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ABSTRACT

The paramyxovirus familyisagroup ofenveloped, negative-strand RNA viruses that
includes common and highly infectious human pathogens such as mumps, measles,
respiratory syncytial virus, human metapneumovirus and the closely related, highly
lethal zoonotic Hendra and Nipah viruses. Paramyxoviruses are unique in that they have
two envelope glycoproteins thatmediate virion binding and membrane fusion, instead of
a single glycoprotein that fulfills both functions. The following textprovides areview on
how the two paramyxovirus glycoproteins, the attachment protein and fusion protein,
interact with each other, and to which host-cell receptors theybind, to ensure membrane
fusion and entry into the host cell. In the Paramyxovirinae subfamily,binding ofthe
attachment protein to an entry receptor triggers the fusion protein, which in turn drives
membrane fusion. While biochemical studies and recently solved crystal structures have
shed some light on this process, the exact mechanism by which the attachment protein
triggers the fusion protein uponreceptor binding, remains to be elucidated for any of the
Paramyxovirinae .Inthe Pneumovirinae subfamily on the other hand, the attachment
proteinis not necessary to achieve membrane fusion and the fusion protein mediates
receptor binding as well as membrane fusion. The current view is that virus entry in vivo
is a highly dynamic process thatinvolves a complexinteraction between viral
glycoproteins on the one hand and hostcell receptors on the other. Furthermore,
individual paramyxovirus species mightemploy multiple entry pathways, using more
than one type of receptor, relying on fusion atthe plasma membrane as well as on fusion
after endocytosis.

ABBREVIATIONS

CDV: canine dstemper virus; DC: dendritic cell; GAG: glycosaminoglycan G protein: glycoprotein; F protein: fusion protein; HMPV:
human metapneumovirus;HN: hemagglutinin-neuraminidase; HeV: Hendra virus; hPIV1, hPIV3: human parainfluenza viruses 1
and 3; HSPG: heparan sulfate-containing proteoglycan;MV: measles virusNDV: Newcastle Disease virusNiV: Nipah virus;PIV5 :

parainfluenza virus 5;RNP: ribonucleoprotein; RSV: respiratory syncytial virus; SeV: Sendai virus



1. PARAMYXOVIRUSES

1.1. Paramyxovirus family

ParamyxovirusesRaramyxoviridagare enveloped, negatigense singlstranded RNA viruses
belonging to the ordeviononegavirale§Group V Baltimore classification). Members of the
Paramyxoviridadamily are generally highly infectious viruses and include many important human
and animal pathogens, such as measles, mumps, human parainfluenzadyireispikatory syndial
virus and canine distemper virusspecially measles virus and respiratory syncytial virus remain a
major cause of mortality in children worldwid&rjffin, 2007; Hall et al, 2009; Nairet al., 201Q.

Airborne paramyxoviruses target the epithelialisclining the airways and are a major cause of
respiratory tract infections. A trademark cytopathic effect caused by paramyxovirus infection is the
formation of syncytia in infected epithelial and endothelial cell layers: upon infection, viral
glycoprotans expressed on the cell surface promote fusion of membranes between adjacent cells to
form multinucleated bodies.

Paramyxoviridaeare divided into two subfamilies, mainly based on morphological characteristics
and phylogenetic relations: tRmeumovirimeandParamyxovirinagsee Figl). ThePneumovirinae
subfamily consists of the genera pneumoviruses and metapneumoviruses, including human and bovine
respiratory syncytial virus (HRSV, BRSV) and human and avian metapneumovirus (HMPV, AMPYV).
TheParamyxowinae subfamily encompasses five genera: respiroviruses [including Sendai virus
(SeV) and human parainfluenza virus 1 and 3 (hPIV1, 3)], the recently emerged henipaviruses [the
closely related Hendra (HeV) and Nipah (NiV) virus)], morbiliviruses [cormgrisneasles virus
(MV), canine distemper virus (CDV) and the recently globally eradicated rinderpest virus (RPV)],
avulaviruses [including Newcastle disease virus (NDV) and avian parainfluenza virus (API1V1)], and
rubulaviruses [including mumps virus (Mu\Human parainfluenza virus 2 and 4 (hPIV2, 4) and
parainfluenza virus 5 (PIV5, formerly known as SV5: simian virus 5)] [Lamb & Parks, 2007]. The
Paramyxovirinaesubfamily also contains some other recently emerged species that have not been
formally classied yet, including Tioman virus, Menangle virus, Beilong virus, Mossman virus, Salem
virus, Ferde-Lance virus, Tupaia paramyxovirus and J paramyxovirus.

Most paramyxoviruses have a narrow host range and rarely cross species. However, Hendra and
Nipah vius have caused zoonosis with a high mortality rate in infected humans and gnagEfset
al., 2000; Chuat al., 200Q.
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1.2. Virion structure, protein composition and genome

Paramyxovirus virions are generally pleomorphic, often a mix of spherical and filamentous
particles, with a size distribution ranging from 150 to 300 nm in diameter, however individual
particles (from some gener a) Iinaomecabes|[Sodsnutdh s er ved
al., 2003].The viral envelope is a membrane bilayer with lipids derived from the host cell.

The envelope always contains at least two transmembrane proteins encoded by the viral genome:
(1) an attachment protein (either hemglagnin-neuraminidase (HN), hemagglutinin (H), or
glycoprotein (G), depending on the genus), and (2) a fusion (F) protein. Both attachment and F
proteins are heavily glycosylated. As their names indicate these glycoproteins mediate attachment to
the hostcell and subsequent membrane fusion in order to release the viral genome into the cytoplasm
for replication and translation. Attachment and F proteins are thus essential for entry, and hence,
infectivity of the virus. Later on in the infectious cycle, gheoproteins play an active role in the
assembly of viral proteins to specific cell membrane microdomains to form new virus particles.
Because of their abilty to fuse membranes at neutral pH, paramyxovirus glycoproteins expressed on
the cell surface canduce the formation of syncytia (large multinucleated cells). RSV produces its G
protein also in secreted form as a decoy for the immune syBighrelyevet al, 2008.

A third transmembrane protein, the small hydrophobic (SH) protein, is expressesvin a
paramyxovirus species, including RSV and mumps virus. The SH protein does not seemto be
important for attachment or membrane fusibawever it is thought to contribute to survival of
infected host cells by inhibiting TNB-mediated apoptosisind indicing host cell membrane
permeabilty by forminghexameric pordike structuregTakeucheet al, 1996;Bukreyevet al,, 1997;

Wilson et al, 2006; Fuentest al, 2007 Carteret al, 201Q.

attachment protein matrix protein (M)
(H, HN or G)

fusion protein (F)

ribonucleoprotein
(RNP) complex

large (L) protein
subunit of

RNA polymerase
complex

Figure2: Paramyxovirus virion structure and protein compositioheft: Membrane glycoproteins are visible as a spiked layer in this
negative staining transmission electron micrograph of a mumps virion [fretrellj 2009]. Right: General structure of a paramyixas

virion. The six depicted proteins are encountered ifPalamyxoviridaeGenera differ in their attachment proteinrBneumovirina@and
henipavirus contain glycoprotein (G), morhillivirus contains hemagglutinin (H), while respirovirus, avulaviulsidadrus encode
hemagglutinimeuraminidase (HNPneumorivirina@nd rubulaviruses also express short hydrophobic (SH) protein (not depicted) in their
envelope. V, C, NS and M2 proteins (see text) arestrmctural proteins and hence not incorporatédo virus particles [adapted from
ViralZone database, SIB].

