus, carnivore
viruses are associated with the highest incidence of neuroinvasion, with up to 30% of
dogs and almost all wild carnivores experiencing central nervous system (CNS) infection
(Appel & Summers, 1995; Confer et al., 1975; Summers et al., 1984; van Moll et al.,
1995). Therefore, the study of canine distemper virus (CDV) in one of its natural hosts is
frequently used to characterize mechanisms of morbillivirus neuropathogenesis (Appel et
al., 1982; Headley et al.,2001; Rima ef al., 1991; Summers et al., 1984).

Of the different CDV strains available, Snyder Hill causes the most reproducible
course of disease including consistent neuroinvasion. In dogs infected intranasally with
Snyder Hill, first clinical signs are seen after 4 days, and around 50% of animals
ultimately succumb to the disease (Appel, 1969; Summers et al., 1984). In those animals,
virus is found in the CNS as early as 9 days after infection. At this stage, Snyder Hill
displays a high affinity for cells in the grey matter throughout the brain (Appel, 1969).
The resulting polioencephalitis reproduces key aspects of measles inclusion body
encephalitis, which occurs in immunodeficient patients (Chadwick et al., 1982).
Neurological signs, including tremors and circling behaviour, first develop after 12 days
and progress rapidly to seizures or paralysis, leading to death within 2-3 weeks after
infection (Appel, 1969; Summers et al., 1984). In ferrets, the virus is lethal with all
animals developing the above-mentioned neurological manifestations (Stephensen ef al.,

1997).
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Due to the severe leukopenia and generalized immunosuppression associated with
CDV infections, little inflammation has been observed in the CNS of dogs during the
acute phase of disease. Local immune responses are limited to mild microglial activation
and proliferation, and occasional perivascular cuffing, consisting mainly of T cells
(Tipold ez al., 1999; Wunschmann et al., 1999). The neurological signs and pathological
changes observed are thus considered to be a direct result of the infection (Vandevelde &
Zurbriggen, 2005; Vandevelde et al., 1985; Zurbriggen et al., 1998). However, the
detection of different cytokine and chemokine mRNAs in the cerebrospinal fluid (CSF) of
animals with chronic CDV-induced CNS lesions suggests that an aberrant local immune

response may contribute importantly to disease progression (Frisk et al., 1999).

To investigate the Kinetics of CDV neurodissemination and the resulting local
immune response at early disease stages in more detail, we produced an enhanced green
fluorescent protein (eGFP)-expressing infectious clone of the Snyder Hill strain and
characterized its neuropathogenesis in ferrets. The importance of the route of inoculation
and blood-brain barrier integrity were examined, and the principal target regions and cell
types in the CNS at different times after infection were identified. To determine the
presence and extent of the local immune response, tissue sections were stained for
different markers of immune activation with newly produced antisera against pro-

inflammatory ferret cytokines.
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Results

An eGFP-expressing derivative of the CDV Snyder Hill strain retains parental

growth characteristics and virulence

To characterize the virus-host interactions involved in morbillivirus
neuropathogenesis, we generated an infectious cDNA clone of the CDV Snyder Hill
strain that carried the eGFP open reading frame in an additional transcription unit
between the hemagglutinin (H) and polymerase (L) genes (Fig. 1A). Towards this, the
parental Snyder Hill strain (ATCC VR-526) was plaque purified on VerodogSLAMtag
cells and subsequently passaged twice in ferrets, where the second ferret was inoculated
with blood-free CSF collected from the first. The infectious cDNA clone represents the
consensus sequence of virus isolated from the CSF of the second animal and corresponds
to the sequence of the parental ATCC strain. The growth kinetics of the eGFP-expressing
recombinant SHeH in VerodogSLAMtag cells were similar to the non-recombinant

parental strain (Fig. 1B), and it produced a comparable cytopathic effect (data not shown).

To determine if SHeH had retained the overall virulence and neurotropism of the
parental strain, a group of four ferrets was infected intranasally with 10° 50% tissue
culture infectious doses (TCIDs,) of either SH or SHeH. Onset and severity of clinical
signs were similar in both groups (Fig. 1C), and all animals developed neurological signs.
At least half of the animals displayed nausea and vomiting, suggestive of meningitis,
starting as early as 6 days after infection. Facial spasms or disordered movement
indicative of cerebellar involvement was observed in the majority of animals at later
disease stages. All SH- or SHeH-infected animals succumbed to the disease within 12-16
days after infection, thereby reproducing the clinical course and disease duration seen in
animals infected with the original ATCC virus (data not shown). Macroscopic
examination of the brains at the time of death revealed strong infection of the olfactory
bulb (Fig. ID), and widespread eGFP expression in olfactory nerves and mitral cells was
observed microscopically (Fig 1E). Taken together, these analyses indicate that the

recombinant eGFP-expressing virus reproduces the parental disease phenotype.

71



A
Ll

N _[llevic]l m TTT F [T w_[ecrr][ L I ]
-O- SHcell-associated -@ SH cell-free
{1} SHeH cell-associated - SHeH cell-free General signs SH SHeH
8+ Rash HEEE EIONE
- Fever HEEN NREEN
J Weight loss [HIENC] BECID
EES s
= Neurological signs
8 4 " Ataxia/circling behavior [N BEEE
o Nausea and vomiting [CJLJHN W]
o J Facial spasms [N BEEEC
2 21 Virus in the bran [N HEEN
0 : T T T T
0 1 2 3 4 5

days post infection

72



Fig. 1 Production and characterization of recombinant SH viruses. (A) Schematic diagram
of the SH genome with the eGFP open reading frame introduced as an additional
transcription unit between the hemagglutinin (H) and polymerase (L) genes. (B) Growth
kinetics of the SH parental virus (circles) and its eGFP-expressing derivative SHeH
(squares). VerodogSLAMitag cells were infected with a m.o.i. of 0.01 and samples were
harvested for 5 days. Error bars indicate standard deviations. (C) Clinical scores
observed in ferrets infected with SH or SHeH. Each square represents one animal and the
colour indicates the severity of the respective criteria with black representing the most
severe manifestation, grey a moderate severity, and white no change. (D) Macroscopic
distribution of eGFP expression in the CNS at the time of death, 15 days after infection.
Brain contours are outlined with a white line. (E) Microscopic analysis of eGFP
expression in the olfactory bulb. Nuclei are stained with DAPI. Pictures of cryosections

are taken at a 400x magnification; bar, 50 um.
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CDV neuroinvasion is independent of the inoculation route and does not require

blood-brain barrier damage

Using different eGFP-expressing CDV strains, we have shown previously that the
virus first targets lymphatic tissues and organs and then spreads to epithelia and the CNS
(Rudd et al., 2006; von Messling et al., 2004). However, the anatomical proximity of the
olfactory bulb to the nasal cavities raises the possibility that intranasal inoculation may
lead to direct infection of olfactory neurons, thereby facilitating neuroinvasion. To
investigate the importance of the route of inoculation for CDV neuroinvasion, we
compared disease progression and dissemination in animals infected intraperitoneally or
intranasally with 10° TCID;, of SHeH. All animals showed first signs of rash and fever
around 6 days after infection and had to be euthanized around day 14 (Fig. 2A). Starting
at 7 days after infection, severe leukopenia and inhibition of PBMC proliferation activity
following phytohemagglutinin (PHA) stimulation was observed in both groups (Fig. 2B
and C), and the kinetics of the cell-associated viremia were similar (Fig. 2D). No
differences were noted with respect to overall virus distribution in the brain (data not
shown), and eGFP expression in the olfactory bulbs was first detected macroscopically at

day 14 in the final disease stage (Fig. 2E), regardless of the route of inoculation.

Since it had also been suggested that infection-induced damage of the blood-brain
barrier contributes to neuroinvasion (Axthelm & Krakowka, 1987), we assessed blood-
brain barrier integrity over the course of the infection. Towards this, animals received an
intracardiac injection of Evans blue, which is unable to cross an intact blood-brain barrier
due to its large molecular mass, 45 min before sacrifice at different times after infection.
Diffuse staining of the brain was only observed at the day 14 time point (Fig. 3), when
CNS infection was already macroscopically detectable (Fig. 1D and 2E), and the animals
were showing neurological signs, indicating that CDV neuroinvasion occurs without

severely damaging the blood-brain barrier.
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Fig. 2 Comparison of intranasal and intraperitoneal inoculation. (A) Survival curve of
groups of 4 ferrets infected with 10° TCID,, of SHeH either intranasally (IN) or
intraperitoneally (IP). Animals that reached experimental end points were euthanized. The
time of death is represented by a step down in the graph. (B-D) Leukocyte numbers (B),
in vitro proliferation activity (C), and cell-associated viremia (D) are depicted for both
groups of animals. Time post-infection is indicated on the x-axis, and leukocyte numbers,
proliferation activity, or number of CDV-infected cells per million PBMCs are indicated
on the y-axis. (E) Visualization of olfactory bulb infection. Macroscopic eGFP expression
i1s first detected 14 days after infection regardless of the route of inoculation. Olfactory

bulb contours are outlined by a white line.
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Fig. 3 Assessment of blood-brain barrier integrity over the course of CDV infection.
Animals received a 5 ml intracardiac injection of a 2% (w/v) solution of Evans blue dye
dissolved in 0.9% NaCl 45 min prior to sacrifice and were subsequently perfused with
PBS at various times post infection. As positive control, a non-infected animal was
injected with 10 ml of a 20% mannitol solution intracardially prior to the Evans blue dye.
A non-infected animal that also received the Evans blue injection is shown as negative

control. Ventral and dorsal photographs of the brains are shown.
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SHeH infection results in substantial neuronal damage and gliosis

To assess the kinetics of neuroinvasion and identify target areas, two or three
animals were sacrificed at days 7, 10, and 14 after infection and sagittal brain sections
were stained for the presence of CDV-infected cells. The first infected cells were
detected in the cerebellum and the olfactory bulb after 7 days, and a continuous increase
was observed as the disease progressed (Fig. 4A). Similar infection kinetics were also
observed in the choroid plexus, hippocampus, and brainstem, while only occasional foci
were seen in the cerebrum (data not shown). Within these regions, neurons in general,
but particularly Purkinje and granular cells, were targeted preferentially. Evaluation of the
onset and extent of histopathological changes revealed little infiltration of mononuclear
cells, indicative of an inflammatory response over the course of the infection. Even at the
time of death, only occasional foci were found, mostly in close proximity to highly
infected areas (Fig. 4B). Instead, many infected neurons underwent morphological
changes indicative of severe neuronal injury including acute neuronal necrosis (Fig. 4C),

atrophy (data not shown), and ballooning resembling karyolysis (Fig. 4D).

Neuronophagia was also occasionally observed (data not shown).

To determine whether these infection-induced morphological changes ultimately
resulted in cell death, we focused on the cerebellum, where the first infected Purkinje
cells were found on day 7 (Fig. 4A, top row). A progressive increase of infection and loss
of Purkinje cells were observed, resulting in a 35% reduction and a threefold increase in
distance between neighbouring cells at the time of death (Fig. 4A, top row, and Fig. 5A
and B). TUNEL staining revealed no increase in apoptosis in the different brain areas
over the course of the infection (Fig. 5C), suggesting that the virus-induced cell death

occurs via an alternative mechanism.
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Fig. 4 Immunohistochemical detection of infection levels in cerebellum and olfactory
bulb at different times after infection and associated morphological changes. (A) Two or
three animals were sacrificed on days 7, 10, and 14 after infection and sagittal brain
sections were stained with an N protein-specific mononclonal antibody and
counterstained with hematoxylin. Pictures are taken at 400x magnification; bar, 50 um
(B) Hematoxylin/eosin-stained sections from either a non-infected animal (left panel) or
an animal sacrificed on day 14 post-infection (right panel). Arrow indicates infiltration of
immune cells around cerebral vessels in the cerebellum. Pictures are taken at 20x
magnification. (C and D) Sagittal sections of paraffin-embedded brain tissue were stained
for the presence of CDV nucleoprotein and counterstained with hematoxylin. Pictures are
taken at 1000x magnification; bars, 20 um. Black arrows indicate either (C) necrotic

neurons or (D) a ballooning neuron reminiscent of karyolysis.
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Fig. 5 Infection-associated cell death. (A) Loss of Purkinje cells over the course of the

infection. Paraffin-embedded cerebellum sections from ferrets that were either mock
infected or sacrificed at days 7, 10, and 14 after infection. Slides were stained with
hematoxylin and eosin and photographed at 400x magnification; bar, 50 um. (B)
Quantification of Purkinje cell loss. Ten independent fields of view from at least two
different animals euthanized at the respective time point. The control column represents a
non-infected ferret. (C) TUNEL staining of sagittal sections of cerebellum, brainstem, and
hippocampus of an animal sacrificed 14 days after infection. TUNEL-positive cells are
indicated by red fluorescence, and cell nuclei are counterstained with DAPI. Pictures are

taken at 200x magnification; bar, 50 um.
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Pro-inflammatory cytokines are present in the CNS

CDV causes severe leukopenia, and T and B lymphocytes are one of its main
targets with infection levels over 70% within the first week (von Messling er al., 2004).
It is thus not surprising that few signs of an inflammatory response, such as lymphocyte
infiltration and perivascular cuffing, are seen. To investigate whether the infection results
in local immune activation, we evaluated the extent of gliosis, an indicator of
neuroinflammation, and the presence of activated microglial cells, and of cells expressing
interferon (IFN)-B and pro-inflammatory cytokines. Reactive gliosis, as indicated by an
increase in glial fibrillary acidic protein (GFAP)-positive cells, was detected in areas
surrounding infected cells within the first week and continued as the infection progressed
(Fig.6A). A limited number of activated microglia were found at early infection stages,
but their presence diminished as the infection progressed (Fig. 6B). Similar kinetics were
observed for interleukin-6 (IL-6), whilst a gradual increase of Beta interferon (IFN-B) and
tumor necrosis factor (TNF)-o. expressing cells was seen (Fig. 7), many of which were
infected (Fig. 8, and data not shown). This local TNF-q. expression may contribute to the

breakdown of the blood-brain barrier observed at late infection stages (Fig. 3).
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Fig. 6 Inflammatory response in the hippocampus and brainstem. (A) Extent of gliosis
and infection in the hippocampus over the course of the infection. Astrocytes were stained
using a rabbit antiserum against GFAP, and infected cells were detected using a N
protein-specific monoclonal antibody. All slides were counterstained with hematoxylin.
Pictures are taken at 200x magnification; bar, 50 um (B) Presence of activated
microglia/macrophages in the brainstem was detected with monoclonal antibody
detecting rat Mac-2. Arrows indicate positive cells. Pictures are taken at 400x

magnification; bar, 50 pm.
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Fig. 7 Presence of pro-inflammatory cytokines in the cerebellum. IEN-B (left column),
IL-6 (middle column), and TNF-a (right column) were detected in paraffin sections of the
cerebellum using polyclonal antibodies raised in chicken directed against the respective
ferret cytokine. All slides were counterstained with hematoxylin. Stars highlight positive

cells. Pictures are taken at 400x magnification; bar, 50 um.
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Fig. 8 Co-localization of CDV and IFN-f in the cerebellum. Paraffin sections were

incubated with an antiserum directed against IFN-B raised in rabbits and visualized by
using an Alexa Fluor 568- labeled secondary antibody (red). Infected cells were stained
with a monoclonal antibody recognizing CDV N followed by a Alexa Fluor 488- labeled
secondary antibody (green). Merge images are shown of representative sections from a
non-infected control animal (upper left), and of animals sacrificed on days 7 (upper right),
10 (lower left) and 14 (lower right) post-infection. Images were taken at 400x
magnifications. Inlets show a 1000x magnification of areas defined by rectangles. Nuclei

were stained using 4',6-diamidino-2 phenylindole (DAPI); bars, 20 pm.
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Discussion

In addition to the CNS diseases caused by primarily neurotropic viruses,
neurological complications are associated with a number of viral infections (Acharya &
Pacheco, 2008; Gnann, 2002; Letendre et al., 2009; Whitley & Gnann, 2002). Once these
viruses succeed in invading the CNS, damage caused by the death of infected cells is
often amplified by the local immune response. This immune activation may persist long
after the viral infection has been resolved and may lead to continued neuronal injury and
loss (Stoica et al., 2000), or contribute to neurodegeneration by affecting other CNS cell
populations. As some morbillivirus neurological complications occur in the context of
genetic or acquired immunodeficiencies, whilst others are associated with an excessive
inflammatory response, we investigated the contribution of infection and immune
response to CDV neuropathogenesis during the early infection phase. We show that the
virus targets cells in the olfactory bulb, brainstem, hippocampus, and cerebellum,
regardless of the route of inoculation. Development of neurological signs, especially
motor deficits, correlates with the progressive loss of infected neurons in these areas.
Only a mild transitory inflammatory response is detected at early stages, despite of the
presence of pro-inflammatory cytokines. Even though insufficient in the context of lethal
systemic disease, this local cytokine expression in combination with inflammatory
mediators released upon non-apoptotic death of the infected neurons, may trigger the
aberrant inflammatory response observed in chronic neurological complications

associated with morbillivirus infections.

The inoculation route does not influence morbillivirus dissemination

For many neurotropic viruses, the point of entry in the periphery determines the
time course of neuroinvasion and even the CNS area affected (Anderson & Field, 1983:
Kuss et al., 2008; Sinchaisri et al., 1992). Previous studies have shown that upon
intranasal inoculation, immune cells are the initial morbillivirus targets, followed by
spread to epithelia and the CNS (de Swart e al., 2007; von Messling et al., 2004). In

addition to the well-characterized hematogenous route (Higgins et al., 1982), we
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demonstrated that the olfactory bulb is a main point of morbillivirus CNS entry (Rudd ez
al., 2006). The similar CDV neuroinvasion kinetics observed upon intranasal and
intraperitoneal inoculation indicate that this sequential dissemination constitutes an
integral part of morbillivirus pathogenesis. The most likely explanation for this
phenomenon is that immune cells expressing the morbillivirus high-affinity receptor, the
signaling lymphocyte activation molecule (SLAM, CD150) (Cocks er al., 1995;
Sidorenko & Clark, 2003; Tatsuo e al., 2001), are equally available in the upper
respiratory tract and the peritoneal cavity. The importance of this initial infection of
immune cells has been illustrated by the complete attenuation of SLAM-blind viruses in
vivo (von Messling et al., 2006). Once the infection is established in the immune system,

subsequent spread to epithelia and the CNS is independent of the original site of

inoculation.