The inner lining of the viral envelope is formed by the highly abundant matrix (M) proteins, that
provide the structural basis to 8aramyxoviridaeirus particles. M proteins bind to thener leaflet
of the cell membrane and interact with the cytoplasmic tails of the attachment and fusion
glycoproteins as well as with the encapsidated RNA core. Furthermore, for many paramyxoviruses, M
proteins directly or indirectly recruit host cell proinvolved in membrane budding. Because of
these properties M proteins play a central role in the assembly and release of new virus particles from
infected cells.



The paramyxovirus negatig&ense, singlstranded RNA genome is neegmented, between 15
ard 19 kB in size, and typically contains onkl6 genes, depending on the genus (se&3Fig.he
overall genome structure and gene order is conserved beRaemyxoviridaeThe RNA genome is
fully covered with nucleocapsid (N) protein. The encapsidgted forms a helical, tubular
ribonucleoprotein (RNP) complex that is coiled up within the virus particle (se2) Figie most
important function of RNA encapsidation is to prevent detection of the viral RNA and subsequent
degradation by the host cell upmfection. N proteins also interact with M proteins to allow
packaging of the genome into new virus particles.
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Figure3: Paramyxoviridaggenomes.The genome of paramyxoviruses is a 15 to 19 kBsegmented negativetrand RNA that contains

6-10 genes, encoding a maximum of 11 proteins (in the case of RSV). The overallgenome structure and gene order is cosserved. M
genes have only one protein quct, except for the P/V/C gene RaramyxovirinaeGenera differ in their attachment glycoproteins:
Pneumovirina@nd henipaviruses contain glycoprotein (G), morbilliviruses contains hemagglutinin (H), while respiroviruses, avulaviruses
and rubulavirusesncode hemagglutinlneuraminidase (HN). THeneumovirinasubfamily and the rubulaviruses encode a third
transmembrane protein, short hydrophobic (SH) protein. (After ViralZone database, SIB).

Since the paramyxovirus genome is negasikase RNA it camot be directly translated into
proteins by the ribosomes of the host cell. Therefore paramyxovirus particles (as all other
Mononegaviralesirions) contain at least one RNdependent RNA polymerase complex to produce
translatable mMRNA segments from thedrgativesense genome. The polymerase complex is
associated with the RNP complard consists of the smlled large (L) protein subunit and a few
phosphoproteins (P proteins).

Paramyxovirus RNA transcription and replication follow the gend@ionegavialesmodel. P
proteins” probably in a tetrameric configuratichdi r ect binding of L protein
of the encapsidated genome, which acts as an exclusive promoter for transcription [reviearad in L
& Parks, 2007 . The polymerase complex then sequentiall
region. However, not every gene is transcritzettie samextent highly conserved start and stop
signals within the intergenic sequences play a role in determinegrobabilty of whether the
polymerase complex dissociates from the template after releasing an mRNA, or whether it starts
transcribing the next gene [mechanism first described by WBelrtz, 2002)]. If the polymerase
complex dissociates, transcrigto can only start again at the 30 e
are more abundantly transcribed than genes cl os:
production of larger amounts of mMRNA encoding structural proteins (lke N and M proteiayehat
needed in large quantities for virion production.



The polymerase complex not only produces mRNA segments but also replicates the viral genome
in a twostep process: first it createsfielhgth positivesense RNA copies (antigenomes), and then it
uses these as a template to create new negs¢émee RNA molecules (genomes) that are incorporated
into the viral offspringLamb & Parks, 2007]. Whether the polymerase complex favors RNA
transcription (i.e. production of MRNA segments) or replication gieduction of fulllength
positivesense genomes) is dependent on the concentration of N proteins. Replication only starts when
the concentration of N protein is high enough to encapsidate newly synthesized antigenomes and
genomes, thereby preventing thegrstruction. Thus, production of mMRNAs happens earlier in the
infectious cycle than genome replication.

Paramyxovirus genomes usually encode one or more accessory proteins that are not incorporated
into budding virus particles. In general these-stsncural proteins are not essential for virus
replication in cell culture, but they increase viral yield and are required for virus sunviiab.
Accessory proteins are often multifunctional: typical functions include regulating RNA synthesis,
assisting inparticle assembly and, most importantly, manipulating host cell signal transduction
pathways to attenuate awiial responseg¢viewed inLamb & Parks, @07; Fontanat al, 2008;
Ramachandran & Horvath, 2009].

In theParamyxovirinasubfamily the P(/\MZ) gene not only encodes the phosphoprotein but also
produces (1) an accessory V protein throughranscriptional mRNA editing, and (2) in some genera
additional proteins called C, W, X or Y from overlapping open reading frames (ORFS) [reviewed in
Lamb & Parks, 2007] (see Fig).3V proteins attenuate host antiviral and immune responses through
interference with type 1&II interferon (IFNpnediated signaling pathways at multiple stepsiewed
in Fontanaet al,, 20@8], and they counteract host cell cyp®gression and apoptosis [Lin & Lamb,
2000; Suret al, 2004]. While many other enveloped viruses have developed mechanisms to inhibit
IFN-mediated pathways as well, paramyxovirus V proteins are unique in that they also directly target
IFN-responsive STAProteins. The JAK/STAT pathway is a major Hidluced gene transcriptional
activation pathway that leads to the production of severalantiviral and immunomodulatory proteins
[reviewed in Gougtet al., 2008 Stark & Darnell, 2012 However, the mechanisms by which
paramyxovirus V proteins interfere with STAT proteins differ greatly betviRagamyxovirinae
genera [reviewed iRamachandran & Horvath, 2Q0%ike V proteins, C proteins counteract the
immune response and are involvedhe regulation of RNA synthesis. For a number of
paramyxoviruses, C proteins have been shown to inhibit viral genome replication, thereby avoiding
RIG-I-induced IFN productiorjreviewed in Fontanat al, 2008].

ThePneumovirinaé gene does not produaecessory V or C proteins. However the
Pneumovirinaesubfamily genome encodes other accessory proteins that have similar functions, like
the M2 gene products and the NS1 and NS2 prot&€msPneumovirinaéM2 gene produces the M2
and M22 proteins from werlapping ORFs. Both proteins are thought to regulate RNA synthesis: M2
1 enhances the processivity of transcription [Cokinsal., 1996; Hardy & Wertz, 1998], whilthe
M2-2 protein appears to regulate the switch from mRNA to antigenome synthesisnii$em &

Collins, 1999].The genome of RSV encodes two unique-stvactural (NS) proteins, NS1 and NS2,
that are, like the V proteins from tRaramyxovirinaeubfamily, involved in inhibition of the IFN
mediated antiviral responses [Spatial.,2004; Hastieet al,, 2012]. The NS1 and NS2 proteins target
the pathwaysleading toIFBl upr egul at i aduced JAK/STAT dathvaays atiméitiple
steps [reviewed in Oshanskyal, 2009; Colins & Melero, 2011].



2. PARAMYXOVIRUS ENTRY MECHANISMS

2.1. Attachment proteins mediate virion binding

Paramyxovirus attachment to a host cell is usualy mediated by interactions between virus
expressed attachment proteins and vapscific receptors on the cell surface. All paramyxovirus
attachmenproteins are type Il integral membrane proteins:tar@inal extraviral/extracellular
domain, a single transmembrane stretch and an intraviral/cytosdarnihus.

Paramyxovirus attachment proteins are divid@d three groups(1) hemagglutinin
neuranmidases (HN proteins), which are expressed by respiroviruses, avulaviruses and rubulaviruses;
(2) hemagglutinins (H proteins), expressed by morbiliviruses; and (3) glycoproteins (G proteins),
expressed by henipaviruses and the members &frteemoviringsubfamily (i.e. RSV and HMPV).

The attachment protein nomenclature is based on certain shared phenotypic properties rather than on
similarity in amino acid sequence or 3D structure: HN and H proteins agglutinate erythrocytesin a
sialic aciddependenard i independent manner respectiveiyhere HN proteins also possess
neuraminidase activityG proteins lack both hemagglutination and neuraminidase properties.

Results obtained fromiochemi@l studies and recently published crystal structures indicatte tha
Paramyxovirinaeattachment proteins reside as homotetranaimse(s of disulfide-linked dimerg in
the viral/cellular membrane [Bossaital, 2005; Paadt al., 2009; Brindleyet al,, 2010; Santiaget
al., 2010; Hashiguchet al,, 2007, 2011; Yuaetal., 2011; Bosest al, 2011; Xu et al, 201Za);
recently reviewed inLee & Akyol-Ataman, 2011Plempeeet al, 2011; Chang & Dutch, 2012].

What type of entry receptor a paramyxovirus attachment protein interacts with is largely
dependent on whether iab neuraminidase activity or nBtaramyxovirinagenera containing HN
proteins interact with sialylated receptors (i.e. membrane glycoproteins or glycolipids with terminal
sialic acids) that are omnipresent on the cell surface. The neuraminidase mbiétyiiotein can
cleave the same terminal sialic acid and is likely important for virus exit as cleavage might prevent
aggregation of newAjormed virus particles atéhsurface of the infected celttachment proteinsf
the otheParamyxovirinagenergi.e. henipavirus and morbilivirus, expressing a G and H protein
respectively) do not bind to sialic acid but interact witbtginaceous receptors for entde§cribed in
paragraphs 3.8nd 34).

Compared td®aramyxovirinaeattachment protein®neumovimaeattachment (G) proteins are
much shortefbetween 230 and 300 aa, compared to ~60@doamyxovirinag¢and characterized by
(1) a high sequence variability between subgroups [Jotetsai) 1987; Bastiert al, 2004] and (2)
extensive glycosylatigncontaining severaltNand many Glinked glycosylation sites (i.e. SIT
residues), a characteristic shared with milikén proteins secreted by epithelial cells. Other than that,
the RSV and HMPV G proteins are different in size and have no sequencedyofizEn den
Hoogenet al, 2002].

Thein vivoreceptor binding properties of tRmeumovirina&s proteins are not fully understood.
Although several G protereceptor interactions have been described in callreuttxperiments (see
paragraph 3), manyin vitro andin vivostudies have showtheseare not necessary to achieve
membrane fusion and virus entry into the host cell. Cold passaged or engineered G protein deletion
mutants can stil replicate efficiently in cell cultures [Karedml, 1997; Tebaarpornkuet al, 2001,

2002; Tenget al, 2001; Teng and Colins, 2002; Biacchetal., 2004,2005; Changet al, 2013.

However, several studies have demonstrated that HMPV and RSV G proteins enhance replication and
virus survivalin vivo[Karronetal., 1997; Tenget al,, 2001;Biacchesiet al., 2005Recent studies

have shown that iPneumovirinaghe F protein itself also interacts with host cell receptors and that
these interactionarecrucial for virus entry (discussed in later paragraphs).

Apart from its involvement in attachment, RSV G protein has been shown to inhibit activation of
certain tolllike receptors (TLRs) in monocytes, thereby suppressing innate immune responses [Polack
et al, 2005 reviewed inKlein Klouwenberget al, 2009. Furthermore, RSV G is also expressed in
secreted form due to a second translational inttiation cadstiejved in Colins & Melero, 2011
This secreted form may serve as a decoy for the host immune $@stieneyevet al., 200§.
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Although it has been established that the G protein is not necessary to achieve membrane fusion, up
til now no wild-type RSV strain has been isolated that does not contain a G protein. Indeed,
differences in fitness between RSV strains are to a largadbotited to differences in G protein gene
sequence, yielding differences in protein structure, glycosylation pattern and hence differences in
receptor interactiongZlatevaet al, 2005; Parveeet al,, 2006] In what part the apparent necessity of
the G protein forin vivoinfectivity can be attributed to its attachment function or its involvement in
immune evasion and immunomodulation remains to be elucidated. Recently a mutant RSV strain
lacking a large portion of the G protein extraviral domain wesaed only in immunocompromised
children in South Africa, suggesting thHat RSV in vivoinfection the immunomodulating properof

the G proteins more important [Ventest al,, 2011].

In the last decade, crystal structures have been obtained dmbenof attachment protein
(partial) extraviral domains of tHearamyxovirinaesubfamily: either irmonomeric, dimeric or
tetrameric form, unliganded, or in complex with a receptor or inhibitor [reviewed indbait, 2009;
Plemperet al,, 2011; Chang: Dutch, 2012].From these structures it has become clearltat t
attachment protein extraviral domain has the shape of a memtistaleglobular or cuboidal head on
a membrangroximal stalk. The headna-stalk structure of the monomer is reflectetha
mushroordike protrusions seenin EM micrographs that allegedly represent the physiological
attachment protein homotetramers. Tienomericglobular head domains mediate receptor binding
and contain a highly conserved-bid a d-ghdet pfopeller strtire characteristic for neuraminidases
(and first identified in influenza NA protein [Vargheseal, 1983]). Only in HN proteins the central
p oc k et -prodelertfaid estil possesses a sialic acid binding site and neuraminidase @utvity
site) [Crennellet al, 2000; lorioet al,, 2001; Yuaret al, 2005]. InMV H and henipavirus G proteins
this pocket is stil present but has lost its sialic acid binding capacity and neuraminidase function due
to point mutations [Colet al, 2007, Hashiguchet al., 2007, Bowderet al,, 2008, Xuet al.,2008].

Crystal structures suggest that sialic acid binding and NA activity occur in different conformation in
NDV, drastically changing the HN dimer interface, while no such changes occur in aRI\NFV5
[Crennellet al, 2000; Lawrencet al, 2004 Yuanet al, 2003. In NDV HN a second sialic acid

binding site lackingheuraminidaseactivity was identified which is formed by residues from two
monomers at the membradestal dimer interfacepon sialic acidbinding to the NAsite[Zaitsevet

al., 2004 Porottoet al, 200§. Although postulatedio play a role in activation of the fusion

mechaiism in hPIV3 HN, this second sialic acid binding site was not crystallographically confirmed
for hPIV3 and PIV5 HN prigins[Lawrenceet al,, 2004; Yuaret al,, 2005; Porottet al., 2007].

There appear to be great differences in binding site locations among the attachment proteins that
have lost the caeity of binding to sialic acidontaining receptors, which is reflected in the different
proteinaceous receptors they recognize. While the henipawipsstein receptor binding sites
(ephrins B2/B3 see paragraph3 map to the top of each monomeric globular domain and partially
ovetap with the sialic acid binding pockets in HN proteitg currently knownMV H protein
receptor binding sites (CD48LAM and nectird 1 see paragraph3 are located much farther away
from the dimer interf ac epropdemiadiCbisetal, 2097, Baavtden r a |
etal, 2008; Xuet al, 2008 2012 Santiagcet al, 2010; Hashiguctet al, 2011 Zhanget al,, 2013.

Also, the overall crystal structure of th&/ H globular head domains more cubdke compared to

the more globular structure assumed by the head domains of HN protein and henipavirus G proteins
[Colf etal,2007; Hashiguchet al., 2007; Crennekt al, 2000;Lawrenceet al, 2004;Bowdenet al,

2008; Xuet al, 2008. These findings are not only consistent with the notion that morbiliviruses and
henipavirus have adapted independently to proteinaceous receptors, but also suggests that
morbilivirus H protein is an evolutionary outgroup in relation to HN pretaind heipavirus G

protein [Bowderet al, 2008].