Morbilliviruses are unable to prevent local immune activation in the CNS

The immunosuppressive effects of morbilliviruses on immune cells have been
extensively studied in vitro and in vivo. Contact with the viral glycoproteins inhibits
lymphocyte proliferation (Sanchez-Lanier er al., 1988; Schlender et al., 1996), and the V
protein efficiently prevents innate immune activation and induction of an antiviral state
(Caignard et al., 2007; Ohno et al., 2004; Palosaari et al., 2003; Takeuchi et al., 2003).
Lethal disease is characterized by severe leukopenia and a complete lack of cytokine
induction and loss of proliferation capacity in PBMCs (Svitek & von Messling, 2007).
Here we observed an immune activation in resident CNS cells that increased as the
infection progressed, suggesting that the virus is unable to block an innate tissue
response. A similar tissue response in epithelia may explain the apparent dichotomy of
an efficient cellular and humoral antiviral response in the presence of generalized
immunosuppression observed in uncomplicated measles virus MeV and other non-fatal

morbillivirus infections.

89



Distemper encephalomyelitis — an unwanted consequence of early CNS immune

activation?

In the context of viral infections, pro-inflammatory cytokines and chemokines
released upon non-physiological death of infected cells usually result in recruitment of
circulating immune cells that ultimately clear the infection. However, due to the severe
leukopenia associated with morbillivirus infections, only very few immune cells are
available for recruitment to the sites of injury during the acute disease phase, explaining
the general lack of infiltration. Time-course studies and retrospective analyses of natural
cases in dogs indicate that CDV demyelinating leukoencephalomyelitis, which occurs
weeks to years after recovery from the acute disease, involves a two-step process: the
initial damage during the acute disease phase is directly caused by the virus, whereas
plaque progression after the recovery of the immune system is thought to be primarily
immune-mediated (Alldinger ez al., 1996; Baumgartner et al., 1989; Summers & Appel,
1994).  Our observation of widespread death of infected neurons coinciding with
sustained local immune activation in the context of a fatal disease supports this model,
but suggests that the aberrant inflammatory response seen after virus clearance may be

triggered by this early immune activation.
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Materials and Methods

Cells and viruses

VerodogSLAMtag cells and 293 cells (ATCC CRL-1573) were maintained in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen) with 5% fetal bovine serum
(FBS, Invitrogen). The CDV Snyder Hill strain (ATCC VR-526) and all recombinant
viruses produced were propagated in VerodogSLAMtag cells. For plaque purification,
the ATCC inoculum was serially diluted in tenfold steps and added to VerodogSLAMtag
cells seeded in six-well plates. After thirty minutes at 37°C, medium was replaced with a
2% agar overlay, and the plates were incubated for three days. Individual syncytia were

picked, and virus stocks were produced.

Construction and recovery of recombinant viruses

To generate an infectious cDNA clone of the Snyder Hill strain, RNA was isolated
from VerodogSLAMtag cells infected with CSF obtained from the last infected ferret (see
detailed description in the following paragraph) using the RNeasy mini kit (QIAGEN).
The cloning strategy used followed that described previously for other CDV strains (von
Messling et al., 2003). Briefly, the RNA was reverse transcribed using Superscript II
(Invitrogen), and the complete genome was amplified in ten separate fragments using
high-fidelity polymerase (Roche) and subcloned into pCR2.1-TOPO (Invitrogen). At least
four clones of each fragment were sequenced to establish the consensus sequence. The
viral genomic ¢cDNA clone was assembled from fragments corresponding to the
consensus sequence using naturally occurring unique restriction sites, yielding pSH
(GenBank Acc. No. GU138403). The eGFP open reading frame was then introduced as
an additional transcription unit between the H and L genes following the same approach

as for 5804PeH (von Messling er al., 2004), yielding pSHeH.
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Recombinant viruses were recovered using a vaccinia-free system (Anderson &
von Messling, 2008; Martin et al., 2006). Towards this, semi-confluent 293 cells seeded
in six-well plates were transfected with 4 ug of plasmid carrying the full-length genome,
0.5 pug of measles virus (MeV) nucleoprotein (N), 0.1 g of MeV phosphoprotein (P), 0.5
ug of MeV L and 0.7 ug of T7 polymerase expression plasmids using Lipofectamine
2000 (Invitrogen). Two days post transfection, 293 cells were overlayed onto 10 cm
culture dishes containing a confluent monolayer of VerodogSLAMitag cells. The resulting
co-cultures were maintained in DMEM containing 5% FBS until syncytia were observed.
Virus stocks were then produced by transferring individual syncytia onto fresh
VerodogSLAMtag cells. Multi-step growth curves were performed by infecting
VerodogSLAMtag cells with m.o.i. of 0.01 of the respective strain and incubating them at
32°C. Cells and supernatant were harvested for five days, and the virus titers were

determined by limited dilution method and expressed as TCIDx,.

Animal infection, virulence assessment, and imaging

The animal experiments were carried out as described previously (von Messling et
al.,2003) and were approved by the INRS-Institut Armand-Frappier Institutional Animal
Care and Use Committee. Male ferrets (Mustela putorius furo, Marshall Farms) without

antibodies against CDV were used for all experiments.

For the in vivo passages, one ferret was infected intranasally under general
anesthesia (10 mg/kg ketamine, 1 mg/kg midazolam, CDMV) with 3x10* TCID;, of
plaque-purified ATCC Snyder Hill virus. At the onset of severe neurologic signs, 16 days
after infection, the animal was euthanized, and blood-free CSF was harvested. Five
hundred ul CSF corresponding to 5x10° TCID,, was used to intranasally inoculate a
second ferret. This animal succumbed to the infection 12 days after the intranasal
inoculation. The viral RNA isolated from the cerebrospinal fluid of this animal was used

to generate the recombinant Snyder Hill virus.



For pathogenesis assessment, animals were infected intranasally with 10° TCID;,
of the respective viruses and monitored daily for signs of disease, temperature, and body
weight loss. Blood was collected at various time points from the jugular vein under
general anesthesia. A grading system was established to evaluate the severity of clinical
signs. Animals that failed to eat for more than 48 h, experienced weight loss of more than
15%, became severely dehydrated, developed CNS signs, including circling behavior,
paralysis, or focal or generalized seizures, displayed any other important reduction in
functional status such as severe pneumonia and/or diarrhea, or became moribund before
the end of the protocol were euthanized with an overdose of pentobarbital (CDMV). The
Macro-Illumination imaging system (Lightools) was used to observe eGFP expression in

organs (von Messling et al., 2004).

Assessment of immunosuppressive activity

For the total white blood cell count, 10 1 of heparinized blood was added to 990
pl of a 3% solution of acetic acid, and nucleated cells were counted. The proliferation
activity was determined using the 5-bromo-2'-deoxyuridine (BrdU) cell proliferation
assay (Roche) according to the manufacturer's instructions. Briefly, the PBMCs from
each animal isolated by Ficoll (GE Healthcare) gradient centrifugation were split into two
duplicates and either stimulated with 2 yg/ml phytohemagglutinin (PHA, Sigma) or left
untreated. After 24 h incubation, BrdU was added to a final concentration of 10 M, and
cells were incubated for another 24 h. Cells were then transferred into a black 96-well
plate, washed, and fixed at 65 °C for 1 h. BrdU incorporation was detected using a
peroxidase-coupled anti-BrdU antibody and a chemiluminescent substrate. The
proliferation activity was expressed as a ratio between stimulated and non-stimulated
cells, allowing for comparison of samples that differ in absolute cell numbers due to the
virus-induced leukopenia. Cell-associated viremia was quantified in PBMCs isolated by
lysing erythrocytes in EDTA-treated blood in ACK lysis buffer (150 mM NH,CI, 10 mM
KHCO;, 001 mM EDTA, pH 7.2 to 7.4), and co-cultivated with VerodogSLAMitag cells
in quadruplicates of 10-fold serial dilutions. Wells were evaluated for cytopathic effect

after 3 days, and titers were expressed as 50% TCIDs, per 10° cells.
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Assessment of blood-brain barrier integrity

Animals were anesthetized and injected intracardially with 5 ml of a 2% (w/v)
Evans blue (Sigma) solution diluted in 0.9% NaCl. Forty-five min later, animals were
euthanized and perfused with phosphate-buffered saline (PBS, Invitrogen) until the
drainage was colorless. For the positive control, the animal was first injected
intracardially with 10 ml of a 20% mannitol solution, followed by the Evans blue
injection. Ventral and dorsal views of the brains were imaged under normal light using

the Macro-Illumination imaging system (Lightools, Encinitas, CA).

Preparation of antigens and production of polyclonal antibodies

To produce purified proteins, ferret cytokines were amplified as described
previously (Svitek & von Messling, 2007). PCR products were cloned into the pET32a
vector (Novagen), confirmed by sequencing, and transformed into Escherichia coli BL.21
(DE3) competent cells (Novagen) for expression. Proteins were then purified by
electropheresis and extracted using 0.1% SDS. Antigenic sequences were chosen by the
Jameson-Wolf index, yielding the following peptides: IFN-8,
CLKDRMNFKIPEEIQKSQK; IL-6, CGDSKDDATSNRPPLTSAD; and TNF-q,
CVKSSSRTPSDKPV. Rabbit and chicken antisera were raised against either purified
bacterial proteins or synthetic peptides, respectively, following the standard protocol

(Cocalico Biologicals).

Cryosections and immunohistochemistry

Animals were euthanized with an overdose of intraperitoneal pentobarbital
(CDMV). Each animal was perfused first with 160 ml PBS (Invitrogen), followed by 80
ml of 4% paraformaldehyde (PFA, Electron Microscopy Sciences). Tissues were
harvested, fixed in 4% PFA for at least 24 h at 4°C, and stored in PBS. Prior to
sectioning, samples were placed in 30% sucrose in PBS overnight at 4°C, immersed in

tissue embedding compound (Triangle Biomedical Sciences), and frozen on dry ice for at
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least 1 h. Serial 5- to 10-um sections were cut using a cryostat (Kryostat 1720 digital;
Leitz) and mounted on Superfrost Plus slides (Fisher Scientific), air dried, and stored at —
20°C. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI), and coverslips
were mounted with Prolong Gold antifade reagent (Invitrogen) and left to harden

overnight at 4°C.

For immunohistochemistry staining, paraffin sections were deparaffinized and
rehydrated following standard immunohistochemistry protocols. Endogenous peroxidase
was quenched with 0.3% H,0, in PBS for 12 min. For GFAP staining, the slides were
incubated in 10 mM sodium citrate (pH 6) solution (Fisher Scientific) and microwaved
for 15 min before being transferred into PBS. After blocking with a 1/50 dilution of horse
serum in PBS, the respective primary antibody, rabbit-anti GFAP (DAKOQ), mouse ascitic
fluid against rat Mac-2 (kind gift from Dr. Pierre Talbot, INRS-Institut Armand-
Frappier), mouse monoclonal antibody against the CDV N protein (VMRD), or the
chicken hyperimmune serum against the respective ferret cytokine, was added for 1 h at
room temperature, followed by incubation with an appropriate biotinylated secondary
antibody, and subsequently peroxidase-labeled streptavidin (Vector laboratories), each for
45 min at room temperature. Positive cells were visualized using 3,3’-diaminobenzidine
(DAB) substrate (Sigma), and slides were counterstained in hematoxylin. For
hematoxylin/eosin staining, paraffin-embedded sections were incubated for 30 min in
xylene and then rehydrated prior to staining for 5 min in Harris' hematoxylin solution
(EMD Industries, Gibbstown, NJ). Sections were rinsed in double-distilled H,0, dipped
in a 0.3% ammonia solution, and counterstained with acidified eosin Y (Sigma). Slides
were dehydrated, mounted in Entellan mounting medium (EMD Industries) and air-dried

overnight.

For double-staining, slides were first incubated with the rabbit hyperimmune
serum against the respective cytokine, followed by an Alexa Fluor 568-labeled secondary
antibody (Invitrogen), and then stained for CDV using the N protein-specific monoclonal

antibody, followed by a biotinylated secondary antibody and Alexa Fluor 488-labeled
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streptavidin. Nuclei were counterstained with DAPI, and coverslips were mounted with

Prolong Gold antifade reagent (Invitrogen) and left to harden overnight at 4°C.

TUNEL assay

The extent of apoptosis in the tissue was determined by TUNEL assay, using the
In situ cell death detection kit, POD (Roche) according to manufacturer’s instructions.
Briefly, 5 pum thick paraffin embedded sections were deparaffinized and rehydrated
following standard immunohistochemistry protocols. Slides were then permeabilized
using 0.1% sodium citrate and 0.1% Triton X-100 dissolved in water for 8 min at room
temperature, rinsed twice in PBS, and incubated with the TUNEL reaction mixture for 1 h
at 37°C. Slides were washed twice with PBS and counterstained with DAPI. The positive
control was obtained by treating slides with 0.5 U deoxyribonuclease 1 (Fermentas) for 10
min at room temperature before adding the TUNEL reaction mixture. All slides were

analyzed by fluorescence microscopy.
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Abstract

Canine distemper virus (CDV), though not a primary neurotropic virus, frequently
causes central nervous system (CNS) complications. CDV enters the CNS at late disease
stages by hematogenous and olfactory routes, and preferentially targets neurons and glial
cells. To investigate the mechanisms involved in transneuronal spread within the CNS we
established and characterized primary cultures of ferret neurons. Within the first week of
seeding, over 90% of cells were neurons, and we observed that the culture was fully
permissive to CDV infection. Replication and dissemination was however slower than in
SLAM expressing cells, thereby mimicking in vivo dissemination pattern. CDV spread in
these cultures required cell-to-cell contact, suggesting that CDV propagates
transneuronally. Analysis in a multi-chamber system revealed that CDV disseminated
both retro- and anterogradely along communicating neurons, which may play an
important role in CDV neuropathogenesis. Taken together, this new in vitro model will be

useful for further studying mechanisms involved in transneuronal spread.
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Introduction

Dissemination along communicating neurons represents an important propagation
mechanism for viruses in the central nervous system (CNS), thereby contributing to
pathogenesis. This form of spread has been extensively characterized for a wide variety of
neurotropic viruses (Card et al., 1993; Finke and Conzelmann, 2005; Mettenleiter, 2003),
as well as for viruses that are not predominantly neurotropic but frequently enter the CNS
as a consequence of a primary infection (Diamond, 2009; Grose, 2004; Ivey et al., 2009;
Samuel et al., 2007). Members of the Paramyxoviridae family only occasionally infect
the CNS, and the role of transneuronal dissemination in neuropathogenesis remains

unkown (Johnson, 1987; Summers and Appel, 1994; Weingartl et al., 2005).

Within the Morbillivirus genus, canine distemper virus (CDV) causes the highest
incidence of CNS involvement with up to 30% of all acute cases resulting in various
types of encephalopathies (Appel and Summers, 1995; Summers et al., 1984). Most
morbillivirus-associated CNS complications occur at later disease stages after widespread
infection of lymphatic and epithelial tissues (Bonami et al., 2007; Rudd et al., 2006;
Schneider-Schaulies et al., 2003). In ferrets, CDV gains access to the CNS by
disseminating along the olfactory signaling route (Rudd et al., 2006) suggesting that CDV
spreads along communicating neurons. Furthermore, in vitro studies in primary cultures
of neurons revealed that measles virus (MeV) dissemination in the CNS depends on cell
contact. Viral nucleocapsids are found in axons and at presynaptic membranes, indicative
of cell-to-cell transmission (Lawrence et al., 2000). This has been confirmed using rat
organotypic hippocampal slices as well as other in vitro models, where neuron-to-neuron
spread was directly observed (Ehrengruber et al., 2002; Ludlow et al., 2005; McQuaid et
al., 1998; Weingartl et al., 2005).
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To investigate the mechanisms of morbillivirus transneuronal spread in more
detail, we established an in vitro model based on the infection of primary cultures of
ferret neurons with a neurovirulent CDV strain. We first determined the proportion of
neurons and overall viability of our cultures. Next, we examined the replication efficiency
of CDV in neurons, and examined whether CDV dissemination is cell-contact dependent.
Finally, directional dissemination of CDV was investigated using a modified Campenot

chamber system.
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Results

Characterization of primary cultures of ferret neurons

To investigate CDV neuronal transport, we established primary culture of ferret
neuron. Towards this, we harvested fetuses from pregnant jills at a gestational age of 39
days. Fetal brains were collected and meninges, cerebella and brain stems were discarded,
while cortices and olfactory bulbs were physically and chemically dissociated to yield a
single-cell suspension. Following Percoll gradient purification, cells were seeded in tissue
culture dishes previously coated with poly-DL-ornithine and natural mouse laminin.
Neuronal processes start to develop as early as 24 hours post-plating, and clear neurite
outgrowth and the formation of neural connections were observed after three days (Fig.
1A, left panel). These connections increased over time and resulted in the formation of

complex neuronal networks by day 7 post-plating (Fig. 1A, right panel).

To assess the overall viability, the cultures were incubated with an ethidium
bromide/acridine orange solution at various times post-seeding. Ethidium bromide stains
DNA orange but is excluded from live cells, whereas acridine orange is cell-permeable
and stains live cells green. To calculate the percentage of viable cells, six fields of view
were counted for each time point. Three days after seeding, more than 87% of all cells
were alive (Fig. 1B and C), and the viability remained stable for at least 7 days (Fig. 1B
and C). Even after 28 days in culture, a large proportion of cells were still viable (Fig.
1B). Among the viable cells, 95% stained positive for the neuronal marker Nissl on days
3 and 7 post-seeding, and the remaining cells were identified as glial cells (Fig. 2A and
B). After 14 days, the proportion of glial cells began to increase due to their ability to

proliferate (data not shown).
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Fig. 1 Isolation and primary culture of ferret neurons. (A) Phase contrast images of
primary cultures of neurons on day 3 (left panel) or 7 (right panel) post-plating. (B)
Viability of the cell culture was assessed on day 3 (first row) and 7 (second row) using an
ethidium bromide/acridine orange solution. Dead cells are seen in the first column, live
cells are seen in the second column and merge images are shown in the last column. All
pictures were taken at 200x magnification. (C) Percent viability was quantified by
counting ethidium bromide and acridine orange positive cells in six independent fields of

view per time point. Error bars represent the standard deviation (SD).
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Fig. 2 Characterization of a primary culture of mixed brain cells. (A) Identification of cell
types present in the cultures. Brain cells were grown in Lab-Tek II chamber slides and on
days 3 (first two rows) and 7 (bottom two rows) post-plating, cells were fixed with 4%
paraformaldehyde (PFA) and stained with of NeuroTrace Fluorescent Nissl 530/615 or
with a polyclonal glial fibrillary acidic protein (GFAP) antibody (first column). Cells
were counterstained using 4', 6-diamidino-2-phenylindole (DAPI) (second column),
washed and mounted using ProLong Gold antifade reagent. Merge images are shown (last
column). Pictures were taken at 200x magnification. (B) Quantification of the proportion
of the two main cell types present in the primary culture. Nissl- and GFAP-positive cells

were counted in six independent fields of view per time point. Error bars represent SD.
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CDY causes a productive infection in neuron cultures

To determine the optimal experimental conditions, cultures were infected with the
eGFP-expressing CDV strain Snyder Hill (SHeH) with multiplicities of infection (m.o.i.)
ranging between 0.1 and 5 at various times post-seeding. Efficient infection was observed
as soon as neuronal processes form, starting 24 h after isolation of the cells (data not
shown). Cells were infected between 3 and 7 days after isolation for all further studies.
Small infected foci were first detected after 2 days (data not shown), and overall infection
levels gradually increased until after around 10 days post-infection, when most of the
cells were infected (Fig. 3B). Even after 18 days of infection, cell cultures were largely

morphologically unaffected (Fig. 3A).