Recently obtained crystal structures of the NDV and PIV5 HN protein homotetrameric
ectodomaingontaining a part of the stalk regishowthatit forms atetrameric coileetoil bundle
(4HB) [Yuanet al, 2011; Boset al, 2011].



2.2. Membrane fusion is achieved through refolding of F protein

After attachment of a virus particle to the host cell, fusion of the viral membrane with the plasma
membrane releases the genomic content into the host cell cytoplasm for replication and translation.
The process of membrane fusion requires energy. In pacaituses as well as other enveloped
viruses, this energy is provided by viregpressed fusion proteins.

Paramyxovirus fusion (F) proteins are type | integral membrane proteins: a laegminal
extraviral/extracellular domain, a single transmembsdreich and a small intraviral/cytosolic- C
terminus. F proteins belong (together with other viral fusion proteins such as influenza HA, Ebola GP
and HIV Env) to the class | viral fusion proteins anddr@racterized bgn internal cleavage site
adjacenta a stretch of 2@5 hydrophobic amino acids, the fusion peptide, followed by a linker region
that contains 2 heptad repeat regions (HRA and HRB; seéfigApart from that, class | fusion
proteins from different virus families do not have any significaequence similarity, but exhibit a
similar production and membrane fusion mecharjlsamb & Parks, 2007]Also among
paramyxovirus geni F protein sequences vary substantially, altheGgbri@geforming cysteine
residues are often conserved. Améhgeunovirinaethe F protein is more conserved (=386 amino
acid sequence identity) compared®aramyxovirinag¢10-18%)[Van den Hoogeet al., 2002].

\L extraviral/extracellular cytosol

(A) NH2 i HR i l:l:l COOH
T A

Paramyxovirus F protein

Figure4: F protein refolding drives membrane fusiofl) Linear schematilrawingof a cleavegaramyxovirus F protein monomer
with its conserved features: depicted are thedfminal F2chain, the cleavage site (red arrow), and theRain containing the fusion
peptide (FP), two heptad repeat regions (HRA and HRB) and a transmembrane regi@h€¢Tipnd F-chain are linked by a disulfide
bridge. (B) Refolding of F protein drives membrane fusipAfter theF proteintrimer in its proteolytically activated priusion state is
triggeredthe coiledcoil HRB domaifgreenymelts,and HRAorange)refolds into a trimeric coilegtoil,leading to the projection of the
fusion peptide(blue)towards the host cethembrane to form the s@alledpre-hairpin intermediate. 2 During further efolding of the
pre-hairpinintermediatehe TM domair{red)and the fusion peptidenove towards each other. Somewhere along this step membrane
hemifusion is hypothesized to occut.is likely that the concerted action of multiple F proteins is hecessary for membrane f8}itine
postfusion stable 6HB correspds tofused viral and host cell membrang&chematidrom Chang & Dutch, 2012).

F proteins are synthesized as+fiosogenic precursors (caled)fand form homotrimers in the
cell membrane/viral envelope [reviewed in Morrison, 2003; Lamb & Jardex@ky, Plemper, 2011].
Analysis of the crystal structure of the PIVEdemplex revealed a membradistal large globular
head domain connected to a membrpreximal threehelix coiledcoil domain [Yinet al, 2004.

Only after proteolyticcleavagd- proeins become fusogenic: a cellular protease cleaves the F

precursor into a metastablelrhet er odi mer | inked by dis-usidni de bo
compl exd) . Proteolytic c Hernanaldognain of f( e lhdes 6d use wnhy
peptided) that |ies b ravievedin Whieet alj2008] Fdr mostma t ur e F
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paramyxoviruses fis cleaved by a furin protease during transport througlrams-Golgi network

[Lamb & Parks, 2007]Exceptions are HMPV and Sendai vifgg which are cleaved by tissue

specific extracellular proteases and Henipavirgw/tiich is activated through cleavage by cathepsin
and/ori B in acidic, endosomal compartmentddulendykeet al,, 2005; Pager & Dutch, 2008, ager

et al, 2006;Diederichet al,, 2005 2008, 2012 Furthermore, RSV F protein is unique in that it has

two furin cleavage sites instead of one, and cleavage at both sites is necessary for fusogenic activity
[GonzalezReyeset al, 2001 Zimmer et al,, 2001(b). Despite differencgin proteolytic activation

and transport route, paramyxovirus F prot€ingh the exception of RSV F see next paragrapaje
activated before being incorporated into budding virus particles [Diedsralh 2008; Krzyzaniaket

al., 2013.

Paramyxovius F proteins mediate membrane fusion through a conserved, irreversible
conformational change from a mettable highenergy state (i.e. the proteolytically activatedd
pre-fusion complex) towards a stable l@mergy state (the peiision complex) [eviewed in
Morrison, 2003;Lamb & Jardetzky, 2007; Plemp&011]. This F protein refolding mechanism is
directly or indirectly (i.e. through the attachment protein ormpétliated) triggered after binding to the
target cell (discussed in paragraph)2Biochemicalstudies as well as crystal structures obtained from
influenza HA, HIV gp41 and several paramyxovirus F protein soluble domapredarsor form as
well asin proteolytically activateghre- and postfusion states havgeneratedhsight in the F protein
structural rearrangements leading to membrane fuBialiofigh et al., 1994; Weissenhorret al.,

1997; Zhaoet al,, 2000; Yinet al, 2005, 2006Connolly et al, 2006; Swansoret al,, 2011 Porottoet
al., 2011; McLellanet al, 2011, 2013 Welchet al, 2012 Chanet al,, 2012;Wenet al,, 2013. First,
the HRAs from each monomer rearrange into a trimeric cot@ldand the hydrophobic fusion
peptides are harpooned into the target cell membrane, formingadesdb prehairpin intermediate
structure (see FigiB). The prehairpin intermediatehen somehow refolds into the stable gosion
structure that is mainly characterized by the formation of a stabtekial bundle (6HB) composed
of the helical heptad repeats A and B (HRA and HRB) from each monomerdgZhh®000]. Since
in the pstfusion structure the fusion peptides and the transmembrane regions otliank are in
the same membrane, it is thought that the transition from thegm@n intermediate into the stable
postfusion structure provides the energy (1) to pull tinel\and host cell membranes into close
proximity, and (2) to allow the energetically unfavorable fusion of the memipfaospholipid
bilayers, ultimately resulting in the formation of a fusion pore [reviewed in Colman & Lawrence,
2003; Lamb & Parks, 200L;amb & Jardetzky, 2007]. Exactly how the biophysical mechanism of
membrane bilayer fusion and subsequent formation of the fusion pore works, and how it is correlated
with refolding of F protein is uncertajlemper, 2011]1tis likely that simultaneousefolding of a
small cluster of F protein homotrimers is necessary to create a fusion pore ¢Datch99g. In

other enveloped virusesstimates of how many trimeriusion protein complexes are necessary to
create a fusion pore vary between a singiplex and over a dozen complexes [Roche & Gaudin,
2002; Yanget al,, 2009.

2.3. Paramyxoviruses differ in the mechanism of F protein

triggering

Since F protein refolding is an irreversible process, it is important that its triggering is regulated in
a spatietemporal context. While the F protein refolding mechanism itself is conseliffecent
paramyxoviruses employ different mechanisms fordtgm triggering.