To investigate the efficiency of CDV replication in neurons, kinetics of released
and cell-associated virus production were performed. Cell-associated titers in neuron
cultures were consistently hundred-fold higher than those of released particles (Fig. 3B),
similar to VerodogSLAMtag cells, which express the high affinity receptor SLAM. Even
though the growth kinetic in neuron cultures were two times slower than in
VerodogSLAMtag cells, similar particle release ratios were observed, demonstrating that

the neuron cultures support efficient CDV replication (Fig. 3C).

CDYV dissemination is dependent on cell contact

To determine if CDV dissemination in neurons is dependent upon cell-cell
contact, images of the same area were taken on days 3, 4 and 8 post-infection and the
distribution of eGFP expression was assessed. Spread of eGFP to cells in close proximity
to the original focus was observed, indicating that CDV propagates along neuronal
processes (Fig. 4A). Analysis of the same region at higher magnification revealed that the
only cells that are infected are in direct contact with each other or are part of a neural cell

cluster (Fig. 4B).
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Fig. 3 Infection efficiency of primary brain cell cultures over the course of CDV
infection. (A) Cell cultures were infected at 3 days post-plating with a multiplicity of
infection (m.o.i.) of 0.1 of the eGFP-expressing CDV Snyder Hill strain (SHeH). Phase
contrast images were taken of a representative field of view (top row) and eGFP
expression levels are shown (bottom row) on days 4, 7 and 18 post-infection. Photos were
taken at 200x magnification. (B) Multi-step growth curves were performed by infecting
cells with SHeH at a m.o.i. of 0.1. Cells and supernatant were harvested every second day
for 12 days for neurons, and every day for five days in VerodogSLAMtag cells. Virus
titers were determined by limited dilution method and expressed as TCIDso. Dashed lines
represent maximal viral titers obtained in neurons and error bars indicate SD. (C) The
ratio of released to cell-associated infectivity was calculated by dividing the titers of cell-
free virus found in the supernatant by the titers of cell-associated virus. All titers were
determined by limited dilution method after viral kinetics. Each time point represents
triplicates and error bars indicate standard deviation. Days post-infection are indicated on

the x-axis and ratios of viral release are indicated on the y-axis.
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Fig. 4 CDV dissemination is cell-contact dependent. (A) Fluorescent images and
fluorescent and phase contrast merged images are shown of the same region of SHeH
infected neuron cultures on either day 3 (left), 4 (middle) or 8 (right) post-infection.
Newly expressing eGFP neurons are only found within close proximity to previously
infected cells or within a neural cluster. Images are shown at 200x magnifications. (B)

Magnification of images eGFP expressing regions for days 3, 4 and 8 post-infection.
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CDY spreads along neuronal processes in anterograde and retrograde directions

To investigate if CDV disseminates directionally along neuronal processes, a
compartmentalized neuronal culture system, similar to the one used to characterize the
spread of pseudorabies virus (Ch'ng and Enquist, 2005) was used (Fig. 5). Briefly, tissue
culture dishes are etched with a pin rake and coated with poly-DL-ornithine and natural
mouse laminin, and a Teflon ring is attached to the dish using silicone grease (Dow
Corning). Immediately after assembly, chambers are tested for leakiness, and infected and
non-infected VerodogSLAMtag cells were seeded in neighbouring chambers to assure

that virus could not transfer between compartments (data not shown).

To determine if CDV can spread retrogradely from VerodogSLAMtag cells to a
neuronal cell body via neurites, primary cultures of ferret neurons were seeded in the
right compartment. Once neurites were sufficiently developed and had crossed over to the
left chamber, infected VerodogSLAMrtag cells were added to that chamber and overlaid
with methylcellulose. Infected neurons were detected as early as three days later (Fig.
6A). We next examined if CDV can also disseminate anterogradely from infected neurons
towards VerodogSLAMtag cells, neurons were seeded in the left compartment and
infected once neurites had fully developed and crossed over to the right chamber.
VerodogSLAMitag cells were added to the B chamber and overlaid with methylcellulose.
Infected VerodogSLAMitag cells were observed 3 days later after widespread infection of

neurons (Fig. 6B).
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Fig. 5 Modified Campenot chamber system. (A) Diagram representing the chamber
system including the etched grooves, Teflon ring, neurons and directional neurite
outgrowth towards the adjacent chamber. (B) Phase contrast images of the multi-chamber
set-up consisting of the A chamber (left) and the B chamber (right). In the middle area is
the junction in the Teflon ring that physically separates the two chambers as well as the
silicon grease used to hold the ring to the dish and add an extra barrier. The image shown
is at 40x magnification. (C) Photo of the A chamber after primary cultures have been
seeded for 12 days and extensive neuronal networks have developed. Picture was taken at

a 200x magnification.
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Fig. 6 Bi-directional spread of CDV in neurons. (A) Chambers were prepared as
described in material and methods and retrograde CDV trafficking from SLAM-positive
cells to a neuronal cell bodies via neurites was examined. Towards this, primary cultures
of ferret neurons were seeded in the B compartment, and once neurites were sufficiently
developed and crossed over to the adjacent chamber, around 10 days, VerodogSLAMtag
cells were infected with SHeH at an m.o.i. of 1 and seeded in the A chamber.
VerodogSLAMtag cells were overlaid with media containing 1% methylcellulose. (B)
Anterograde CDV transport was examined by plating neurons in the left compartment.
Once neurites had fully developed, cultures were infected with an m.o.i. of 1.
VerodogSLLAMtag cells were added to the right chamber and overlaid with media
containing 1% methylcellulose. Pictures were taken 3 days after seeding of the

VerodogSLLAMtag cells, and 200x magnifications are shown.
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Discussion

Although morbilliviruses are not primarily neurotropic, CNS complications are
not uncommon (Appel, 1969; Schneider-Schaulies et al., 2003; Summers et al., 1984).
However, the mechanisms involved in morbillivirus dissemination to and within the CNS
remain poorly understood. Neuron cultures have long been used to gain insight in
molecular and cellular mechanisms involved in CNS diseases. Primary cultures of brain
cells are usually produced from embryonic or juvenile animals and are often isolated from
cortex, olfactory bulb or spinal cord (Barnett and Roskams, 2008; Hilgenberg and Smith,
2007; Wiese et al.). In a previous study, we reported that CDV CNS invasion occurs via
the olfactory signaling route, suggesting that neurons may be responsible for transporting
the virus into and within the CNS (Rudd et al., 2006). To investigate if the virus
disseminates along neuronal pathways, we established primary cultures of ferret neurons

and characterized their susceptibility to infection and viral spread.

Ferret neurons fully support CDV replication

The permissiveness of primary CNS cell cultures to morbillivirus infection is
controversial. In MeV-infected neuron cultures from transgenic mice, no virus release
was observed (Lawrence et al., 2000; Rall et al., 1997). In contrast, canine astrocyte and
microglia cultures supported a productive CDV infection (Vandevelde and Zurbriggen,
2005; Vandevelde et al., 1985), and here we show that CDV replicates efficiently in ferret
primary neuron cultures. The observed discrepancy may be due to the fact that mice and
rats are not susceptible to morbillivirus infections, and that rodent cell lines generally do
not support morbillivirus replication (Niewiesk et al., 1997). The detection of maximum
viral titers at a slower kinetic than in a SLAM-expressing cell line, reproduces the
dissemination kinetics seen in vivo, where SLAM-expressing lymphocytes are infected
initially, followed by spread to epithelial cells and subsequently neurons (de Swart et al.,
2007; Rudd et al., 2006; von Messling et al., 2004).
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CDYV Disseminates along neuronal signaling pathways

Consistent with other studies of morbillivirus infection of CNS cells, we found
that cell contact is required to allow dissemination within the culture (Ehrengruber et al.,
2002; Lawrence et al., 2000; Zurbriggen et al., 1995). In fact, viral spread was limited to
cells that appeared to be in direct contact via their processes, and investigations are
ongoing to determine whether CDV dissemination involves passage through synapses like
it has been suggested for MeV (Allen et al., 1996; Makhortova et al., 2007). In infected
neurons, we found that CDV disseminated retro- and anterogradely. This is in agreement
with studies of herpes and West Nile virus, which also disseminate efficiently across
communicating neurons (Samuel et al., 2007; Smith et al., 2001) and likely applies to
most neurotropic viruses. Our findings thus support the morbillivirus macroscopic and
histologic observations of morbillivirus dissemination along neuronal signaling pathways
(Ehrengruber et al., 2002; Urbanska et al., 1997).
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Materials and methods

Cells and virus strains

VerodogSLAMtag cells were maintained in Dulbecco's modified Eagle's medium
(DMEM, Invitrogen) with 5% fetal bovine serum (FBS, Invitrogen). The recombinant e-
GFP expressing CDV Snyder Hill strain used was (Rudd et al., 2010) propagated in
VerodogSLAMtag cells.

Preparation of culture dishes

Culture dishes were coated with 500 ug/mL poly-DL-ornithine (Sigma Aldrich)
solution diluted in 0.1 M borate buffer (boric acid, pH 8.3) one day before the
experiment. Four to five hours prior to the harvest of the brain, dishes were washed three
times with tissue culture grade water (Invitrogen) and 10 pg/mL of natural mouse laminin
(Invitrogen) diluted in CMF Saline G buffer (6.1 mM glucose, 5.3 mM KCl, 136.9 mM
NaCl, 1.1 mM K,HPO4, 1.08 mM Na,PO,, pH 7.4) was added. Before plating, all dishes

were washed twice with CMF Saline G buffer and air-dried.

Primary brain cell cultures

Primary neuron cultures were established from ferret fetuses harvested on
gestational day 39. Briefly, c-sections were performed on healthy jills and embryos were
collected, rinsed thoroughly in embryo transportation buffer (ETB) (Hank's Buffered Salt
Solution (HBSS), 2.5 mM HEPES (Invitrogen), 35 mM glucose (Sigma), 4 mM
NaHCO;) and decapitated. Meninges, brain stems, cerebella were discarded and
remaining cortices and olfactory bulbs were washed three times with HBSS (Invitrogen).
After the final wash, all but 1 mL of buffer was removed. Brains were then cut into very
fine pieces and then gently passed through a 40 um cell strainer (BD Falcon) with a
syringe plunger (Falcon). Extra buffer was added to allow remaining cells to be passed

through. After one wash with HBSS, cells were digested using digestion solution (HBSS
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without Mg2+ or Ca2+ (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 10 mM
HEPES, 3% BSA, 1.2 mM MgSO,, 40 pg/mL deoxyribonuclease I (Sigma), 250 pg/mL
TPCK-trypsin (Sigma) about 15 min at 37°C in a water bath with continuous shaking.
Then neutralization buffer was added (HBSS without Mg2+ or Ca2+, 1 mM sodium
pyruvate, 10 mM HEPES, 3% BSA, 0.2 mM MgSO,, 6,8 ug/mL deoxyribonuclease I, 1
mg/mL trypsin inhibitor (Invitrogen)) to stop the reaction by gently inverting the tube for
3 min at room temperature before centrifuging for 5 min at 800 g. Remaining non-
digested material was resuspended in 1 mL of HBSS and gently triturated using three
different sizes of fire-polished Pasteur pipettes, starting with the larger size. Cells were
washed twice, resuspended in 3 mL of HBSS + 0.3% BSA, and underlayed below a
Percoll (GE Healthcare) gradient consisting of 100%, 60% and 35% Percoll in HBSS.
After centrifugation at 1850 g for 30 min., cells were collected, resuspended in neuron
culture medium (neurobasal medium (Invitrogen), 2% B27 supplement (Invitrogen), 0.5
mM Glutamax (Invitrogen), 25 uM glutamic acid (Invitrogen) and plated as needed. The
neuron culture medium was replaced every 2 to 3 days. To prevent contamination, all
buffers contained 1% penicillin/streptomycin. All experimental protocols related to
animal use were approved by the INRS-Institut Armand-Frappier Institutional Animal
Care and Use Committee. All pictures of cell cultures were taken using an Eclipse

TE2000-U model compound microscope with a DXM1200F digital camera (Nikon).

Cell viability assay

Cell viability was determined by using a solution of 25.36 uM ethidium bromide
and 11.3 uM acridine in PBS. Cells were visualized immediately using an Eclipse

TE2000-U model compound microscope with a DXM1200F digital camera (Nikon).

Nissl and Glial Fibrillary Acidic Protein (GFAP) staining

Cells were grown in Lab-Tek Il chamber slides (Nalge Nunc International). On
days 3, 7, 10, 14 and 28 post-plating, cells were washed twice with PBS and fixed with

4% paraformaldehyde for 10 min at room temperature, and permeabilized with 0.1%
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Triton X-100 (diluted in PBS) for 10 min on ice. For Nissl staining, protocol followed
manufacturer’s instructions. Briefly, a 1/300 dilution of NeuroTrace Fluorescent Nissl
530/615 stain (Invitrogen) was added to appropriate chambers and incubated for 1 h.
Cells were washed twice with PBS plus 0.1% Triton X-100, twice with PBS and a final 2
h wash. Cells were counterstained with 4', 6-diamidino-2-phenylindole (DAPI), and
mounted using ProLong Gold antifade reagent (Invitrogen). For GFAP staining, non-
specific background was eliminated by blocking slides for 60 min using normal horse
serum (Invitrogen). Next, a a-GFAPrabbit antiserum (DAKO) was added and incubated
for 1 h at RT, followed by 1 h incubation with the appropriate Alexa Fluor 568-
conjugated secondary antibody (Invitrogen). Cells were counterstained with DAPI and

mounted using ProLong Gold antifade reagent.

Viral kinetics

Multi-step growth curves were performed by infecting either VerodogSLAMtag
cells or primary cultures of mixed brain cells with a m.o.i. of 0.1 of SHeH and incubating
them at 32°C. Cells and supernatant were harvested daily for five days or every second
day for 12 days, and the virus titers were determined by limited dilution method and

expressed as 50% tissue culture infection doses (TCIDsy).

Chamber culture system

The chamber system was adapted from (Ch'ng and Enquist, 2005). Briefly, all
Teflon rings were purchased from Tyler Research (Alberta, Canada) and were sterilized
prior to use. 35 mm tissue culture dishes were coated as described above. We used a
silicone grease (Dow Corning) loaded syringe attached to a p200 truncated tip to apply a
thin, continuous strip of silicone grease over the entire bottom surface of the Teflon ring.
A 50 pl drop of neuron medium (neurobasal medium, 2% B27 supplement, 0.5 mM
Glutamax, and 1% penicillin/streptomycin, containing 1% methylcellulose (serum free)
was placed in the center of each tissue culture dish covering the etched grooves. This step

prevented the seal from being entirely devoid of moisture, which is needed for axon
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penetration. Finally, the silicone grease-coated ring was gently seated on the tissue culture
dish such that the etched grooves spanned all compartments, forming a watertight seal
between each side. Neuron medium was then placed in both compartments immediately

after chambers were assembled and tested for leakiness.
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CHAPTER 3

DISCUSSION



1. Overview

The work accomplished during my thesis has contributed to the general
understanding of morbillivirus CNS invasion and pathogenesis. Using canine distemper
virus in ferrets as a model system, I demonstrated that morbilliviruses and perhaps also
other neurotropic paramyxoviruses can enter the CNS by two separate pathways: the
hematogenous and the olfactory route. I also showed, in collaboration with Frangois
Bonami, that disease duration is an important factor for neurovirulence. We demonstrated
that prolonged infection is required for CDV to reach and damage the CNS regardless of
the route of inoculation. I then showed that in the context of acute encephalitis, CNS
damage is mediated by a two-step process: first, CDV directly infects neurons and causes
substantial neuronal loss, which in turn activates local immune responses such as gliosis,
microglia activation and production of pro-inflammatory cytokines. If the infected
individual does not succumb to the disease during the acute phase, this local immune
activation may contribute to the cell death and demyelination observed in late onset CNS
complications. My findings thus support the hypothesis that there is a dynamic interplay
between viral infection and host response. The neurotropic potential of all morbilliviruses
is likely similar, however the overall host response will determine not only the final
disease outcome but also the onset and extent of encephalopathy. My most recent work
provides strong evidence that once the virus has reached the CNS it travels efficiently
along communicating neurons in a bi-directional manner. This ability is common among
neurotropic viruses and allows a swift and efficient dissemination throughout the CNS,

thereby contributing to pathogenesis while possibly evading the immune system.
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2. CNS Entry: Lessons Learned from CDV

Olfactory neurons are the only type of neurons able to regenerate from basal cells
after being damaged. Each cell can serve as a receptor and acts as a first-order neuron
since their axon projects directly from the nasal cavity into the brain without an
intervening synapse (Kocsis et al., 2009). Olfactory neurons have direct exposure to the
external environment, and many neurotropic viruses have been shown to access the brain
via the olfactory route (Table 1). It is not surprising that many viruses associated with
dissemination along the olfactory pathway also cause respiratory infections. In fact, viral
upper respiratory infections are one of the most common causes for hyposmia or anosmia
(Doty, 2009). The nasal cavity thus represents a natural portal of entry for these viruses,

and prolonged contact and on-site replication likely facilitate olfactory neuron infection.

We found that CDV uses two routes of entry into the CNS: the previously
described hematogenous route (Rima et al., 1991) and the olfactory route via olfactory
nerves (Rudd et al., 2006). Since CDV infection in ferrets reproduces the key aspects of
morbillivirus infections in other hosts, we speculate that our finding may apply to all
morbilliviruses and could perhaps even represent a general paramyxovirus neuroinvasion

mechanism.

Following our publication reporting CDV CNS entry via the olfactory signaling
pathway, Techangamsuwan et al. investigated the ability of CDV to infect olfactory
ensheathing cells (OECs) and determined their response to infection. OECs surround
bundles of olfactory nerves and are found between olfactory mucosa and bulb, and are
important for axonal guidance and may have immunoregulatory or antigen-presenting
roles (Doucette, 1990; Wewetzer et al., 2005). They observed that primary cultures of
canine OECs and Schwann cells were susceptible to CDV infection, and that the extent of
infection was strain-dependent (Techangamsuwan et al., 2009). These data thus support

our finding that the olfactory pathway plays an important role in CDV neuroinvasion.
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Furthermore, Nipah virus, a member of the paramyxovirus family, causes a
primarily respiratory illness and widespread infection of the respiratory tract in pigs
(Middleton et al., 2002). Consequently, virus is found within the nasal cavity where it
replicates following natural infection. Intranasal inoculation of Nipah virus in pigs
resulted in the detection of viral antigen in several cranial nerves, particularly the
olfactory nerve and in the olfactory bulb shortly after exposure, demonstrating once again
the importance of the olfactory pathway for CNS infection (Weingartl et al., 2005). In
addition, entry via the olfactory bulb has also been demonstrated for Sendai and La
Piedad Michoacan virus, which are also members of the Paramyxoviridae family that
cause massive respiratory epithelial infection (Allan et al., 1996; Mori et al., 1995). In the
case of other neurotropic paramyxoviruses such as phocine distemper virus, dolphin and
porpoise morbillivirus, and Newcastle disease virus, the route of CNS invasion has not
been investigated in detail (Brown et al., 1999; Griot et al., 2003), but our findings
suggest that the possibility of entry via the olfactory bulb should be considered in future

studies.
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Species Method of Receptor Cell Transneuronal
Application Incorporation  Transport

Adeno (recombinant) Rat Intranasal Yes Yes
Aujeszky’s disease
(peudorabies) Pig Intranasal Yes Yes
Borna disease Rat Intranasal Yes Yes
Bovine herpes Goat Intranasal Yes Unknown
Canine distemper Ferret Intranasal Yes Yes
Ectromelia Mouse  Intranasal Yes Yes
Equine herpes Pig Intranasal Yes Yes
Hepatitis Mouse  Intranasal Yes Yes
Herpes simplex Rat Intranasal Yes Yes
Mouse  Corneal Yes Yes
Mouse  Facial skin Yes Limited
Influenza A Mouse  Intranasal Yes Yes
Poliomyelitis Primate  Intranasal Yes Yes
Rabies Mouse  Intranasal Yes Yes
St. Louis encephalitis Hamster Intraperitoneal Yes Yes
Sendai Mouse  Intranasal Yes Limited
Semliki forest Mouse  Intranasal Yes Age dependent
Venezuelan equine
encephalitis virus Mouse  Subcutaneous Yes Yes
Vesicular stomatitis
virus Mouse  Intranasal Yes Yes

Table 1. Viruses capable of infecting the olfactory pathway. Examples of viruses known
to infect olfactory receptor cells from the nasal cavity and, in some cases, to transmit

transneuronally to other brain regions (Modified from Doty, 2008).
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3. Importance of Virus-Host Interactions

3.1 Acute and Chronic Encephalitis

The uninfected CNS lacks immunological activity. Endothelial cells express low
levels of adhesion molecules, which promote interaction with circulating leukocytes, and
microglia cells are maintained in a quiescent state through interactions with healthy
neurons. Furthermore, the presence of neurotrophins reduces MHC II expression on
microglia cells (Neumann et al., 1998). The production of TGF-B by neurons and
astrocytes also contributes to maintaining an immunologically inert environment by
suppressing the activation of endothelial and other cells (Johnson et al., 1992). Once the
CNS becomes infected, swift changes occur to protect resident cells. Among the first
events observed is the induction of type I interferon, which is important for host survival.
It has been shown that mice lacking the IFN a/f receptor are more likely to succumb to
CNS disease when infected with neurotropic viruses like Sindbis or Theiler’s murine
encephalomyelitis virus (Byrnes et al., 2000; Ryman et al., 2000). In contrast, rapid
production of type I interferons after CNS infection is associated with reduction in virus

spread and replication before activating the adaptive immune response (Griffin, 2003).

In response to damage or stress, neurons secrete multiple factors, which have not
all been identified but include IFN-, IFN-y, IL-6, fractalkine (CX3CL1) and secondary
lymphoid tissue chemokine (CCL21) (Harrison et al., 1998; Neumann et al., 1997;
Rappert et al., 2002). Macrophages and glial cells express the CX3CL1 receptor and thus
become activated very early during neuronal infection. They in turn produce a number of
proinflammatory cytokines and chemokines including IL-1, IL-6, IL-12, TNF-a,, MIP-1§,
monocyte chemoattractant protein 1 (MCP1), MCP3, RANTES and IP-10 (Griffin, 2003).
The production of these factors generally leads to an up-regulation of MHC molecules,

which affects local homeostasis (Fig. 5).
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Fig. 5 Immune Responses in the CNS. (A) In the uninfected CNS, endothelial cells
express few adhesion molecules. Neurons maintain microglia in a quiescent state through
CD200-CD200 receptor (CD200R) interactions and astrocytes produce neurotrophins,
such as brain-derived neurotrophic factor (BDNF), nerve-growth factor (NGF) and
neurotrophin 3 (NT3), that interact with p75, a low-affinity neurotrophin receptor.
Gangliosides are abundant and TGF-f is constitutively produced by neurons and
astrocytes. Activated T cells enter the CNS routinely through interaction with low levels
of P-selectin expressed by endothelial cells, but leave or die soon thereafter. (B) Virus
infection of neurons initiates the early production of IFN-B chemokines and pro-
inflammatory cytokines, which results in further activation of microglia and increased
expression of adhesion molecules, such as vascular-cell adhesion molecule 1 (VCAM1)
and intercellular adhesion molecule 1 ICAM1), by endothelial cells. (C) By three to four
days after infection, inflammatory cells — such as natural killer (NK) cells, macrophages
and lymphocytes — that are activated in secondary lymphoid tissue begin to enter the
CNS at regions where virus replication is occurring and chemokines, such as CCL19 and
CCL21, are expressed by endothelial cells. T cells produce additional cytokines, such as
IL-4 and IFN-y, and the B cells produce antibody, which initiates clearance of virus from

infected cells (Adapted from Griffin, 2003).
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In my second objective and publication, we further investigated the kinetics of
CDV neuroinvasion and determined the presence and extent of local immune activation
during the acute stage of infection. Very little is known about CNS immune responses
during acute CDV encephalitis and it is not clear whether during early disease stages,
lesions are directly caused by the virus and therefore degenerative in nature, or if they are
immune-mediated. Some reports demonstrate cell damage and loss due to viral infection
while others observed up-regulation of MHC II, activation of microglial cells, and
induction of pro-inflammatory cytokines and chemokines, suggesting a role for immune-
mediated damage in acute CDV encephalitis (Alldinger et al., 1996; Krakowka et al.,
1980; Tipold et al., 1999; Zurbriggen et al., 1998).

Our results showed that despite a systemic immunosuppression, local immune
activation in resident CNS cells was triggered (Rudd et al., 2010). Furthermore, we
determined that CNS damage occurs as a two-step process. First, CDV infects many
regions throughout the CNS including the olfactory bulb, brain stem, hippocampus and
cerebellum, leading to direct damage of neurons and subsequent neuronal loss, which
correlated with the clinical signs observed. We then detected activation of microglial
cells, induction of gliosis and production of cytokines IL-6, IFN-f§ and TNF-a in response
to the infection. These pro-inflammatory cytokines are able to instigate immune-mediated
damage, however, likely because of the systemic immunosuppression, we did not observe
infiltration of circulating T and B cells. We hypothesize that in a sub-lethal scenario,
where the ferrets do not die from the acute infection, the observed activation of the local
immune response sets the stage for immune-induced pathology associated with chronic

CDV encephalopathies (Alldinger et al., 1996; Beineke et al., 2009; Grone et al., 1998).

All chronic or late-onset morbillivirus CNS complications are attributed to
immunopathological complications. In MIBE, glial cell proliferation and varying degrees
of perivascular inflammation are seen. In SSPE cases, brain biopsies or postmortem
histopathological analysis show the presence of astrogliosis, neuronal loss, degeneration
of dendrites, demyelination and infiltration of inflammatory cells (Garg, 2002). Also,

SSPE patients have high antibody titers in both serum and CSF. These antibodies
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recognize structural proteins like F, H and N, and are almost ten times higher in SSPE
patients than in those recovering from the acute stage (Norrby and Kristensson, 1997;
Sips et al., 2007) suggesting that the immune response contributes to the pathology
observed. Furthermore, demyelination, which occurs after the acute stage, is frequently
associated with increased expression of pro-inflammatory cytokines in the blood and CSF
of dogs with natural CDV infection (Frisk et al., 1999; Grone et al., 1998), and in chronic
distemper encephalitis strong MHC II up-regulation is observed in regions of
demyelination that are devoid of CDV antigen strengthening the idea that pathological

changes at this time are immune-mediated (Alldinger et al., 1996).

We also observed that disease duration plays an important role in the development
and extent of CNS disease (Bonami et al., 2007). By using chimeric viruses, we evaluated
the contribution of the H protein in neurological manifestation and disease duration.
Towards this, we used two strains of CDV: 5804P, which is lethal within 2 weeks due to
sepsis and multi-organ failure without neurological signs of disease (von Messling et al.,
2004) and A75/17, which is lethal between 3 and 5 weeks, and causes classical distemper-
associated neurological signs, including chewing gum seizures and head pressing (Rudd
et al.,, 2006; Summers et al., 1984). Our results demonstrated that even though 5804P
does not cause neurological signs, the virus retains neuroinvasive potential, suggesting
that time is a key factor for CNS pathogenesis. Another important factor is the presence
of residual immune response. We observed that inhibition of lymphocyte proliferation
upon PHA stimulation was less pronounced in animals that survived for longer periods of
time (Bonami et al., 2007; Rudd et al., 2006). This residual immune response could be
responsible for maintaining a delicate balance between the virus and the host response,

thereby delaying death and enabling neuroinvasion.
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3.2 CNS Invasion is a Consequence of a Virus-Host Response Imbalance

Taken together, our findings strengthened the idea that morbillivirus CNS disease
occurs due to an imbalance of virus-host response interactions, and that both virus and
local immune responses are important for its pathogenesis. It is thus highly probable that
the timing and quality of the host immune response dictates whether or not
morbilliviruses will induce extensive CNS disease. For MeV, it is well established that
individuals with impaired immunity are more likely to develop giant cell pneumonia or
MIBE and have a greater risk of succumbing to the infection (Markowitz et al., 1988;
Mustafa et al., 1993; Rand et al., 1976; Siegel et al., 1977). It was also shown that natural
MeV infection in human immunodeficiency virus (HIV)-infected children leads to a
prolonged illness and virus detection in PBMCs, nasopharyngeal swabs and in urine as
compared to non-HIV- infected children (Permar et al., 2001), suggesting that the
impaired immune response results in slower clearance, and can increase the chances of

developing CNS complications.

For CDV, strain variations and kinetics of antiviral immune responses have been
shown to be associated to disease outcome (Summers et al., 1984). In experimental
infections, dogs that have the most prompt and specific antiviral humoral and immune
responses recovered completely, while widespread infection and neuroinvasion was
observed in animals that could not mount an effective immune response (Tsai et al.,
1982). Consistent with this, we do not observe CNS involvement in ferrets inoculated
with non-lethal viruses, while all lethal strains are detected in the brain at the end stages
of infection. In summary, our results suggest a limited number of possible outcomes
following morbillivirus infections: in the absence of an efficient immune response, the
host develops a severe disease that leads death before the onset of CNS complications
(Bonami et al., 2007). In the presence of a residual but insufficient immune response, the
duration of the disease is prolonged, and neurological complications are observed before
the animal succumbs to the acute disease (Rudd et al., 2006). We speculate that CNS
persistence occurs if the host’s immune response is sufficient to control the infection in

the periphery after the virus has gained access to the CNS. As long as an equilibrium
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between the immune system and the virus is maintained, the immune-mediated pathology
is postponed. However, if this balance is disrupted, the host will develop progressive
neurologic disease, ultimately leading to death. Finally, the rapid control and elimination
of the systemic infection before neuroinvasion as seen in most MeV infections (Moss and

Griffin, 2006) effectively prevents neurologic involvement.



4. CDV Transneuronal Spread: A Strategy to Evade Immune

Response?

Previously, we demonstrated that CDV can enter the CNS by using the olfactory
signaling route (Rudd et al., 2006). However, the mechanisms involved in transneuronal
spread within the CNS are still poorly understood. My third manuscript, which is still in
preparation aimed at further investigating how CDV disseminates along communicating
neurons. Towards this, I established an in vitro model of infection using primary cultures
of ferret neurons. Our model reproduced many aspects of a neurotropic in vivo infection
including a general permissiveness of neurons to CDV infection, but slower replication
compared to SLAM-expressing cells. We also observed that cell-cell contact is necessary
for CDV dissemination. This is consistent with other studies reporting that cell contact is
required for morbillivirus dissemination in neurons (Ehrengruber et al., 2002; Lawrence
et al., 2000; Zurbriggen et al., 1995). In addition, we observed that infection of neuronal
cells in vitro does not lead to immediate cell death. Even 18 days post-infection with a
wild-type strain, neuron cultures do not appear morphologically affected. Based on a
recent report that CDV-infected immune cells are protected from apoptosis (Pillet and
von Messling, 2009), the prolonged survival of infected neurons may be due to similar
mechanisms. It is possible that after an acute infection, equilibrium is attained between
the persistent infection and the local immune response. This persistence could allow the
time needed for viruses to accumulate mutations seen in SSPE and MIBE (Cattaneo et al.,
1988), and would also explain why chronic infections like SSPE and MIBE appear years
after the primary infection. At that time, the equilibrium may be disrupted and onset of

immune-mediated damage is initiated, ultimately resulting in death.
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5. Perspectives and Future Direction

5.1 Understanding the Contribution of the Olfactory Pathway to CNS

Infection

Several viruses such as herpes virus, rabies virus and mouse hepatitis virus, are
capable of entering the CNS via the olfactory pathway and spread transneuronally to
other regions of the brain. In our first publication, we showed that in addition to the well
characterized hematogenous spread, CDV is also able to disseminate along the olfactory
pathway to the olfactory glomeruli, where the virus then spreads further into the CNS via
the synapses that form between the olfactory neurons and the mitral cells. Although our
findings are very interesting, it would be compelling to evaluated the exact contribution
of the olfactory pathway to CNS infection and neuropathology. Towards this, we could
perform an ablation of the olfactory bulb on ferrets prior to intranasal inoculation. This
technique has been successfully used on mice in order to evaluate the relative importance
of the olfactory nerve for mouse hepatitis virus infection (Barnett and Perlman, 1993).
Furthermore, successful removal of the vomeronasal organ or olfactory bulbs have also
been performed on rats, Siberian hamsters (Phodopus sungorus), opossoms (Monodelphis
domestica) and even ferrets (Kiyokawa et al., 2007; Prendergast et al., 2009; Woodley et
al., 2004; Zuri and Halpern, 2005).
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5.2 Other Potential Portals into the CNS

When we inoculated groups of ferrets either intranasally or intraperitoneally we
observed that the course of the disease and timing of CNS neuroinvasion were identical in
both groups (Rudd et al., 2010). As stated in our publication, SLAM-expressing cells are
likely equally available in the upper respiratory tract and the peritoneal cavity. Once the
infection has been established, it is also possible that the virus has similar ability to infect
different cranial nerves. CDV could thus reach the CNS not only through the olfactory
nerve (cranial nerve 1) but also via the vagus nerve (cranial nerve 10). Infection of the
vagus nerve would explain the nausea and vomiting observed in most animals, since it is
responsible for the gag reflex. The direct infection of cranial nerves has been primarily
studied in herpes simplex virus (HSV). HSV was detected in vagal sensory ganglia of
mice after oral and esophageal inoculation (Gesser et al., 1994). The authors suggested
that the virus directly entered nerve endings during the mucosal infection stage and then
traveled by axonal transport to the proximal ganglia. In addition, CNS invasion was
observed in mice intranasally infected with a mouse-adapted influenza strain via the
vagus nerve (Matsuda et al., 2004). Considering the timing of neuroinvasion observed in
our study, a similar mechanism could apply to CDV. We know from previous work that
infection of neurons occurs after infection of lymphocytes and epithelial cells (Rudd et
al., 2006; von Messling et al., 2004). However, further experiments are necessary to
validate this hypothesis. One such experiment could be to histologically examine these
nerves as well as dorsal root ganglia for the presence of virus using cryo- or paraffin

sections of animals that succumbed to CDV infection.

5.3 Deciphering Innate and Adaptive Inmune Responses

It will also be interesting to determine which cells in the CNS are producing the
cytokines involved in the innate and adaptive immune responses to morbillivirus
infections. This would provide additional information about the interactions and roles of

resident CNS cells and how they contribute to immune-mediated pathogenesis. Laser
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capture-microdissection (LCM) followed by single-cell RT-PCR or immunocytochemical
staining (immuno-LCM) on tissues obtained from CDV infected ferrets may be the most
appropriate approach. Laser capture microdissection provides precise extraction of cell
groups down to the single cell level from tissue sections and single-cell RT-PCR is the
most sensitive technique for the determination of gene expression. Combined, these
techniques become a powerful tool to investigate complex disease processes. Moreover,
this technique has already used to investigate gene expression in neurons, astrocytes and
oligodendrocytes (Baskin and Bastian; Ordway et al., 2009; Wang et al., 2004), as well as
for the study of intrathecal disease-relevant antibodies in plasma cells from SSPE brains

(Burgoon et al., 2005).