In theParamyxovirinasubfamily, F protein refolding is commonly thought to be triggered upon
binding of the attachment protein to an emggeptor Multiple studies have demonstrated that the
attachment protein is necessanydatryof these viruses, since cetll fusion events occuanly upon
expression of a functional receptor for the attachment protein, anccopression of the
attachment ané protein but notupon expression of the protein alondMoscona& Pelusol991 Hu
etal, 1992; Yacet al, 1997. If the hypothesis that receptor binding by the attachment protein



triggers refolding of the F protein is correct, (an at least temporal) interaction between the two
glycoproteins is required to transduce the receptdiriginsignal to the fusion protein. Transfection of
heterotypic glycoprotein pairs revealed a vspecific interaction between attachment protein and
fusion protein: when an attachment protein issgpressed with a heterotypic fusion protein (i.e. from
anotherParamyxovirinaespecies), no syncytia are formed, except in some cases where the
glycoproteins are from closely related species (g¢egpdra and NipahMV and CDV) [Huet al,,
1992;Yaoet al, 1997;Leeet al, 2008;Bossaret al, 2003. The distibution of the attachment and
fusion functions over two glycoproteins is in contrast with other enveloped viruses such as influenza
virus, Ebola virus and vesicular stomatitis virus (VSV) in whicimgles glycoprotein mediates both
attachment and fusioand glycoprotein refolding is either triggered by receptor binaingpH

lowering (endocytosis) depending on the type of itieamb & Parks, 2007].

In Paramyxovirinagthe nteractions between the glycoproteiisat are necessary to instigate
membrane fusiomare predictedo occur primarily at the head region of F protein [e¢al, 2008;

Paakt al, 2009 Tsurudomeet al., 201]. Transfection of HN protein chimeras composed of regions
from different viral HN proteins showed that HN proginteract with F protein through their stalk
regions [Denget al, 1995; Tanabayashi & Compans, 1996; Tsurudetrad., 1995 Porottoet al,,

2013. Chimera, mutagenesis and crystallograptisdiesidentified F protein interacting domains in
the stalk rgions of hPIV3, NDV and PIV5 HN and MV HDenget al,, 1999; Porottet al, 2003;
Melanson & lorio, 2004, 2006; Corey & lorio, 2007; Leteal., 2008;Bishop et al,, 2008;Paakt al,,
2009; Boseet al, 2011; Yuaret al, 2011]. Residues that affeetteraction with F protein have also
been found in the globular head domain and TM regiMaGinneset al, 1993, Bousset al,, 1994;
Aguilar et al, 2009; Mirzaet al, 2011].

In the last decade multiple functional, biochemical andtaliggraphic sidies have been
performedo iluminate (changes in) the interactions betweePdm@amyxovirinagylycoproteins
(induced by receptor binding) that finally lead to triggering of the F protein, and subsequent membrane
fusion [recently reviewed in Lamb & Jareltzky, 2007, White et al, 2008;lorio et al., 2009; Smithet
al., 2009; Plempeet al, 2011; Aguilar & Lee, 2011Chang & Dutch, 2012].

Intracellular retention of hPIV3 and PIV5 HN or F protein obtained through modification with an
ER-localization signal did not affect transport of its homotypic HN or F protein towards the plasma
membrane, indicating that HN complexesare not formedh the ER or Golgi [Patersaet al, 1997].

For hP1V3 and NDV HN proteins with mutations in thénteracting stalk domain a direct

relationship was found between fusion promoting activity and the amount -&f ¢thplexes

detected by cammunoprecipitation athe cell surface of HNF cotransfected cells: mutated HN
proteins formed less HIR complexes and induced less syncytia formation [P oebtib, 2003;

Melanson & lorio, 2004, 2006]. Moreover, the extent of induced membrane fusion was found to be
directly proportional to the strength of the HRNinteraction (i.e. the amount of detected4AN
complexes)Also, for NDV, HN-F complexes were only detected in thegence of sialic acid
receptorsand receptor bindindeficient mutants (i.e. with mutations inet NA active site) showed

less interaction between the glycoproteitsrid et al., 2001;Melanson & lorio, 2004; Léet al., 2004].

The above describezkperimental findingformedthe basi s of 0carn M@rsocsvoocc aatt @ U
modelfor F protein activadn for Paramyxovirinaghat bind to sialic acidontaining receptorsee
Fig. 5A). In short: receptor binding triggerssaries of spatial/structural rearrangements in the HN
proteinthat leads to formation of the HRcomplex through interactions in thiN stalk region, i.e.
the attachment protein acts as a molecular scaffbig.interaction then triggers refolding of the F
protein towards it lowenergy conformation.

A set ofmutagenesis and d@ studiesontransfected/V and henipaviruglycoproteirs, similar
to those performed in sial|cid binding Paramyxovirinagresulted in a different view on F protein
activation inParamyxovirinadinding to proteinaceous receptors. A MV construct with a modified H
protein showed increased fusogenicity, despitveakened interaction between the glycoproteins at
the plasma membrane (i.e. lesd-ldomplexes detected by-comunoprecipitation comparedto WT)
[Plemperet al, 2002]. In another study, mutations induced in the MV H protein stalk, corresponding
to those introduced in NDV [Melanson & lorio, 2004], had the opposite effettteoformation of
heteraoligomers. Mutated H proteinshatwerealmost completehdeficient in inducing membrane
fusion, were all detected to a higher extent in complex with Featel surface than wity/pe H
protein, suggesting that the induced mutations in the MV H stalk strengthen rather than weaken the H
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F interaction [Corey & lorio, 2007]n both studies, the extent of fusion was shown to be inversely
proportional to the aount of HF complex formationA transfection study with receptbinding
deficient MV H protein mutants also showed increasdelifteraction [Corey & lorio, 20095imilar
results wer@btained folHendra and Nipals: (glycosylation) mutations in G or F that decreased
membrane fusion increased the avidity of th& BteractionfAguilar et al, 2006 Bishop et al., 2007;
Xu et al, 2012(a). Some mutations iHendra and Nipals also decreasedkinteraction (and
increased membrane fusidmmaintaining the inverse relationship) [Aguilar al, 2006; Bishopet al,
2007], while in MV H no such mutations were identified.

Intracellular retention of MV H or F resulted in ERBtained HF hetereoligomers, suggesting that
MV H and F are incorporated as a complex into budding virions [Plegtaér 2001].1n a similar
studyHendra G and F were not detected asrERined compxes [Whitmaret al, 2007, 2009].
However, henipavirus (fprotein differs from other paramyxovirus F proteins in that it is activated
through cleavage by cathepsirand/ori B in acidic, endosomal compartmeniajger & Dutch, 2005;
Pagetet al, 2006; Diederichet al., 2005 2008, 201R This activation is required for incorporation
into budding virus particles, suggesting a more complex transport route for henipavirus F proteins
[Diederichet al, 2008]. Therefore, it mayery wellbe possible that hgavirus G and F associate at a
later stadiunfWhitman et al,, 2007]

The above described experimgrindings formed the basisaf A di s&Gorc ifadliaompo mod
for F protein activation by MV H and henipavirus GAaramyxovirinaspeciegsee FigsB). In
short: in the viral envelope, the fusion protein trimer is locked into a-stekde high energy
conformation through complex formation with the attachment protein tetramer. Interaction with a host
cell receptor induces sonst¢ructural rearrangemesin the attachment protethat resulin the
dissociationof the attachment protein/proteircomplex. Dissociation from the attachment protein
triggers refolding of the F protein towards its stable-&vergy conformation.

However for MV and henipavius, the inverse correlation between syncytium formation and
amount ofH-F complexs as detectdny colP upon transfection af mutant attachment protedoes
not provide definve evidence foa dissocaton moddl i . e. r el eas e.lorfightéde Al oade
possible that mutationmduced in thestalk region prevent fusion by the inability to transfer the
receptor binding signal towards the F protein, rather thaprdyenting dissociation (i.&eeping the F
p r o tce ianmp@hebliservedncrease iimutantH-F complex detection by el can also be
explainedbecause of an increased avidity between the mutant H protein and F pooigiared to
WT H-F.