5.4 Microtubules: The Superhighways for CDV Dissemination?

Interaction with microtubules and microtubule motor proteins may be used by
morbilliviruses to disseminate within the CNS. Microtubules run along the length of the
axon and provide the main cytoskeletal tracks for transportation (Fig. 6). The motor
proteins myosin, kinesin and dynein are responsible for relocating all cellular components
within neurons (Kardon and Vale, 2009). Myosins are a superfamily of motor proteins
that move along actin filaments while kinesin and dynein move proteins in the
anterograde and retrograde directions along microtubules (Hirokawa et al., 2009; Karki
and Holzbaur, 1999). Viruses that associate with microtubules and anterograde motors
such as kinesin-1 during viral egress include vaccinia virus and African swine fever virus
(Jouvenet et al., 2004; Rietdorf et al., 2001). Furthermore, cytoskeletal proteins have been
shown to be important for MeV replication. Actin is packaged in MeV virions, and it is
thought that MeV nucleocapsids are transported along actin filaments to reach the cell
surface where MeV budding takes place (Bohn et al., 1986). Microtubules have also been
shown to play a role in the production of infectious virus since maturation of virions was

inhibited upon microtubule disruption (Berghall et al., 2004).
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Despite our finding that CDV spreads promiscuously along neurons, the specific
mode of virion transport in the neuronal cell body remains unclear. It is conceivable that
CDYV uses the microtubule network for bi-directional spread, however, further studies are
required to confirm this hypothesis. Towards this, the localization of microtubules and
CDV in primary ferret neuron cultures could be examined, using an eGFP-expressing
virus and an anti-o-tubulin antibody or a monoclonal antibody against microtubule
associated protein-1 (MAP-1) shown to be efficient in several cell types including porcine
brain cells, HeLa, PtK2, mouse melanoma cell and chinese hamster ovary cells (Sato et
al., 1983). We could also disrupt polymerization of microtubules using pharmacological
agents such as colchicine or nocodazole and determine their effect on CDV dissemination

along neurons.
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6. CONCLUSION

The work accomplished during my doctorate studies validates the ferret as a
model to study morbillivirus neurovirulence. My work also contributes to the overall
understanding of the timing of events, local immune response, and viral transneuronal
spread that occurs during acute encephalitis. I demonstrate that CDV-induced CNS
disease in ferrets is a phenomenon that occurs at late disease stages after the virus has
spread to lymphatic and epithelial tissues. I also show that disease duration plays an
important role in viral and immune-mediated pathogenesis: when the immune system
is able to rapidly control virus spread, CNS involvement is not observed; however,
when an animal is unable to overcome the virus-induced immunosuppression, CDV
enters the CNS and infects a broad range of CNS cells including neurons and
astrocytes. This causes substantial neuronal loss in highly infected areas, and induces
local immune responses such as gliosis and the secretion of pro-inflammatory
cytokines. The extreme sensitivity of ferrets to CDV infection impedes immune
mediated damage, since the animals succumb too quickly to the infection. However,
the observed activation of local immune responses during the acute stage could explain
how aberrant inflammatory responses seen in chronic CNS encephalopathies are
triggered. Finally, I established an in virro model of infection using primary cultures of
ferret neurons. Using this model, we show that CDV spreads non-directionally along
communicating neurons and confirm that cell-cell contact is required for efficient
transneuronal dissemination. Although its development is still very recent, this system
will be useful to examine the mechanisms involved in morbillivirus transneuronal
spread in more detail. Taken together my work leads to a better understanding of the
events involved in morbillivirus CNS infection and may eventually contribute to new

treatment strategies to limit CNS sequelae or even to prevent CNS invasion.
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CHAPTER 4

RESUME

CARACTERISATION DE LA NEUROINVASION DU VIRUS DE LA
MALADIE DE CARRE EN UTILISANT LE FURET COMME
MODELE EXPERIMENTAL



1. INTRODUCTION

1.1. Taxonomie

Les morbillivirus appartiennent a I’ordre des Mononegavirales, a la famille des
Paramyxoviridae et a la sous-famille des Paramyxovirinae. Parmi les morbillivirus, on
retrouve d’importants agents pathogénes humains et animaux tels que la rougeole et la
maladie de Carré (canine distemper virus, CDV). Ce genre comprend également la peste
bovine, la peste-des-petits-ruminants ainsi que les morbillivirus des phocidés et des
cétacés. Les morbillivirus sont des virus a acide ribonucléique (ARN) monocaténaire, de
polarité négative. Leur génome, d’une taille d’environ 16 000 nucléotides, est non
segmenté et composé de six génes (N : nucléoprotéine, P : phosphoprotéine, M : matrice,
F: fusion, H : hémagglutinine et L : large; ARN polymérase ARN dépendante) qui sont
traduits en huit protéines (N, P, V, C, M, F, H et L). Les produits des génes N, P et L
s'associent avec I'ARN génomique viral pour former la ribonucléocapside. Cette derniére
a pour role de protéger le génome viral, et de former un complexe polymérasique
permettant la réplication et la transcription du virus. Les produits des génes F et H font
partie de l'enveloppe virale. La glycoprotéine H permet I'attachement du virus 2 la cellule
cible, et la glycoprotéine F intervient dans la fusion de l'enveloppe virale et de la
membrane cellulaire. Le produit du géne M assure l'interface entre la nucléocapside et
I'enveloppe virale. Les protéines V et C sont des protéines non essentielles dont leurs
roles demeurent encore méconnus. Toutefois, il a été démontré que V et C sont impliqués
dans I’immunosuppression et dans l’assemblage viral (Devaux and Cattaneo, 2004;

Kerdiles et al., 2006).

1.2 Récepteurs

A ce jour, deux récepteurs de la rougeole ont été identifiés soit le CD46 et le
signaling lymphocyte activation molecule (SLAM ou CD150). C’est le CD46 qui fut le
premier récepteur identifié (Dorig et al., 1993; Naniche et al., 1993). CD46 est une
glycoprotéine transmembranaire de type-lI, ubiquitaire, ayant une masse de 47-56
kilodaltons (kDa), dépendant des isoformes. A priori, cette molécule a été décrite comme

e€tant un des éléments de la régulation du complément (Liszewski et al., 1991; Sidorenko
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and Clark, 2003). Des études génétiques et biomoléculaires ont identifié plusieurs acides
aminés du virus de la rougeole qui se lient au CD46. Plus particuliérement, 1’acide aminé
qui se trouve a la position 481 de la protéine H de la rougeole a été démontré comme
étant le plus important (Lecouturier et al., 1996). Toutefois, des études subséquentes ont
établi que seulement les souches vaccinales et les souches sauvages adaptées a la culture
cellulaire utilisent ce récepteur. En 2000, un groupe de recherche a identifié le SLAM
comme étant un récepteur de la rougeole (Tatsuo et al., 2000). SLAM est une
glycoprotéine qui est exprimée a la surface de plusieurs cellules immunitaires telles que
les thymocytes immatures, les cellules T et B activées, les cellules dendritiques matures et
les macrophages. SLAM a été initialement identifié comme étant un récepteur des
lymphocytes et il joue un réle dans I’activation des cellules T (Cocks et al., 1995).
Contrairement a CD46, jusqu’a présent, toutes les souches sauvages utilisent le SLAM
comme récepteur. A posteriori, SLAM a aussi été identifié comme étant le récepteur du

CDV et de la peste bovine (Tatsuo et al., 2001).

Malgré que la distribution tissulaire de SLAM explique le lymphotropisme des
morbillivirus, ce n’est pas suffisant pour expliquer comment le virus peut infecter des
tissus épithéliaux, endothéliaux et neuronaux (Herndon and Rubinstein, 1968;
McChesney et al., 1997; Sakaguchi et al., 1986). Des études employant des souches
recombinantes de la rougeole, exprimant la protéine fluorescente verte (GFP), ont
démontré que I’entrée de ces virus dans les lignées cellulaires CHO (Chinese Hamster
Ovary) ou EL4 (lymphomes de souris) était indépendante de CD46 ou de SLAM
soutenant ainsi I’existence d’au moins un autre récepteur supplémentaire (Hashimoto et
al., 2002; Leonard et al., 2008). De plus, des conclusions similaires ont été tirées a propos
des autres morbillivirus. Toutefois, ce n’est pas certain que ce récepteur serait le méme
pour tous les membres de ce genre (Bundza et al., 1988; Di Guardo et al., 2005; von

Messling et al., 2004, Wohlsein et al., 1993).
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1.3 Complications neurologiques

Les morbillivirus sont des agents pathogénes hautement contagieux qui se
transmettent par aérosols (Appel, 1969). Le virus de la rougeole est ’espéce type du
genre Morbillivirus. Annuellement, la rougeole infecte quarante millions de personnes
provoquant huit cent mille décés. La plupart des cas de rougeole ont lieu dans les pays en
voie de développement, ol le taux de vaccination est faible et les soins médicaux sont
inadéquats (Otten et al., 2005). Une infection par le virus de la rougeole, comme toute
infection par les morbillivirus, suscite non seulement une immunosuppression de longue
durée, mais aussi des infections pulmonaires et gastro-intestinales chez son héte.
L’apparition des taches de Koplik est pathognomonique d’une infection a la rougeole.
Ceci signifie que I’apparition de ces taches est suffisante pour diagnostiquer la maladie.
Elles sont propres a la rougeole, et surviennent généralement 1 a 2 jours avant les autres

symptomes.

Contrairement a la rougeole, qui ne peut infecter que les hommes et quelques
grands singes, le CDV posséde un large spectre d’hétes naturels. Il peut infecter tous les
carnivores des familles Canidae (chien, loup, coyote), Mustelidae (furets, blaireaux,
loutres), Ursidae (ours), Mephitidae (mouffettes), Hyaenidae (hyénes), Ailuridae (pandas
rouges), Pinnipedia (phoques), Procyonidae (ratons laveurs), Viverridae (civettes,
linsangs) et Felidae (lions, tigres, guépards) (Appel et al., 1994; Cattet et al., 2004; Qin et
al., 2007; Roelke-Parker et al., 1996; von Messling et al., 2003; Woolf et al., 1986).

Une des plus graves conséquences d’une infection par les morbillivirus est
I'apparition de troubles neurologiques. Cependant, la prédominance de ce type de
complication varie selon les différents membres de ce genre. Les complications
neurologiques les plus fréquentes sont associées au CDV ou pres de 30 % des chiens en
phase aigué€ de la maladie seront affectés. De plus, presque la totalité des carnivores
sauvages infectés par le CDV manifestent des troubles neurologiques. Les
encéphalopathies survenant 2 la suite d’une infection a4 la rougeole sont moins
nombreuses, mais concernent néanmoins un patient sur mille. De plus, trés souvent ces

troubles neurologiques causent des répercussions physiques et économiques importantes
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(Baumgartner et al, 1989; Rima and Duprex, 2005). Finalement, les séquelles
neurologiques ne sont pas associées avec la peste bovine ni avec la peste-des-petits-

ruminants.

Une étude récente suggere qu’il y a couramment une infection du systéme nerveux
central (SNC) lors de la phase aigué de la rougeole. Plus précisément, ces travaux ont
démontré des anomalies au niveau des électroencéphalogrammes chez 50 % des patients
(Nasr et al., 2000). Toutefois, la plupart de ces patients parviennent a éliminer le virus de
la rougeole sans séquelles. Ce sont surtout les patients ayant des réponses immunitaires
inadéquates ou les individus immunocompromis, qui souffrent de conséquences
neurologiques majeures. Il existe trois différentes sortes d’encéphalopathies possibles
suite & une infection par la rougeole. La premiére est I’encéphalite démyélinisante aigué,
la seconde 1’encéphalite & corps d’inclusion et la derniére la panencéphalite sclérosante

subaigug.

L’encéphalite démyélinisante aigu€ survient en moyenne de 5 4 6 jours aprés
I’exanthéme. Ce type de complication atteint en moyenne un cas sur mille et parmi ceux-
ci, 10 2 20 % des patients vont succomber a la maladie (Miller, 1964). Les manifestations
cliniques se caractérisent par I’apparition de signes neurologiques focaux tels qu’une
faiblesse au niveau locomoteur ou la paraplégie. Les patients vont souvent témoigner une
altération de I’état de conscience, de la fiévre, de la raideur au niveau du cou et méme
parfois des crises convulsives. Normalement, on ne retrouve que peu voire pas de virus
dans le cerveau des patients, ce qui implique qu’une réponse immunitaire locale au niveau
du SNC pourrait étre la cause de ce trouble neurologique. L’encéphalite démyélinisante
aigué est associée avec une démyélinisation périveineuse des neurones ainsi qu’une perte

de la protéine de base de la myéline (myelin basic protein, MBP).

L’encéphalite a corps d’inclusion est une complication rare de la rougeole et ne se
produit que chez les patients qui sont immunocompromis ou qui souffrent
d'immunodéficiences et la maladie peut étre accompagnée par une pneumonie a cellules

géantes. Cette derniere est due a la réplication du virus dans les cellules épithéliales du
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systeme respiratoire (Kaplan et al., 1992; Mustafa et al., 1993). Le taux de mortalité est
d’environ 75 % et tous les survivants vont montrer d’importantes séquelles neurologiques
(Mustafa et al., 1993). Des études utilisant I’imagerie & résonance magnétique ont révélé
que les résultats sont souvent normaux, et que le diagnostic requiert une biopsie (Mustafa
et al., 1993). L’encéphalite a corps d’inclusion apparait environ 4 mois apres 1’infection
primaire et est caractérisée par une détérioration neurologique progressive accompagnée
par des convulsions. L’encéphalite a corps d’inclusion cause une gliose avec la présence
de corps d’inclusions intracytoplasmique chez les neurones et les cellules gliales. Trés
peu d’inflammation est détectée et dans la plupart des cas, le virus peut €tre facilement
isolé du SNC des patients (Ohuchi et al., 1987). Présentement, les traitements sont
uniquement palliatifs. De plus, il a été rapporté que ce type d’encélopathie peut également
survenir aprés la vaccination. Toutefois, cela a été observé que chez les gens qui
possédatent préalablement des anomalies au niveau de leur syst¢me immunitaire (Bitnun
et al., 1999; Mawhinney et al., 1971). L’encéphalite a corps d’inclusion est caractérisée
par une persistance virale au niveau du SNC. Toutefois, la facon dont le virus se rend au

SNC et établit une telle persistance demeure inconnue.

La derniere complication reli€e a la rougeole est la panencéphalite sclérosante
subaigué. C’est la plus rare des complications neurologiques associées a la rougeole. Sa
prévalence est un cas sur un million. Toutefois, certaines données semblent indiquer que
la fréquence est accrue selon la région géographique (Sips et al., 2007; Takasu et al.,
2003). Généralement, les premiers signes d’infection apparaissent plusieurs années apres
I’infection aigué (Connolly et al., 1967; Modlin et al., 1977). Un des facteurs contribuant
a I’augmentation des risques de développer cette complication est le fait de contracter la
maladie avant I’4ge de 2 ans (Jabbour et al., 1972). Les premiers symptémes comprennent
des troubles de personnalité et des modifications du comportement. Le second stade est
caractérisé par des mouvements anormaux de 1’axe qui sont responsables de chutes bréves
et la manifestation de spasmes involontaires de la téte, voire de tout le corps. Ces
mouvements anormaux se répetent périodiquement a des fréquences variables. Puis, les
patients voient une dégradation motrice caractérisée par un syndrome pyramidal avec des

dyskinésies ainsi qu’une hypertonie fréquente. On |’associe également a une démence
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sévere. La phase terminale est marquée par un état végétatif, des troubles de déglutition et
des difficultés respiratoires, menant inévitablement 2 la mort. A la suite d’une étude plus
approfondie, on peut noter chez ces patients une démyélinisation et une infection
importante des neurones. De plus, au stade tardif de I’infection, les oligodendocytes, les
astrocytes et les cellules endothéliales sont infectés. Des analyses immunohistochimiques
ont démontré une augmentation des niveaux de cellules exprimant les complexes majeurs
d’histocompatibilit¢ (CMH) de classe I et II. Ces cellules sont généralement des cellules
de la microglie/macrophages, des astrocytes et parfois les neurones (Gendelman et al.,
1984; Hofman et al., 1991).

On retrouve chez les patients atteints de la panencéphalite sclérosante subaigué
des réponses immunitaires humorales normales (Norrby and Kristensson, 1997), mais
aussi des quantités trés élevées d’anticorps neutralisants dans le liquide céphalo-rachidien
ainsi que dans le sérum (Hall and Choppin, 1979). La plupart des anticorps présents sont
dirigés contre les protéines structurales N, F et H tandis qu’un trés petit nombre sont
contre P et M. Des échantillons obtenus post-mortem ont démontré que les génomes
viraux portent plusieurs mutations, principalement dans les protéines M, F et H, rendant
ainsi le virus non fonctionnel (Ayata et al., 2007; Billeter et al., 1994). Cependant, les
protéines impliquées dans la réplication virale restent inchangées. Parmi les modifications
les plus fréquentes, on note des mutations ponctuelles, des hypermutations, des délétions,
I’apparition de codons-stops hitifs, des insertions et méme de la distorsion ou le
raccourcissement du domaine cytoplasmique de la protéine F (Cattaneo et al., 1986;
Schmid et al., 1992; Wong et al.,, 1989). Ces types de changements pourraient expliquer
pourquoi le virus maintient sa capacité de réplication, mais ne peut plus fusionner avec
les cellules voisines ni de former des virions de facon efficace (Billeter et al.,, 1994;

Cattaneo et al., 1989).

Il existe aussi trois différents types de complications neurologiques chez les
chiens infectés par le CDV. Ces animaux peuvent développer une encéphalite aigué, une
polioencéphalite a corps d’inclusion ou une encéphalite avec une démyélinisation

chronique ou subaigué€. Le CDV est responsable d’un éventail d’encéphalopathies chez le
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chien dont I’encéphalite aigu€ non inflammatoire, I’encéphalite aigué¢ associée avec une
infiltration de lymphocyte et des manchons périvasculaires, la démyélinisation aigué de la
matiere blanche, une encéphalite subaigué ou chronique qui implique la dégénération et la
nécrose de diverses populations cellulaires accompagnée de la démyélinisation et
finalement, I’encéphalite du vieux chien ou «old dog encephalitis » (Axthelm and
Krakowka, 1998). Des études antérieures ont montré que les neuropathologies observées
sont li€es a la souche de CDV (Summers et al., 1984 b). Chez les chiens, les souches
Comnell A75/17 et Ohio strain R252 induisent une démyélinisation progressive, tandis
qu’une infection par la souche Snyder Hill méne a une maladie aigu€ causant des
convulsions et une polioencéphalite (McCullough et al., 1974; Summers et al., 1979,
1984 b; Vandevelde and Zurbriggen, 2005). Le CDV s’introduit dans le SNC via
I'infection des cellules mononucléaires qui peuvent traverser la barriére
hématoencéphalique. Toutefois, il a aussi été démontré que le CDV pouvait étre relaché
dans le liquide céphalo-rachidien par les cellules épithéliales du plexus choroide. A ce
moment, le CDV peut fusionner avec les cellules épendymales des ventricules afin

d’atteindre le SNC (Higgins et al., 1982a; Vandevelde and Zurbriggen, 2005).

Ce ne sont pas tous les chiens qui vont succomber a la maladie de Carré. En fait,
le CDV cause une maladie treés hétérogene chez les chiens, seulement 50 % vont montrer
des signes cliniques de la maladie. Le taux de mortalité est dépendant de la capacité de
I’animal a produire une réponse immunitaire efficace (Appel, 1969; Appel et al., 1982;
Krakowka et al., 1975 b). A la suite des examens histologiques et I’analyse du liquide
céphalo-rachidien provenant des chiens infectés, il est proposé que le CDV transiterait
toujours par le SNC lors d’une infection. Cependant, si I’animal peut controler et éliminer
I’infection, il subirait seulement des dommages minimaux. Toutefois, dans les cas ou
I’animal ne parvient pas a contréler I’infection, ou sa réponse immunitaire est retardée, il

subirait une encéphalopathie plus ou moins sévere (Summers and Appel, 1994).

L’encéphalite qui survient au cours de la phase aigué, correle généralement avec
la présence du virus dans le cerveau, et la progression de la maladie est facilement

prédictible (Vandevelde and Zurbriggen, 2005). Initialement, les lésions dans la myéline
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se développent pendant la période d’immunosuppression systémique et ne sont pas
accompagnées d’une réponse inflammatoire (Vandevelde et al., 1982). Un des premiers
signes de démyélinisation implique le ballonnement des feuillets de myéline, la
vacuolation de la matiére blanche et le gonflement des astrocytes. Afin d’expliquer ces
observations, plusieurs études ont voulu établir une corrélation entre ces manifestations
pathologiques et l’infection des oligodendrocytes. Néanmoins, les oligodendrocytes
semblent réfractaires a une infection par le CDV et I’ARN messager viral est trés peu
détecté dans ce type cellulaire (Vandevelde and Zurbriggen, 2005). La démyélinisation
semble plut6t corréler avec I'infection des cellules gliales présentes dans la matiere
blanche (Vandevelde et al., 1985; Zurbriggen et al., 1995 b). Cependant, le mécanisme
régissant la démyélinisation au cours de la phase aigué de I’infection demeure encore
inconnu. Il est possible que les oligodendrocytes soient affectés par un effet « by-
stander ». De surcroit, pendant la phase aigug, il a été observé que I’expression des CMH
de classe II est accrue dans la matiere blanche. Cette augmentation est probablement due
aux cellules de la microglie permettant d’expliquer les effets néfastes sur les feuillets de
myéline puisque ces derniers peuvent étre phagocytés par les cellules activées de la

microglie (Alldinger et al., 1996).

La démyélinisation inflammatoire survient généralement lors de la phase
chronique de la maladie. C’est & partir de la sixi®me ou septiéme semaine apres
Iinfection, lorsque le systtme immunitaire commence 2 étre rétabli, que les premiers
signes apparaissent : des manchons périvasculaires et une infiltration des monocytes dans
les 1ésions du cerveau. Cette infiltration va mener 2 des dommages supplémentaires
causés par le systtme immunitaire (Vandevelde et al., 1981, Wisniewski et al., 1972).
Une quantité accrue de cytokines pro-inflammatoires telles que les interleukine-6 (IL-6),
IL-8, IL-12 et tumor necrosis factor-alpha est alors détectée tandis que les taux de
cytokines anti-inflammatoires telles que IL-10 et transforming growth factor-beta sont a
la baisse. IL-1, IL-2 et interferon-gamma ne sont pas détectés (Markus et al., 2002). Des
€tudes ont prouvé que des complexes immunitaires antiviraux contre le CDV ont la

capacité de dégénérer des oligodendrocytes dans les cultures primaires. Ils ont aussi

observé que la déplétion de macrophages dans ces mémes cultures empéchait la perte
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d’oligodendrocytes et par conséquent freinait la démyélinisation. Ces résultats suggerent
encore une fois que la démyélinisation pourrait résulter d’un effet « by-stander » causé
par la toxicité cellulaire induite par la réponse immunitaire (Botteron et al., 1992; Griot-
Wenk et al.,, 1991). Des anticorps contre la myéline et la MBP ont également été
retrouvés dans le sérum et le liquide céphalo-rachidien des chiens infectés
expérimentalement par le CDV (Botteron et al., 1992; Griot-Wenk et al., 1991). Par
contre, I’importance de ces événements immunologiques n’a pas encore ét€ déterminée

(Summers et al., 1984a).

L’encéphalite du vieux chien est une condition rare qui se produit chez les chiens
agés qui ont été infectés par le CDV plusieurs années auparavant. Dans des cas plus rares,
cette condition peut aussi survenir suite & une vaccination sans aucun signe d’infection
préalable. Les signes cliniques qui caractérisent cette maladie sont 1’ataxie, des
tremblements et I’hyperkinésie. Cette maladie est aussi caractérisée par des signes
neurologiques progressifs avec D’apparition de manchons périvasculaires et une
encéphalite lymphoplasmacytaire. A des stades plus tardifs, les chiens peuvent aussi
développer des crises tonico-cloniques (grand mal), des mouvements répétitifs,

I’aveuglement ou méme une paralysie importante avant de succomber a la maladie

(Axthelm and Krakowka, 1998).

Les similarités entre ’encéphalite du vieux chien et la panencéphalite sclérosante
subaigué ont généré beaucoup d’intérét. Premi¢rement, les deux types de maladies sont
extrémement rares et se manifestent des années apres l’infection initiale. Les deux
maladies sont accompagnées par une démyélinisation qui résulte d’une persistance virale
au cerveau. Toutefois, une disparité existe entre ces deux formes d’encéphalopathies. Dii
au grand nombre de mutations présentes dans les protéines structurales, les virus isolés
des patients atteints de la panencéphalite sclérosante subaigué€ ne se répliquent pas bien
dans les lignées cellulaires normalement susceptibles a la rougeole tandis que les virus
récupérés des chiens ayant I’encéphalite du vieux chien ne sont pas modifiés. De plus, ces
animaux produisent des anticorps contre toutes les protéines virales ce qui n’est pas le cas

chez les patients atteints de la panencéphalite sclérosante subaigué.
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Il existe plusieurs modeles animaux pour étudier la neurovirulence des
morbillivirus. Ces modeles ont chacun leurs avantages et leurs inconvénients, mais aucun
ne réussit a bien représenter la situation in vivo. Les souris transgéniques sont souvent les
modeles de choix pour étudier la neurovirulence de la rougeole. Ces souris sont modifiées
génétiquement pour exprimer soit CD46 ou SLAM. Jusqu’a présent, il existe 3 modéles
de souris exprimant le CD46, les souris NSE (neuron specific enolase)— CD46, les
souris YAC-CD46 (yeast artificial chromosome) et finalement une deuxiéme génération
de souris YAC-CD46, croisées avec des souris déficientes pour le récepteur de
I'interféron-o.. Les plus grands défauts de ces systémes sont que parfois le neurotropisme
n’est pas identique a ce qu’on observe lors d’une infection naturelle. Aussi, des injections
intracraniennes sont parfois nécessaires pour démarrer une infection ou méme 1’utilisation
de souriceaux est parfois requise afin de pouvoir observer des effets pathologiques. Il
existe aussi 4 différents types de souris qui expriment le SLAM. Toutefois, jusqu’a
maintenant seulement un type a ét€ employé pour étudier la neurovirulence. Ce modele
utilise des souris ayant un fond génétique C57BL/6 exprimant le SLAM humain couplé
au promoteur murin de I’hydroxyméthylglutaryl-coenzyme A réductase. Ce promoteur
permet I’expression ubiquitaire de SLAM cependant, a des taux plus élevés dans le
cerveau. Lorsque les souris sont infectées de fagon intracrdnienne, aucun virus ne peut
étre isolé. Par contre, I’ARN messager contre la protéine virale N est détectable jusqu’a 3
mois postinfection. Lorsque des souris allaitantes sont infectées, des particules
infectieuses peuvent étre isolées du cerveau et de la moelle épiniére suggérant une

replication et une dissémination virales efficace (Sellin et al., 2006).

184



2. PROBLEMATIQUE ET OBJECTIFS

Did a I’absence d’un modéle animal adéquat, il est difficile de caractériser les
événements menant a la neuroinvasion. Depuis quelques années, le furet (Mustela
putorius furo), un hote naturel du CDV, est utilisé pour étudier la pathogenése du CDV.
Lorsque ces animaux sont infectés avec le CDV, ils manifestent tous les signes cliniques
typiques dont I’apparition de rougeurs, la présence d’une forte fiévre, de I’anorexie et une
immunosuppression sévere. De plus, étant donné les similitudes entre le tropisme et la
distribution tissulaire de tous les morbillivirus, les conclusions tirées du modéle furet

peuvent étre souvent appliquées aux autres morbillivirus.

Notre hypothése de travail était que le modele furet pourrait aussi servir a étudier
la neurovirulence des morbillivirus. Dans le cadre de mes études doctorales, le premier
but de mon projet était de caractériser la neuroinvasion des morbillivirus en utilisant le 1a
souche A75/17 dans le modele furet. En premier lieu, j’ai validé le furet comme modéle
pour étudier la neurovirulence du CDV. Par la méme occasion, j’ai confirmé le potentiel
neurovirulent de la souche sauvage A75/17. De plus, j’ai caractérisé les événements qui
menent 2 D’encéphalite aigu€. En employant des techniques d’histologie et de la
microscopie confocale, j’ai démontré que le CDV emprunte deux voies différentes pour
infecter le SNC, les voies hématogene et olfactive. En plus, j’ai identifié les cellules du
SNC qui sont ciblées par le CDV.

Mon deuxiéme objectif était de vérifier s’il y avait une réponse immunitaire locale
dans le SNC lors d’une infection aigu€ par le CDV et de la caractériser. Pour ce faire,
nous avons généré un virus recombinant de la souche hautement neurovirulente: Snyder
Hill. Par le biais de ce virus, nous avons aussi évalué 1’influence de la route d’inoculation,

la mort cellulaire et la réponse inflammatoire sur la pathogenése observée.

A la suite des résultats du premier objectif, nous avons remarqué que le CDV
semble suivre la voie olfactive pour atteindre le SNC. Cette observation suggére que le

CDV a la capacité de se propager le long des neurones communicants. Pour mieux étudier
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la dissémination transneuronale du CDV, j’ai mis au point un systéme in vitro qui permet
de répondre a de telles questions. Pour accomplir ceci, j’ai d’abord développé un
protocole qui permet d’isoler des neurones primaires provenant de foetus de furets.

Ensuite, j’ai caractérisé la culture primaire et étudié la dissémination transneuronale.
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3. RESULTATS ET ANALYSE

3.1 Article1: La maladie de Carré utilise les voies hématogéne et

olfactive pour la neuroinvasion.

Dans ce premier article, j’avais pour but de mieux caractériser les événements
menant a 1’encéphalite aigué causée par le CDV. Pour ce faire, j’ai utilisé le modele de
furet qui a été préalablement établi comme étant un bon modéle pour étudier la
pathogenése des morbillivirus. Un des avantages du furet est que c’est un hote naturel du
CDV et contrairement aux chiens, le CDV cause une maladie homogéne chez ces
animaux (von Messling et al., 2003). Lors de cette étude, nous avons généré un virus
recombinant de la souche neurovirulente A75/17 qui exprime la protéine fluorescente
verte (eGFP), afin de faciliter la visualisation de 1’infection. La souche A75/17 est une

souche typique de CDV qui a été trés bien caractérisé chez les chiens.

Notre premier résultat a montré que cette souche cause une maladie aigué. Tous
les animaux infectés ont développé des signes cliniques typiques d’infection par les
morbillivirus & savoir une immunosuppression sévére, des rougeurs et une inhibition de la
prolifération lymphocytaire suite a une stimulation a la phytohémagglutinine (PHA)
(Heaney et al., 2005; Kauffman et al., 1982; Krakowka et al., 1975a; Krakowka et al.,
1980). De plus, nous avons observé des signes neurologiques chez tous les animaux tels
qu’un déplacement circulaire et des spasmes faciaux. Suivant I’euthanasie, nos
observations macroscopiques ont révélé plusieurs foyers d’infection dans le tronc cérébral

ainsi que dans les lobes frontaux et le bulbe olfactif. Cependant, les régions plus caudales

telles que le cortex et le cervelet étaient négatives.

Afin de mieux comprendre la cinétique des événements régissant la
neuroinvasion, nous avons poursuivi notre €tude en inoculant par voie intranasale
plusieurs groupes d’animaux qui ont été sacrifi€s a différents intervalles de temps suivant

I’infection. Nous avons constaté que I’intensité et I’étendue de I’infection sont accrues
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proportionnellement au temps d’infection. De plus, nous avons déterminé que 1’infection
au SNC est un événement tardif qui se produit seulement aprés une infection des tissus
lymphatiques et des tissus épithéliaux. Suite a cette série d’expériences, nous avons
également vu que la premiere structure du SNC a exprimer la eGFP fut le bulbe olfactif.
Des travaux antérieurs utilisant le CDV chez le chien et les échantillons de patients
infectés par la rougeole, ont dénoté I'importance de la voie hématogéne pour I’infection
du SNC (Esolen et al., 1995; Summers et al., 1979). Toutefois, ¢’était la premiére fois que
la voie olfactive semble jouer un réle important. Pour mieux saisir I’importance de ces
deux voies lors de linfection du SNC par le CDV, nous avons fait des coupes
histologiques au cryostat et nous avons regardé la localisation de la eGFP dans ces
structures 2 différents temps postinfection. A partir de 7 jours postinfection, nous avons
vu des cellules qui ressemblent & des lymphocytes dans le plexus choroide et dans les
capillaires. Apres 14 jours d’infection, lorsque les animaux ont une virémie et que les
cellules épithéliales sont infectées, des cellules du plexus choroide exprimaient la eGFP
de méme que les nerfs olfactifs. Ceci suggére que peu importe la voie empruntée pour
infecter le SNC, ce dernier doit subir un contact prolongé avec des cellules infectées
avant que le virus puisse se propager dans les cellules du cerveau. Ensuite, nous avons
identifi€ les cellules du SNC qui sont ciblées par le CDV. En utilisant des techniques
d’immunohistochimie, nous avons déterminé que les cellules infectées dans le plexus
choroide étaient des lymphocytes. De plus, on a aussi noté que les cellules endothéliales

des capillaires €taient infectées de méme que les neurones et les cellules gliales.

Etant donné que nos premiers résultats semblaient indiquer que le bulbe olfactif
pouvait étre un point d’entrée important au SNC, nous avons essayé de suivre I’infection
de la voie olfactive en utilisant des coupes histologiques. Pour accomplir ceci, nous avons
utilisé différents réactifs tels que le 530/615 NeuroTrace Nissl et la phalloidine qui nous
permettaient d’identifier respectivement des neurones olfactifs ainsi que les filaments
d’actine. Nous avons démontré qu’a partir de jour 14 postinfections, la muqueuse
olfactive ainsi que les neurones olfactifs étaient infectés par le CDV. Par la suite, nous
avons pu suivre l’infection au niveau des nerfs olfactifs et ensuite aux glomérules

olfactifs. A cet endroit, les nerfs olfactifs synapsent avec des cellules mitrales qui sont des
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neurones de deuxieme ordre (Zou et al., 2009). Des analyses histologiques ont révélé que
les cellules mitrales étaient également infectées par le CDV. Ces résultats suggérent que
le CDV peut emprunter la voie olfactive pour atteindre le SNC des furets et cette

dissémination pourrait se faire de facon antérograde.

Dans le cadre de cette étude, nous avons validé le modeéle furet comme étant un
bon modéle pour I’étude de la neuroinvasion. Une infection par le CDV chez les furets
suit une cinétique d’infection trés similaire a celle observée chez les chiens incluant
I'infection des cellules lymphatiques, endothéliales et du plexus choroide, ce qui
correspondent a une dissémination virale par voie hématogéne (Higgins et al., 1982 b;
Summers et al., 1979). Toutefois, la moitié des chiens montent une réponse immunitaire
adéquate permettant I’élimination du virus et une cessation des signes cliniques (Appel,
1969; Appel et al., 1982; Krakowka et al., 1975 b). Par contre, les furets infectés avec les
souches sauvages ont toujours une réponse immunitaire déficiente et les animaux meurent
de I’infection. Nous avons démontré que chez le furet immunosupprimé, I’infection par le
CDV se propage dans le SNC de fagon tardive. La propagation peut se faire par voie
hématogene et par voie olfactive. Notre modele reflete la dissémination virale observée
chez les patients qui ont succombé d’une encéphalite aigué causée par la rougeole. Nos
observations concordent aussi avec celles faites chez d’autres paramyxovirus tels que la
rubéole ou la maladie de Newcastle suggérant ainsi un mécanisme général pour la
neuroinvasion par la voie hématogeéne des paramyxovirus (Saika et al., 2002; Wilczynski

etal., 1977).

De plus, plusieurs virus sont connus pour utiliser la voie olfactive pour infecter le
SNC. Entre autres, on retrouve le virus Sendai, la Piedad Michoacan et plus récemment le
virus Nipah, qui est aussi un paramyxovirus (Allan et al., 1996; Mori et al., 1995;
Weingartl et al., 2005). Dans la cavité nasale, la muqueuse olfactive est en proximité avec
les neurones olfactifs ce qui peut faciliter la transmission virale entre ces deux types
cellulaires. Lorsque les neurones olfactifs sont infectés, cela permet un accés direct au
SNC. La capacité de se propager entre ces types cellulaires est un déterminant important

pour la neuroinvasion. En somme, nous avons démontré que la voie olfactive devrait étre
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considérée comme étant une voie importante pour la neuroinvasion des morbillivirus et

potentiellement pour les paramyxovirus en général.

3.2 Article 2 : L’encéphalite aigué engendrée par la maladie de Carré est
associée avec une perte neuronale importante et I’activation du systéme

immunitaire local.

Dans cette deuxiéme publication, nous voulions investiguer la nature de la réponse
immunitaire locale qui survienne aprés une infection par le CDV. 1l est connu que le SNC
n’est pas un endroit immunopriviliégé et que la présence virale peut engendrer une
multitude de réponses variées telles qu’une augmentation des cytokines pro-
inflammatoires, 1’activation de la microglie et la sécrétion des interférons. Nous savons
que la sévérité de la pathologie observée dans le SNC, suite a une infection virale, peut
dépendre de plusieurs facteurs, dont la réponse immunitaire, la voie d’inoculation et la
mort des cellules infectées. Au cours de cette étude, nous avions examiné 1’'importance de

ces facteurs lors de la neuropathogénése causée par le CDV.