A recent study using mutant hPIV3 HN proteins and peptides that inhibit F proteinngefald
different stages, indicates that a continuous-fgbkptor interaction, rather than a single triggering
event (after which F protein refolding proceeds unaided), is necessary to guide the F protein through a
series of transiemefolding intermediats [Porottoet al, 2011]. HNreceptor interaction was required
even beyond insertion of the fusion peptide into the host cell memitmaaéllow-up studyby the
same groufit wasdemonstratedhat attachment protein chimeras with an NDV HN globulardhea
domain and ahP1V3 HN or Nipah G stalk regioalsorequire a continuous receptor engagement to
guide the homotypic F prote{ne. from hP1V3 or Nipahjhrough the refolding procefBorottoet al,
2017 Based on these studid®prottoetalar gue against the whole fiassoc
paradigm and propose an F protein triggering mechanism that is conserved among all
Paramyxovirina€including the ones binding to proteinaceous recept®rsd model is in facin
extensi on adfi rnodé evhefeinstead ofcaisingle triggering eveatontinuous
interaction between receptor and attachment protein, and hence between attachment and F protein is
necessary to induce membrane fusidrthis were the caseiN-F and H/GF complexes wly differ in
their association characteristi@nd possibly stoichiometryprior to receptor binding

Using a chimeric attachment protein with a MV stalk region in the experimental setup of Porotto
et al.should shed some light on this matter.
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Figure5: ProposedParamyxovirinae
membrane fusion mechanisms
Paramyxovirinaettachment proteins
interact with F proteins through their stalk
region.There are twanodels for F protein
activation (A)Associatioror provocateur
model:receptorbindingresultsin a
rearrangemenin the HN\tetramerthat
induces interaction with the F protein such
that the latter is triggeredContinuous
interaction between the glycoproteimaay
be required during the fusion proce¢B)
Dissociatiomr clampmodel:the
glycoproteins reside as@mplex in the
viral envelopewhich might be necessatyp
keep F protein initmetastablepre-fusion
state. Receptor bindingesults in a
structural rearangementin the H/G
tetramer thatis relayed towards the F
protein, causingit to dissociate and refold.
InPneumovirina¢he F protein can be
triggered inthe &dsence of an attachment
protein. (Picture from loricet al., 2009).

Recent research étaramyxovirinagjlycoproteins has focused tre conformationaland spatial
rearrangementsf the attachment protein homotetramersderlying the above described nigmisms
of F protein triggeringupon receptor binding [reviewed in Plemedal., 2011].

Crystal structures of the MV H tetrameheaddomairs in complex with its receptors CD46 and
SLAM suggesthat receptor binding inducesspatial r@rganizationin the homotetramenatherthan
conformational changes the individual head domainsa mechanism earlier proposed for hPIV5 HN
[Santiagoet al., 2010; Hashiguchet al,, 2011 Yuanet al, 2005 200§. Co-crystals ofWT MV H
head domaingnd SLAM spontaneously assembled into a tetrigrfenm with adistinctively
different spatial configuration compareddmcrystals witha H variant harboring a point mutation
corresponding to spatialreorganization of the necovalent dimers relative to each otfidashiguchi
etal, 2011] The researchers hypothesized that these two distinct configurations may rejpeesent
receptorbound prefusion Htetrametbefore F protein triggering arbdereceptorbound posfusion H
tetramermfter F protein triggeringrespectively Thetransiion between the configurationse( the
reorganization of the dimeadimer interfacaupon receptadbinding thenwould open up the 4HB into
two dimeric stalk domaindriggering the conformational changes in F protéecentlythis
hypothesis was substantiatedthg finding that mutations in the dirdimer interface of the Head
domain lal to lessefficient fusion proteirtriggering [Nakashimeet al., 2013].

A recenly solvedcrystal structure ofendra G protein in complex with Ephrin B2 indicates that
receptor binding induces small changes in the binding inte(fetebserved in MVjhat arerelayed
towards the dimer interface, resulting in dissociation of the dianeald= protein triggering [Xat al,
2012(a). Various point mutations db protein residues at the binding interface sabrisingly little
effect on receptor binding, howewbeysignificantly inhibited viral entryandthe mutated G protesm
showed increased association with F probsirceimmunoprecipitation(possibly in agreement witla
Adi ssociationo mMusdegyestotiiat thikdudedmutatigne prévenggeptor
bindinginduced conformational changesnd dimer dissocation and demonstrate that receptor binding
and F protein triggering can be uncouplad shown in earlielParamyxovirinagnutagenesis studies
[Bishop et al,, 2007; Corey & lorio, 20Q9P orottoet al, 2011, 2012Mirza et al,, 201].

As opposed to members of tRaramyxoviridaesubfamily, where attachment protein binding to a
receptor triggers the F protein, in fAreumovirinadRSV, HMPV) many studies have shown that the
G protein isnot necessary to achieve membrane fusion and entry into the host cell. Transfection of
RSV and HMPV F protein alone results in the formation of syncytia in cell culture [Hemelvedy
1994; Schowalteet al, 2006; Herfset al,, 2008]. Cold passagedengineered RSV and HMPV
strains lacking a functional G protein can replicate efficiently in cell cultures and are stil infentious
vivo[Karronet al, 1997; Kahret al,, 1999; Techaarpornkeit al, 2001, 2002; Tengt al, 2001;

Teng and Collins, 2&) Biaccheset al., 2004, 2005]. Recent studies have described multiple direct
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interactions between the RSV and HMPV F proteins and host cell oeségliscussed in paragraphs
3.3 and 3.1 Also, some HMPYV strains have been described that require loiergHprotein
triggering [Schowalteet al, 2006, 2009; Herfsdt al, 2008]. Mutagenesis studies suggest that
protonation of His435 in the membrapeoximal region of the F protein head domain is important for
this dependence on low pH [Schowalitial, 2009; Mast al, 2011; Changt al, 2012]. A recent
study demonstrated that the unique, second proteolytic cleavage step of RSV F protein occurs only
after virus particle internalization (discussed in paragraph 2.5) and is crucial for virus infection
[Krzyzaniaket al, 2013]. Interestingl earlier, a chimeric SeV F protein with the RSV cleavage sites
had been shown to be capable of producing syncytia in the absence of HN protamaanther
study,recombinant SeV expressing a double cleavage site mutant F protein was signifiszntly le
dependent on interaction of HN with sialic acid, suggesting that the second proteolytic cleavage is
indeed a crucial determinant for RSV F protein triggering [Raveingl, 2008, 2011; Zimmeet al,,
2005].

The experimental findings described abouggest that in thBneumovirinaesubfamily
interactions between the G and F protein are not required to trigger the latter, and the F protein itself
mediates both attachment and fusion. F protein refolding is then triggered either through (1) direct
interection of the F protein with an entry receptor; (2) in the case of RSV, a second proteolytic
cleavage step after interaction of the F protein with an internalization receptor; or, (Bep@htient
mechanisni in the case of some HMPV strains (see alsagraph 2.5) or a yet to be identified
mechanism, after interaction of the F protein with an internalization receptor. The G protein appears to
have a role mainly in trapping of virus particles (or perhaps more specifically, in faciltating
interaction ofF protein with an entry receptor) af\@specialy in the case of RSV
immunomodulation [Baet al, 2008; Bukreye'et al., 2008; reviewed in Colins & Melero, 2011].

Interestingly, it has been shown that for some sialic-biniing Paramyxovirinaenenbrane
fusion can also be triggered in the absence of the attachment protein, although at a dramatically lower
rate [Leyreret al, 1998; Dutctet al, 1998; Itoet al, 2009. For these viruses, significant membrane
fusion can be achieved by raising theperature [Patersat al,, 2000; Whartoret al., 2000]. These
findings suggest that Raramyxovirinagénteraction with the attachment protein lowers the energy
barrier(s) for F protein refolding.