Pour accomplir ces travaux, nous avons généré un virus recombinant de la souche
Snyder Hill (SH) qui exprime aussi la eGFP comme unité transcriptionnelle
supplémentaire. La souche SH est la plus reproductible des souches de CDV au niveau du
déroulement de la maladie neuroinvasive. Cette souche a souvent été utilisée pour
effectuer des études chez le chien et est bien caractérisée chez ce dernier. Chez le furet, il
a ét€ démontré que cette souche est mortelle et cause des signes neurologiques tels que les
tremblements, les comportements répétitifs, la paralysic et méme des convulsions
(Stephensen et al., 1997). Nous avons d’abord déterminé que I’ajout du eGFP n’a pas
altéré la virulence de SH. Pour ce faire, nous avons infecté par la voie intranasale un
groupe de quatre furets avec le virus parental et quatre autres furets avec le virus
recombinant. Tous les animaux ont développé les mémes signes cliniques généraux et les
signes neurologiques qui incluent des nausées et des vomissements, des spasmes faciaux
et de I'ataxie. Il est a noter que lors des examens post-mortem, I’expression du eGFP était

décelée dans tous les cerveaux.
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Ensuite, nous voulions vérifier les répercussions de la voie d’inoculation sur la
neuroinvasion. Etant donné que chez le furet, la cavité nasale est en proximité avec le
bulbe olfactif, nous voulions nous assurer que ce n’était pas la méthode d’inoculation qui
favorisait la neuroinvasion. C’est pourquoi nous avons infecté deux groupes de six furets
soit par voie intrapéritonéale ou par voie intranasale. Des groupes de deux animaux ont
été sacrifiés a différents temps postinfection et nous avons comparé la dissémination
virale ainsi que le déroulement général de la maladie. Tous les animaux ont manifesté les
premiers signes cliniques comme les rougeurs et la fi¢vre autour du jour 6 postinfection.
A partir du 7e jour, tous les animaux avaient une leucopénie sévere et leurs lymphocytes
ne pouvaient plus répondre a une stimulation par le PHA. De plus, le taux de virémie était
identique dans les deux groupes de furets donc, la méthode d’inoculation n’influence pas
le déroulement de la maladie. Nous avons aussi examiné les cerveaux des furets
provenant des divers groupes et nous avons vu que 1’apparition macroscopique de la
eGFP a lieu au méme moment confirmant que la méthode d’inoculation ne change pas la

cinétique de la neurovirulence.

Afin de mieux comprendre la cinétique d’infection et les conséquences de la
présence de SH dans le cerveau des furets, nous avons sacrifié des groupes de 2 a 3 furets
aux jours 7, 10 et 14 postinfection. Dés jour 7 post-infection, nous avons détecté la
présence du virus dans le cervelet et dans le bulbe olfactif. Par la suite, le virus a été
détecté dans le tronc cérébral, le plexus choroide et I’hippocampe. Seulement une trés
petite quantité de virus fut détectée dans le cortex cérébral. Ce sont les cellules de
Purkinje et les cellules granulaires qui ont été préférentiellement ciblées par le CDV. De
plus, a l'aide d’analyse histologique, nous avons observé plusieurs changements
morphologiques chez les neurones infectés comme la nécrose, I’atrophie et le
ballonnement. On a voulu vérifier si ces changements neurologiques menaient a la mort
neuronale. Pour réaliser ceci, nous avons quantifié sur les coupes histologiques la perte
neuronale dans la région qui était la plus fortement infectée par SH soit le cervelet.
L’accroissement graduel de I’infection entraine une perte concomitante des cellules de

Purkinje. En fait, aux termes de I’infection, cette région a subi une perte neuronale de
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35 %. Des essais Tunel ont démontré que la mort des cellules de Purkinje induite par le

virus était due & un mécanisme autre que 1’apoptose.

La prochaine étape était de regarder quelles réponses immunitaires étaient
enclenchées par la présence de SH dans le SNC. Etant donné que nous avons établi qu’il
existait une perte neuronale suivant I’infection, nous avons évalué s’il y a activation des
astrocytes et induction d’une gliose. La gliose astrocytaire est un développement exagéré
des astrocytes du SNC et un marqueur de la neuroinflammation. Ce phénoméne, de méme
que D’activation de la microglie, est I’un des premiers a se manifester lorsque la réponse
immunitaire du SNC est activée. Par des techniques d’immunohistochimie, nous avons
démontré que les régions hautement infectées par le SH, dont 1’hippocampe, subissaient
aussi une augmentation du nombre d’astrocytes au cours de 1’infection. En utilisant un
anticorps spécifique pour Mac-2, un marqueur d’activation de la microglie, nous avons
observé qu’un nombre limité de ces cellules était présentes au début de I’infection, mais

diminuait par la suite.

Finalement, nous avons utilis€ des anticorps générés spécifiquement contre les
cytokines de furets afin de déterminer si la réponse immunitaire locale consistait aussi en
la production de cytokines pro-inflammatoires. L’activation de ces cytokines pourrait
expliquer pourquoi dans certaines formes de la maladie, lorsque le systéme immunitaire
de I’hdte parvient a contrdler I’infection, il peut y avoir des répercussions neurologiques 2
long terme comme la démyélinisation. Ces conséquences pourraient découlées d’une
activation du systéme immunitaire lors de la phase aigué d’infection. Dans notre modéle,
nous avons observé la présence de I’interleukin-6 (IL-6), de tumor necrosis factor-alpha
(TNF-a) et d’interféron béta (IFN-f). C’est a des périodes précoces de 1’infection que
nous avons détectée 1’apparition de IL-6. De plus, I’expression de cette cytokine diminue
au cours de I’infection. Une raison serait que les cellules de la microglie peuvent étre une
source de production d’IL-6, expliquant leurs cinétiques similaires. Quant a la présence
de I'IFN-B et le TNF-a, la production de ces cytokines semble étre accrue au cours de
Pinfection. C’est a la fin de I’infection ou le taux de TNF-a est maximal. La présence de

cette cytokine pourrait avoir un effet sur la perte d’étanchéité de la barriere

192



hématoencéphalique observée a la fin de I’infection lorsque les furets succombent 2 la
maladie et présentent le plus de signes neurologiques. En résumé, notre étude appuie les
résultats trouvés chez les chiens qui ont montré que la leucoencéphalite démyélinisante
implique un processus en deux-temps (Alldinger et al., 1996; Baumgartner et al., 1989;
Summers and Appel, 1994). Premiérement, les dommages initiaux au SNC découlent
directement de I’infection virale qui cause la mort cellulaire. Ensuite, la présence du virus
déclenche une réponse immunitaire locale qui par la production de cytokines pro-
inflammatoires peut continuer a contribuer a la pathogenése. Bien entendu, dans notre
modele nos furets succombent a la maladie, mais on pourrait penser que s’ils y
survivaient, ils subiraient des conséquences a long terme dii & I’activation du systéme

immunitaire lors de la phase aigué.

3.3 Article3: La maladie de Carré se propage de facon non

directionnelle le long des neurones communicants.

La propagation virale dans les neurones ainsi que la dissémination dans le SNC
jouent des réles primordiaux dans la neuropathogénése. Le CDV, bien qu’il ne soit pas
considéré comme un virus neurotrope, cause souvent des complications neurologiques
suivant une infection primaire. Dans notre premiére publication, nous avons démontré
I’importance de la voie olfactive pour sa dissémination dans le SNC. Suivant ces travaux,
nous avons également suggéré que le CDV peut se propager de facon antérograde le long
des neurones olfactifs afin d’atteindre des régions plus profondes du SNC. Nous voulions
valider, au cours de cette étude, un modele in vitro qui nous permettrait d’étudier la fagon

par laquelle le CDV se propage entre les neurones communicants.

Pour pouvoir faire des paralleéles entre nos observations in vivo et in vitro, nous
avons décidé de mettre au point une culture primaire de neurones de furets. Depuis trés
longtemps, ces cultures ont été générées a partir d’animaux juvéniles ou embryonnaires
afin d’étudier différents aspects de la neurologie incluant la neurovirologie. Nous avons
geéneré des cultures a partir de foetus de furets dgés de 39 jours de gestation. Aprés une

purification par gradient de Percoll, nous avons ensemenceé les cellules sur des boites de
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pétri préalablement enduites de laminine de souris et de poly-D-lysine. Nous avons
vérifié la viabilité de la culture a 1’aide d’un marquage au bromure d’éthidium et acridine
orange. Suite a cette coloration, nous avons vu qu’a 3 et 7 jours post-ensemencement,
plus de 87 % des cellules purifiées étaient vivantes. De plus, méme aprés 28 jours de
culture, une grande quantité de cellules demeurent viables. La prochaine étape consistait &
identifier le ou les types cellulaires présents dans notre culture primaire. Afin d’accomplir
ceci, nous avons marqué les cellules avec un colorant spécifique pour les neurones, le
Nissl, ainsi qu’un anticorps spécifique des cellules gliales le GFAP. A 3 et 7 jours post-
ensemencement, plus de 95 % de la population était des neurones. Aprés 14 jours, la
proportion de cellules gliales était accrue dii a leur capacité proliférative, mais les

neurones restaient toujours majoritaires.

Pour d’établir les meilleures conditions expérimentales, nous avons vérifié la
capacit¢é du CDV a infecter cette culture primaire. Les cultures ont été infectées 2
différentes multiplicités d’infection variant de 0.1 a 5 et a différents temps post-
ensemencement avec la souche neurovirulente SH. Cette derniére a été modifiée afin
d’exprimer la eGFP comme unité transcriptionnelle supplémentaire (voir chapitre 3.2).
Nous avons constaté que I’infection des cultures neuronales est efficace a partir du
moment ol les cellules ensemencées commencent a former des prolongements soit 24
heures aprés leur mise en culture. De petits foyers d’infection ont été détectés a partir de 2
Jours postinfection et continuaient de se multiplier jusqu’a 10 jours postinfection lorsque
la majorité des cellules exprimaient la eGFP. Par la suite, des cinétiques d’infections ont
été entamées afin de déterminer si les neurones peuvent soutenir une réplication adéquate
du CDV. Nous avons comparé la réplication virale dans la culture primaire a celle dans
une lignée cellulaire entierement permissive au CDV soit les VerodogSLAM. Malgré le

fait que la réplication virale est plus lente chez les neurones, les titres obtenus étaient

similaires dans les deux types cellulaires.

Nos observations des cultures infectées semblent démontrer que la propagation
virale nécessite un contact cellulaire. Lorsqu’on apercoit les premiers foyers d’infection,

nous notons que la propagation, c’est-a-dire 1'expression du eGFP, se fait uniquement
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entre des cellules qui se trouvent trés proches les unes des autres. En fait, nous avons pris
des photos d’une méme région infectée a différents intervalles de temps et nous avons vu
que les cellules infectées sont toujours soit en contact direct ou font partie d’un méme

regroupement de cellules neuronales.

Une fois la culture caractérisée, nous avons déterminé si le CDV peut se
disséminer de fagon antérograde ou rétrograde dans la culture. Afin d’accomplir ceci,
nous avons utilisé un systtme modifié des chambres de Campenot. Ce systéme a été
utilisé auparavant pour des études similaires chez les herpésvirus et chez le virus du Nil
Occidental (Ch'ng and Enquist, 2006; Samuel et al., 2007). Briévement, ce systéme
consiste a fixer avec du silicone un anneau de Teflon au fond d’un pétri dans lequel nous
avons préalablement créé des rainures. L’anneau de Teflon forme deux chambres
distinctes dans lesquelles nous pouvons ensemencer différents types cellulaires. L’ajout
du méthylcellulose dans le milieu constitue une barriére supplémentaire pour éviter la
propagation aléatoire des particules virales. Le contact entre les deux chambres adjacentes

n’est possible qu’a travers les prolongements neuronaux qui ont cr le long des rainures.

Nous avons utilisé ce systeme afin de déterminer si le CDV peut se déplacer de
fagon rétrograde. Nous avons mis en culture des neurones primaires de furet d’un c6té de
I’anneau et lorsque les prolongements furent assez développés, nous avons ajouté des
cellules VerodogSLAM de 'autre coté. Les cellules VerodogSLAM ont été infectées
avec la souche SH a un m.o.i. de 0.1. Trois jours postinfection, I’expression du eGFP fut
observée dans le compartiment contenant les neurones, montrant que le CDV peut se
propager de fagon rétrograde. L’expérience inverse a aussi été effectuée, c’est-a-dire ge
nous avons d’abord infecté les neurones et lorsque leurs prolongements ont rejoint la
chambre avoisinante, nous avons ajouté des cellules VerodogSLAM dans le
compartiment vide. L’infection des cellules VerodogSLAM était visible 3 jours aprés
Iinfection des neurones, donc nous avons conclu que le CDV peut également se propager

de fagon antérograde.
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Ce travail souligne I'importance de ces cultures primaires puisqu’elles
reproduisent les observations faites in vivo. En général, les études qui examinent la
neurovirulence des morbillivirus, et en particulier de la rougeole, utilisent des souris
transgéniques comme source de neurones primaires (Lawrence et al., 1999; Manchester et
al., 1999; Manchester and Rall, 2001). Or, ces souris ne sont pas naturellement
susceptibles a une infection et méme lorsqu’elles expriment un des récepteurs de la
rougeole, elles ne reproduisent pas une maladie similaire a celle observée chez I’homme.
Nous avons démontré que notre nouveau modele in vitro miroite assez bien ce qu’on
observe in vivo. Ce modele est un outil intéressant pour approfondir nos connaissances
quant au mécanisme régissant la dissémination transneuronale. Notre étude a aussi montré
que le CDV ne se propage pas de fagon directionnelle le long des neurones
communicants. Cette observation pourrait avoir d’importantes conséquences quand 2 la
neuroinvasion et a la pathogeneése observée dans le SNC suite 4 une infection des
morbillivirus. Toutefois, des expériences supplémentaires sont requises afin de bien

comprendre comment ce déplacement bidirectionnel contribue a la pathogenése.
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4. DISCUSSION ET CONCLUSION

La somme de ce travail a permis de valider le furet comme modeéle pour étudier la
neurovirulence. Les travaux que j’ai entrepris au cours de ma thése ont également
contribué aux connaissances générales des événements régissant 1’encéphalite aigué. De
plus, grice a mes travaux, nous savons plus a propos de la réponse immunitaire engendrée
lors de la phase aigué de I’infection ainsi que la fagon dont le CDV se propage entre les

neurones communicants.

Au cours de ma premiére publication, j’ai observé que la neurovirulence est un
phénomene tardif qui se déroule seulement aprés 1’infection des cellules immunitaires et
épithéliales. Plus important encore, j’ai démontré que deux voies sont empruntées par le
CDV afin d’atteindre le SNC soit la voie hématogeéne et la voie olfactive. J’ai utilisé des
techniques d’immunohistochimie pour montrer que les neurones, les nerfs ainsi que le
bulbe olfactif sont infectés a tour de réle pour ensuite permettre au virus d’atteindre des
régions plus internes du SNC. C’était la premiére que I’utilisation de la voie olfactive par
un morbillivirus a été observée. Cependant en 2005, il a été rapporté que le virus Nipah,
membre de la famille des Pramyxoviridae, pouvait se propager le long des nerfs craniens,
notamment le nerf olfactif, afin d’atteindre le SNC (Weingartl et al., 2005). C’est donc
possible que la voie olfactive soit également importante pour la neuroinvasion pour

plusieurs autres membres de cette famille.

I serait intéressant de voir si le CDV possede la capacité de se propager le long
d'autres nerfs créniens tels le nerf vague. L’infection du nerf vague pourrait expliquer
certains signes cliniques comme la nausée et des vomissements observés chez la majorité
des furets infectés avec des souches de CDV hautement neurovirulentes. De plus,
I'infection du nerf vague par les virus herpés simplex et influenza a déja été démontrée

(Gesser et al., 1994, Matsuda et al., 2004).
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Les raisons pour lesquelles certains individus développent des infections
persistantes suite a la rougeole ou a la maladie de Carré sont encore méconnues. Nous
savons que I’équilibre qui existe entre le virus et le systtme immunitaire de 1’hote
contribue a la variété des types de complications neurologiques qui peuvent surgir. Trés
peu est connu a propos de la réponse immunitaire qui se déroule lors de 1’encéphalite
aigu€. Selon la littérature, les lésions initiales seraient dues a la présence du virus
(Krakowka et al., 1975a; Krakowka et al., 1980; Schobesberger et al., 1999; Zurbriggen
et al., 1998). Toutefois, d’autres groupes de chercheurs ont démontré I’importance de la
réponse immunitaire lors de ce stade par la détection de certaines cytokines et
chimiokines (Alldinger et al., 1996; Tipold et al., 1999). Mes travaux ont démontré que
dans notre modele de furet, les premiéres étapes de I’infection consistent en une
dissémination importante du CDV dans plusieurs régions du SNC telles que le bulbe
olfactif, le cervelet, I’hippocampe et le tronc cérébral. Suite a cette infection, il y a une
perte neuronale substantielle et une apparition de la gliose. De plus, nous avons décelé
I’activation de la réponse immunitaire par le biais de I’activation des cellules microgliales
et la production de I'IL-6, I'IFN-§ et le TNF-a. Ceci confirme 1’idée que le virus lui-
méme ainsi que le systtme immunitaire de I’hdte sont responsables pour la pathogenése
observée suivant une infection par les morbillivirus. Ceci peut aussi expliquer pourquoi
certains individus développent des complications neurologiques aprés qu’ils se
rétablissent d’une immunosuppression généralisée. Il serait intéressant de mieux
caractériser la réponse immunitaire en utilisant des technologies de fines pointes comme
la microdissection par laser suivie soit de techniques d’immunohistochimie ou d’une RT-
PCR (Reverse transcription polymerase chain reaction) afin d’identifier quelles cellules
produisent des cytokines ou chimiokines suite a une infection par le CDV. Il serait
egalement intéressant de traiter nos furets infectés avec des anticorps neutralisants afin de
les permettre de survivre a Iinfection. Ceci pourrait nous permettre d’observer a plus
long terme les effets de I’activation du syst¢éme immunitaire lors de la phase aigué de

I’infection.
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Au cours de la derniere partie de mon projet de thése, j’ai voulu approfondir nos
connaissances quant aux mécanismes qui sont impliqués dans la propagation
transneuronale du CDV. Pour ce faire, j’ai mis au point un systéme in vitro a partir de
cultures primaires de neurones de furets. Ce modéle s’est avéré trés intéressant puisqu’il
réplique plusieurs aspects observés in vivo incluant la permissivité des neurones a une
infection par le CDV de méme que la nécessité du contact cellulaire pour la dissémination

virale.

Des observations similaires ont déja été effectuées pour d’autres systémes qui
étudient la neurovirulence des morbillivirus (Ehrengruber et al., 2002; Lawrence et al.,
2000; Zurbriggen et al., 1995a). Nous avons observé une trés longue longévité de nos
cellules infectées. Méme aprés 18 jours d’infection, les cellules étaient toujours viables et
ne semblaient pas souffrir de conséquences morphologiques dues a I’infection par le
CDV. Une étude récente a démontré que in vivo, les cellules immunitaires infectées par
CDV étaient résistantes a I’apoptose (Pillet and von Messling, 2009). Ces auteurs
suggeérent que ce phénomeéne pourrait permettre au virus de s’échapper du systéme
immunitaire. L’infection prolongée observée dans les neurones pourrait jouer un rdle
similaire afin de permettre au virus suffisamment de temps pour se répandre dans le SNC
avant d’étre décelée par le systéme immunitaire.

Suite 2 mes travaux, nous savons que le CDV se déplace de maniére non
directionnelle dans les neurones. Ceci signifie qu’il peut voyager tant de fagon
antérograde que rétrograde. Malgré ces résultats, le mécanisme exact de transport
neuronal demeure irrésolu. Il est probable que le CDV, tout comme d’autres virus, utilise
le systeme des microtubules pour effectuer ses déplacements (Greber and Way, 2006;
Jouvenet et al., 2004; Radtke et al., 2006; Rietdorf et al., 2001). Plusieurs expériences
pourraient €tre entamées afin de vérifier cette hypothése. On pourrait vérifier s’il y a
colocalisation entre les microtubules et le CDV en utilisant un virus recombinant qui
exprime la eGFP et un anticorps qui reconnait soit la tubuline soit une protéine associée
au microtubule nommé MAP-1 (microtubule associated protein-1) (Sato et al., 1983).

Une autre expérience serait de perturber la polymérisation des microtubules avec des
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agents pharmacologiques comme le nocodazole ou la colchicine et d’observer par la suite

leurs effets sur la dissémination transneuronale du CDV.

Finalement, les travaux accomplis au cours de mon doctorat nous ont permis de
mieux caractériser les événements qui sont impliqués dans la neuroinvasion lors de la
phase aigué€ d’une infection par les morbillivirus. Ces connaissances pourraient contribuer
au développement de nouvelles stratégies afin de limiter ou méme prévenir entiérement

les séquelles neurologiques causées par les morbillivirus.
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Annex I: Summary of The Various CDV Strains Used



Virus
Strain

Wild
Type

Disease
Duration

Tropism

Neurovirulence

Lethal in

Ferrets

brain tissue, especially
cerebellum. Brain stem,
hippocampus, pia
matter, ependyma,
parenchyma, choroid
plexus and endothelial
cells are also infected in
ferrets.

disease. Ferrets
show signs of
nausea and
vomiting, ataxia,
circling behavior

and facial spasms.

Virus is detected
in all ferret
brains.

Lymphoid and Ferrets do not Yes
epithelial cells. display clinical
signs of CNS
involvement.
Viral infection of
the CNS is not
detected during
the disease.
A75/17 Yes 351040 Lymphoid cells, Ferrets show Yes
Days epithelial cells and clinical signs of
brain tissue. Causes CNS infection at
multifocal lesions in late stages of
white and grey matter. | disease including
Olfactory bulb is highly | ataxia, circling
infected, brain stem, behavior and
hippocampus, pia facial spasms.
matter, parenchyma, Virus is detected
ependyma, choroid in all ferret
plexus and endothelial | brains.
cells are also infected in
ferrets.
Snyder Hill | Yes 14 Days Lymphoid cells, Causes acute Yes
(SH) epithelial cells and neurological

Table 2. Description of the various CDV strains used in these studies. Table summarizing the

different aspects of the CDV strains used during this work including disease duration, tropism,

neurovirulence and lethality.
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The Morbillivirus hemagglutinin (H) protein mediates attachment to the target cell. To evaluate its contri-
bution to canine distemper virus neurovirulence, we exchanged the H proteins of the wild-type strains 5804P
and A75 and assessed the pathogenesis of the chimeric viruses in ferrets. Both strains are lethal to ferrets;
however, 5804P causes a 2-week disease without neurological signs, whereas A75 is associated with a longer
disease course and neurological involvement. We observed that both H proteins supported neuroinvasion and
the subsequent development of clinical neurological signs if given enough time, demonstrating that disease

duration is the main neurovirulence determinant.

Canine distemper virus (CDV), which infects a broad range
of carnivores, is a close relative of the human pathogen mea-
sles virus (MV) (5). In its natural hosts, CDV reproduces all
the signs of MV disease, including the characteristic rash, fe-
ver, respiratory and gastrointestinal involvement, and immu-
nosuppression (16, 23). In addition, CDV displays one of the
highest incidences of central nervous system (CNS) involve-
ment within the Morbillivirus genus. During or after natural
and experimental infections, about 30% of dogs exhibit neu-
rological signs, but lesions are present in many more animals
(17, 26). Ferrets are even more susceptible to CDV than dogs,
and the lethality of wild-type strains reaches 100% (16, 23).
When infected with a neurovirulent strain, most ferrets will
develop neurological signs that increase with disease progres-
sion (4, 13).

The hemagglutinin (H) protein mediates viral particle at-
tachment to the receptor on the target cell. With up to 10%
variability among CDV strains, H is the least-conserved pro-
tein, and it determines in vitro tropism (9, 25). The role of the
H protein in pathogenesis was initially investigated in rodent
models of MV infection. The majority of mutations that accu-
mulated during virus adaptation to growth in rodent brains
map to the H protein (8), and introduction of these mutations
into the parental strain replicated a neurovirulent phenotype
(3, 15).

In ferrets, the wild-type strain 5804P leads to death within 2
weeks due to sepsis and multiorgan failure without neurolog-
ical signs of disease (21). In contrast, the disease caused by the
A5 strain usually lasts between 3 and 5 weeks, and most
animals develop classical distemper-associated neurological
signs, including chewing gum seizures and head pressing (13,
17). To evaluate the contribution of the H protein to these
differences in neurological manifestation and disease duration,
we exchanged the H genes in the two strains.

Chimeric viruses retain parental growth characteristics in
vitro. The H proteins of the two strains (5804P and A75) are
2.8% divergent, consistent with the differences reported for

* Corresponding author. Mailing address: INRS-Institut Armand-
Frappier, University of Quebec, 531, boul. des Prairies, Laval, Quebec
H7V 1B7, Canada. Phone: (450) 687-5010. Fax: (450) 686-5305. E-mail:
veronika.vonmessling@iaf.inrs.ca.

" Published ahead of print on 15 August 2007.

unrelated strains (9, 19). The residues that vary are evenly
distributed (Fig. 1A) and do not include amino acids interact-
ing with the immune cell receptor SLAM (Fig. 1A, black bars)
(20, 22). To assess the contribution of the H protein to the
observed differences in pathogenesis, we produced two chi-
meric viruses: 5804P with the H gene of A75 (58/HA75) and
A75 with the H gene of 5804P (A75/H58) (Fig. 1B). All viruses
in this study express the enhanced green fluorescent protein
(eGFP) protein from an additional transcription unit located
between the H and polymerase genes. The viruses were recov-
ered as described previously (25), and they displayed growth
characteristics (Fig. 1C and D) and syncytium phenotypes
(data not shown) similar to those of the parental strains in cell
culture.

Disease duration determines the extent of CNS infection.
The pathogenesis and neurovirulent potential of the chimeric
viruses were assessed in ferrets, following protocols approved
by the Institutional Animal Care and Use Committee of the
INRS-Institut Armand Frappier. Intranasal inoculation with
10° 50% tissue culture infectious doses (TCIDsg) of the control
parental viruses resulted in disease that was lethal within 2
weeks for virus strain 5804P and persisted for 3 to 6 weeks for
virus strain A75 (Fig. 2A). Disease duration and clinical course
correlated with the strain providing the genome backbone
rather than the source of the H protein (Fig. 2A). One A75/
H58-infected ferret experienced only a weak and short-lived
viremia and survived the infection without developing any dis-
ease signs, which might have been due to residual maternal
antibodies below detection levels. Immunological and viro-
logical parameters were assessed as described previously
(24). The levels of cell-associated viremia and leukopenia
caused by the different viruses were similar (Fig. 2B and C),
but inhibition of lymphocyte proliferation upon phytohem-
agglutinin stimulation was less pronounced in A75-infected
animals and significantly reduced in those inoculated with
A75/H58 (Fig. 2D).

The A75 H protein facilitates neuroinvasion. We have
shown that the olfactory bulb is the first site of macroscopically
detectable infection in the CNS (13). We thus compared the
extent of eGFP expression in the olfactory bulbs of animals
infected with the parental and chimeric viruses. No eGFP
expression was observed at 2 weeks in animals infected with
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FIG. 1. Scheme and growth characteristics of the recombinant vi-
ruses produced. (A) Location of amino acids that vary between 5804P
and A75 H proteins. The cytoplasmic tail (CT), transmembrane region
(TM), and extracellular domain (ED) are represented by rectangles.
SLAM:-interacting residues (at positions 526 to 529 and 547 and 548)
are represented by black bars. Amino acid numbers are indicated
above the rectangles, and the locations of exchanged residues are
marked by black stars. The A75 amino acid and its number within the
protein, followed by the 5804P amino acid at that position, are noted
below the rectangles. (B) Schemes of the parental and chimeric vi-
ruses. H genes were exchanged using the unique restriction sites
BsrGI, located in the 3’ end of F gene, and Ascl, positioned upstream
of the eGFP start codon. A chimeric fragment combining the end of F
and the FH untranslated region (UTR) from the recipient genome
with the H open reading frame and the H-eGFP UTR from the donor
strain by overlap extension PCR (6), and introduced into the recipient
genome. Genetic material originating from 5804P is shown in white
elongated boxes, while genetic material originating from A75 is rep-
resented by gray elongated boxes. Viral genes are represented by the
letters N (nucleocapsid), P (phosphoprotein), M (matrix), F (fusion),
and L (polymerase). The full names and abbreviated forms used
throughout the article are indicated above the respective genome
scheme. (C and D) Cell-associated virus (C) and free virus (D) pro-
duction after infection of VerodogSLAMtag cells with a multiplicity of
infection of 0.01. Virus titers were determined by 50% endpoint dilu-
tion at the indicated times after infection with a limit of virus detection
at 1.7 50% TCIDs,,. Viruses in the A75 genomic context are repre-
sented by squares, while viruses in the 5804P genomic context are
represenled by triangles. Parental strains are shown in black, and
recombinant viruses in gray. Values indicate the averages of at least
three experiments, and error bars represent standard deviations.

5804P or viruses of A75 genomic origin (Fig. 3A). However,
the presence of the A75 H protein resulted in clearly detect-
able eGFP expression in five out of the six animals infected
(Fig. 3A, 58/HAT75). No H-protein-mediated differences in in-
fection levels were noted at the time of death for A75 viruses
(Fig. 3B, compare top and bottom panels).

Histological analysis of sagittal olfactory bulb cryosections
revealed few infected foci for virus strain 5804P (Fig. 3C),
indicating that the macroscopically observed difference was
quantitative rather than qualitative. A large number of in-
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FIG. 2. Comparison of survival and immunological parameters of
parental and chimeric viruses. (A) Survival curves of animals infected
with parental strains 5804P and A75 (n = 4) and chimeric viruses
58MHAT5 and A75/H58 (n = 6). Viruses in the A75 genomic context
are represented by squares, while viruses in the 5804P genomic context
are represented by triangles. Parental strains are shown in black, and
recombinant viruses in gray. (B to D) Cell-associated CDV titer per
million peripheral blood mononuclear cells (PBMC) (B), leukocyte
number (C), and in vitro proliferation activity (D) of animals inocu-
lated with the different viruses. Days after infection are plotted on the
x axes, and the 50% TCIDs, per million PBMC, leukocyte number, or
proliferation index is indicated on the y axis. Leukocyte numbers were
determined directly from whole blood using the Unopette system (BD
Biosciences). PBMC were isolated by Ficoll gradient centrifugation.
Proliferation activity is expressed as a ratio of 5-bromo-2'-deoxyuri-
dine incorporation of PBMC either stimulated with 100 ng/ml phyto-
hemagglutinin or left untreated. The top dotted lines represent the
threshold level for normal values, while the bottom dotted lines sep-
arate moderate and severe immunosuppression. Error bars indicate
standard deviations. Two stars represent a P value of <0.005, one star
indicates P values of <0.05. P values were calculated by comparing
5804P- and A75/H58-infected groups at the indicated time points with
an unpaired, two-tailed Student ¢ test.

fected olfactory glomeruli were detected in sections of 58/
HA75-infected animals, confirming the macroscopically ob-
served extent of infection (Fig. 3C). Consistent with our
macroscopic results, the level of infection in olfactory bulbs
from A75- and A75/H58-inoculated animals was similar (Fig.
3C, compare top and bottom right panels). In contrast, when
comparing the infection in the choroid plexus, which is an
important site of hematogenous neuroinvasion, we found sim-
ilar amounts of infected cells in sections from animals sacri-
ficed at similar time points (Fig. 3D, compare top and bottom
panels).

We then compared the macroscopic distribution of eGFP
expression throughout the brains of animals infected with A75
or A75/H58. The infection was predominantly concentrated in
the olfactory bulb, the rostral region of the frontal lobe, and
the brain stem, regardless of the H protein present (data not
shown). Confocal microscopy analysis of cryosections stained
with the respective cellular markers revealed that most of the
infected cells in the macroscopically identified regions were
either neurons (Fig. 4A and C) or glial cells (Fig. 4B and D),
as described previously for A75 (13).

Despite their differences in clinical neurological presenta-
tion, all strains established a microscopically detectable infec-
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FIG. 3. Macroscopic and microscopic visualization of CNS infection. (A and B) Macroscopic imaging of the olfactory bulbs. The contours of
the individual olfactory bulbs are outlined by a white line. Normal light photograph of the olfactory bulb originating from a 5804P-infected animal,
and photographs of the same organ from animals infected with the parental and chimeric viruses after eGFP fluorescence excitation using the
Macro-Illumination imaging system (Lightools, Encinitas, CA). The name of the respective virus is indicated on the picture. Pictures were taken
at 2 weeks postinfection (p.i.) for all viruses (A) and at 5 weeks for A75 and A75/H58 (B). (C and D) Microscopic analysis of CNS infection. Ten-
1o 15-pm sagittal cryosections of paraformaldehyde-perfused and fixed brains were analyzed for eGFP expression at a magnification of %200,
Representative regions of olfactory bulbs (C) and choroid plexus (D) photographed at the time of death, 2 weeks after infection for 5804P and

58/HA75, and 5 weeks for A75 and A75/H58, are shown.

tion in the choroid plexus and the olfactory bulb and are thus
neuroinvasive. Furthermore, introduction of the 5804P H pro-
tein into the A75 background resulted in disease duration and
neurovirulence similar to those of the parental A75 strain,
demonstrating that the 5804P H protein is able to mediate
CNS invasion if given sufficient time. The lack of neurological
signs in 5804P-infected animals might therefore be due to its
rapid disease progression in other organs, rather than the virus’
inability to infect CNS cells. The similar levels of cell-associ-
ated viremia and leukopenia indicate that it is a qualitative
rather than quantitative difference determining disease dura-
tion. These findings, in combination with the observed varia-
tion in lymphocyte proliferation inhibition, point towards a
difference in immunosuppression as the underlying cause. In

vitro studies and experiments in rodent models have shown
that contact between the H protein and immune cells is essen-
tial to induce proliferation inhibition (11, 14). Our chimeric
viruses, in which H proteins were exchanged between two
lethal strains, provide the first evidence that viral proteins
other than H modulate the severity of this inhibition, thereby
influencing disease duration and ultimately outcome.

The CDV H protein determines viral tropism and thus the
potential target cells and tissues within the infecled organism
(3. 7, 20). We have observed the A75 H protein facilitates
neuroinvasion in the 5804P genomic context without altering
disease duration. This is consistent with the observation that
the transfer of the H protein originating from a rodent brain-
adapted MYV strain into the vaccine virus conferred neuroin-
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FIG. 4. Microscopic identification of target cells of viruses with A75 backbone. (A and C) Infected neurons; (B and D) glial cells. Infected cells
are detected by eGFP expression, and neurons and glial cells are visualized with the 530/615 NeuroTrace Niss| stain (Nissl) and a rabbit anti-glial
fibrillary acidic protein polyclonal antiserum (¢GFAP), respectively, and an Alexa Fluor 568-labeled secondary antibody. Yellow staining and red
and green staining of the same cell represent infected cells positive for the respective cellular marker. Shown are composite images of confocal
microscopy analyses of cryosections at a magnification of X 1,000 of an A75-infected brain in the top panels and of an A75/H58-infected brain in

the bottom panels.

vasive properties but failed to reproduce the extent of CNS
dissemination seen with the parental strain (3, 15). Taken
together, these findings indicate that H proteins from neuro-
virulent strains are more efficient at mediating neuron infec-
tion, probably due to an increased affinity for the yet to be
identified receptor on these cells.

Ferrets infected with wild-type CDV are unable to mount an
effective antiviral immune response (18) and thus provide us
with a unique insight into the full spectrum of Morbillivirus
disease. Inoculation with the highly virulent strain 5804P re-
sults in rapidly progressing disease characterized by the com-
plete loss of immune system function, impaired mucosal mem-
brane integrity, and death, similar to rinderpest virus in cattle
(1, 2). The course of A75 represents an intermediate scenario
where, despite widespread infection of immune and epithelial
tissues, residual immune function seems to be maintained,
resulting in prolonged survival and CNS invasion, consistent
with the course of MV in severely immunodeficient individuals
(10, 12). Finally, sublethal viruses, which mirror the course and
signs of an uncomplicated MV infection in humans (5), do not
cause CNS involvement, and the immune system is able to
overcome its infection-induced suppression sufficiently to con-
trol and eliminate the virus (21). This dynamic interplay be-

tween the virus and the host’s immune system, and the result-
ing differences in the duration of the infection observed in our
CDV model, might also explain the variety of CNS diseases
associated with MV,
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