It is not known what structural characteristics of thgdteins of RSV and HMPYV underlie their
abilty to mediate membrane fusion without assistance of the attachment protein.

24. Role of glycosylationinreceptor binding and immune

evasion

The paramyxovirus attachment and fusion proteins are both heglyeysylated in thé&ER and
Golgi of the host celHencethe glycosylation pattern oth species and tissispecific. N-linked
glycans on envelope proteins mramyxoviruses anather virus families have been shown to play a
role in a multitude of pragsses, such as efficient folding and transport, attachment to cell surface
receptors, and prevention of recognition neutralizing antibbodiesrg¢viewed in Vigerust & Shepherd,
2007. This automatically implies that the extent and pattern of glycoprotggogylation contribute
to the differences in infectivity between individual virus strains.

Multiple studies have been done to investigate the importance of glycosylation in
paramyxoviruses, with Mlycosylation ofthe F protein in particular [Bagai & Lalm 1995:; Zimmeret
al., 2001 von Messling & Cattaneo, 2008guilar et al,, 2006; Samagdt al., 2012]. Removal of
specific F protein Nglycans in PIV5 and NDV was shown to have deleterious effects on folding,
transport, and fprotein mediated membranesion [Bagai & Lamb, 1995; von Messling & Cattaneo,
2003], confirming the importance of-Blycosylation.

Surprisingly, in Nipah virus Mleglycosylation of the F protein was shown to enhance membrane
fusion, while having little effect onglprocessing and cell surface expression [Agaikal., 2006].
However, deglycosylated F protein also provided less protection from antibody neutralization, likely
due to anincrease in epitope exposure. This suggests that in Nipah viruglghamé onF protein
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contribute to a more efficient immune evasion at the cost of membrane fusion effiftecently,
also Nglycans on the Nipah G protein have been shown to protect against antibody neutralization,
while modulating fusion and viral entry [Bierirgf al, 2012]. This tradeoff touches a common theme
in the virusd infection strategy: exposed recep
time provide a target for neutralizing antibodi&ecently, the Nand Oglycan composition of
Hendra G protein expresseédtwo different cell lines has been characterized through MS analygis
a difference was found in site occupanather than in glycan compositidolgraveet al.,, 2012]

Both N- and Olinked glycans on the highly glycosylat&SV G protein have been shown to have
a large impact on virus infectivity in cell culture [Lamhei®88; GarciaBeatoet al,, 1996]. However,
these Nand Olinked glycosylation sites are situated in the two hypervariable regions in the
ectodomain and mee are poorly conserved [Johnsdral, 1987]. Also, the type and amount of
glycosylation of cell cutturggrown virus has been shown to be cell tgpecific [GarciaBeatoet al,,
1996 Rawling & Melero, 200[f Therefore, it is perhapsot surprisingthat different studiesising
different cell typegound different molecular weight shifts upon RSV G protein deglycosylation: from
~90kD or ~180kD to ~32kD [Wertt al, 1989; Kwilaset al, 2009. Differences in extent and pattern
of glycosylation betwen individual wild type strains are likelp reflectdifferences in infectivity,
pathogenicity and virus survivad vivo[Rawling & Melero, 2007]

2.5. Entry routes: fusogenic vs. endocytic

Many enveloped viruses, such as influenza virus, Ebola and kestomatitis virus (VSV) are
endocytosed after attachment to an internalization receéatoni & Parks, 2007 Lowering of the
endosomal pH to a certain threshold then triggers fusion of the viral envelope with the endosomal
membrane. For these virus@sembrane fusion and genome release thus occur somewhere along the
endocytic pathway.

Paramyxoviruses have generally been thought to enter at the plasma membrane, i.e. to employ a
6fusogenicd entry mechani s m:ndirectyd tarpuglotme bi ndi ng a
attachment protein triggers refolding of the fusion protein. This was mainly because for many
paramyxovirusedfection in cells had been shown to be efficient at neutral pH, indicating that these
viruses do not rely on endocygathways [Nagat al, 1983; Srinivasakumaiet al., 1991; Kahnet
al., 1999; Bissonnetteet al., 200§ Aguilar et al, 2009;Lamb & Parks, 20J7 Also, paramyxovirus
glycoproteins expressed at the plasma membrane of infected cells induce formatiaryti,syn
further indicating that their membrane fusioapabilties are pkhdependentHowever, direct
evidence that paramyxoviruses enter (solely) atthe PM has not been obtained. Moreover, a low pH
does not inhibit the infection of a number of paramyxmas, whereas fusion activity of RSV and
NDV was shown to benhanced in acidic environmerjSrinivasakumaret al,, 1991; San Romaet
al., 1999; Bissonnettet al, 2006; Cantiret al., 2007].Interestingly, membrane fusion is in fact
dependent on low pH for some HMPYV strains [Schowaltexl.,, 2006; Herfset al, 2008].

Furthermore, infection with a low pHependent HMPYV strain was significantly reduced by treatment
with inhibitors of clathm-mediated endocytosis [Schowaletral., 2009].

Recent studies have found evidence that at least a few other paramyxoviruses (partially) rely on
endocyticpathways [Cantieet al, 2007; Kolokoltsovet al, 2007; GutierrezOrtegaet al., 2008;
Diederichet al., 2008; Pernett al, 2009 San JuatVergaraet al, 2011; Krzyzaniaket al., 2013.

NDV virions were shown to ctocalize with early endosomal markers [Carmtiral., 2007]. Nipah
infection was significantly decreased theenical inhibitors of endgtic and macropinocytic

pathways [Diedericlet al, 2008; Pernegt al., 2009]. While in one studysRNA inhibition of clathrin
light chain and some other components of the clathediated endocytic pathway greatly reduced
RSV infection [Kolokoltsovetal., 2007] in anotherecentstudy RSV endocytosizas reported to be
independent oflathrin and dynaminbut ratheishowed characteristics nfacropinocytosis
[Krzyzaniaket al, 2013] Here the requirement for endocytosis was tivaque, second proteglic
cleavage tp of the RSV F protein, whiclias shown to occur onlgtfter virus particle internalization

in an endosomal compartmehat uttimately resulted isompletemembrane fusiofKrzyzaniak et

al., 2013]. Furthermore, RSV infection induced transient rearrangements in the actin cytoskeleton.
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Recently, RSV infection washownto be dependent on cholestesold Pakin NHBE cells and RSV
particlesco-localized witha markeffor cholesteral and sphingolipierich microdomains rore
commonly caledd | i pi dr r@adeatearigemtnt me jban duandesgdract(aD R Ms )
2011]These findingssuggest that RSV docks to lipid rafts, and provide further evidéatBSY
infection inducescytoskeletal reaangementdollowed by endocytosis

In generaltiis plausible to assume that the location of membrane fusion is not only dependent on
the stimuli required for F protein triggering, but also linked to the fate of its attachment factors and
entry receptors upon ligand binding. If, as it seems for meanpaoviruses, a low pH is not required
for F protein triggering, then it depends on the speed of receptor recycling (i.e. endocytosis) compared
to the speed of membrane fusion (i.e. triggering sifficient amount of Fproteins to create a fusion
pore)whether the latter occurs predominantly atthe PM or someway along the endocytic pathway.
The picture would become even more blurred if a virus uses more than one type of receptor, each with
its own membrane distributioand transport characteristics.

Astt is likely that multiple receptor interactions are necessary to trigger enough fusion proteins to
create a fusion pore, it could be possible that clathrin/caveeliated mechanisnase intimately
inked to membrane redistribution of a sufficient amaoofireceptors towards the site of infecti@ee
paragrapl3.4). Furthermore, in certain cases it could be possible that interaction between attachment
factors and entry receptors is needed, and that this interaction is also dependent on/conneated with th
formation of clathrin or caveolincoated pits. Onthe other harlde importance of lipid rafts'DRMs
could be in faciltatinga platformwith high receptor concentration amthimal lateramovement
thereby increasing the chancebsiding to receptorand interaction with immunomodulatory
molecules
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3. HOST CELL RECEPTORS

3.1. Introduction

Interactions between the viral glycoproteins and their host cell receptors azevadent in nature
and their strength depends on #fénity of the glycoprotein for the receptor. The higher the avidity
(i.e. the receptor affinity multiplied by the number of glycopreteieptor interactions) the higher the
chance that virion binding is irreversible. Host cell receptors can be sieloblivito secalled
fattachment factorso and fientry receptorso base
merely bind viral glycoproteins, leading to an accumulation of virus particles at the cell surface. Entry
receptors on the other hanot ronly bind viral glycoproteins, but also trigger membrane fusion. The
presence of an attachment factor on a cell type that expresses an entry receptor (kpeanssise
cell type) usually increases its viragsceptibility, as trapping of virus qpales increases the chance
of binding to an entry receptor.

Viruses differ in the set of receptors with which they interact. Since host species differ in their
repertoire of cell surface receptor srecepiorruses d
pattern also varies between cell types within a host, which explains in a large part the characteristic
cellular tropism of each virus. This does not exclude the possibilityi déisas often the casalifferent
viruses attach to and infect thense cell type through interactions with different receptors, or that a
virus might enter a particular cell type through interactions with more than one type of receptor.

During infectionin vivo, viruses typically attach to and enter different cell types dependent on the
stage of infection, usually employing interactions with different receptors. Many viruses first infect
epithelial cells that are encountered at their site of entry. Many airbiouses target polarized
epithelial cells lining the airways, while enteric viruses infect polarized epithelial cells lining the
gastroenteric tract. The dissemination route of a virus that infects epithelial cells also depends on
polarized assembly, buidd and release from these cell types [reviewed in Harasanh, 2010].

Apart from epithelial cells, other common early viral targets are immune sedi$ as dendritic
cells (DCs}hat patrol epithelial tissues in contact with the external environrivghile DCs are
highly specialized in the recognition and uptake of pathogens and subsequent activation of both innate
and adaptive immune responses against these pathogens, many viruses exploit and specifically rely on
the mechanisms that DCs have depetb against them. After uptake by DCs these viruses can
somehow avoid lysosomal degradation, thereby preventing ajpiigeantation on the DC surface and
an effective T celmediated immune response. Furthermore, viruses take advantage of binding to and
uptake by DCs to spread across the epithelium to other tissues, where viral replication is sustained.
After prolonged replication in susceptible tissues viruses finally target organs from where they can
spread to other hosts. Typical late target tissudsdimdung epithelial cell' this time entered from
the basolateral sidéand salivary glands.

In the last decades, the identification of host cell entry receptors and attachment factors for various
paramyxovirus species has shed light on their tropism and disseminationinaitegreviewed in
Backovic & Rey, 2012].

3.2. CAMs, PRRs and GAGs: common themes in paramyxovirus

entry

A conserved feature in the entry of many other enveloped viruses seems to be the interaction with
molecules that mediate intercellular adhesion and/or are a part-cétahd celECM adhesion
structures such as tighinctions, adherens junctions, desmosomes and focal adhesiorreyetsdd
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in DelormeAxford & Coyne, 201]. Cell adhesion molecules (CAMSs) include members of the
integrin, cadherin and selectin superfamiles, all of which afé@pendent, and membeifsthe
immunoglobulin superfamiy, which are €aindependent. Other molecules that play a role in cell
cell and celECM interaction are membratimund proteoglycans such as syndecanscartdin
membranebound mucins. Especially inteigs are used amtry/internalizationreceptordy many
virusessuch a$hantavirusegotavirues human herpesvirus 8yest Nile virus,human
cytomegalovirusy e ovi r us, K-agsariatédbherpesviaus and huraan echovirus 1
[Gavrilovskayaet al, 1998; Gierreroet al., 2000;Grahamet al,, 2005;Wanget al,, 2003; Chuet al,
2004; Feireet al, 2004 Maginnis et al., 2006; Garrigueset al., 2008 Jokinenet al, 201Q.

It is no coincidence that many viruses have evolved affinity for CAMs, since they benefit from
interaction with CAMs in multiple ways. First, interaction with viral glycoproteins may unravel cell
cell adhesion structures between adjacent epithelial teieby increasing the available membrane
area for entry and exit of virus particles [reviewed in DeleAwéord & Coyne, 2011]. This is
reflected by the observation that many paramyxovirus infections of epithelial tissues are not only
characterized by sggtium formation, but also by disruption of the epithelial architecture and
shedding of epithelial cells [Kuikeet al., 2004; Hameliret al., 2006; Papenburet al., 2010]. For
some viruses it has been demonstrated that disruption -cfededdhesion stictures occurs after
infection through the action of nestructural proteins [reviewed in Delorrdecford & Coyne, 2011].

Second, many CAMs have cytosolic domains that are connected to the cytoskeleton through a
network of linking proteins. Ligand bindinthen activates remodeling of the cytoskeleton, often
inttiating endocytosis and hence uptake of recelptond virus particles [reviewed in Delorme
Axford & Coyne, 2011 Furthermore, activation of certain CAMs through ligdmuting initiates a
signaling cascade leading to modulation of the immune response.

Hence, another common theme in virus infection, a@ihoin most cases not directly enhancing
virus entry, is interaction with molecules that have immunomodulatory signaling properties that are
exploited in favor of virus survival. Apart from CAMs with signaling properties, these molecules are
often pattern recognition receptors (PRRs).

Before reaching their receptors on the surface of epithelial cells, viruses have to penetrate a thick
getike mucuslayer formed by mucins and other-g@iming glycoproteins. Many enveloped viruses,
including some paramyxoviruses, have been shown to bind to glycosaminoglycans (GAGS) in cell
cultures[Feldmanet al,, 1999; Fujta et al, 2007; TeraeMuto et al, 200§. GAGs are long
unbranched chains of repeating disaccharide units that are usually coupled to a protein core, forming
sa-called proteoglycans. Secreted and membrane bound proteoghreamsiquitously expressed and
populate a significant portion of the extracellular matrix and cell surface of most mammalian cell types
[reviewed in Varkiet al, 2009 (chapter 16)

3.3. Entry receptors

Paramyxovirinaggenera containing HN proteins interact with sialylated receptersiiembrane
glycoproteins or glycolipids with terminal sialic acids) for entry into the hostTdedl affinity of HN
proteins for varying sialic acid containing molecules differs amongeidpiessing viruses, likely
contributing to the differences in thg@athogenicity [reviewed in Vilar & Baoso, 2006] Apart from
interacting with sialylated receptors through HN protein, Sendai virus is unique in that it has also been
described to interact with the asialoglycoprotein receptor (ARG#Rrough intera@n with the F
protein[Bitzer et al, 1997;Leyreret al, 1993. Paramyxovirinagenera containing H or Ggieins
bind proteinaceous entry receptors.

The first MV entry receptor, the complement activation gene cluster regulatory protein CD46, was
identified in the early 690s usi ngtaB1993eDorigat e d
et al, 1993; Manchesteat al, 1994]. CD46 is expssed in virtually all nucleated cells including
respiratory epithelial and immune cells, the major target cells of MV. CD46 was later also confirmed
as an entry receptor for some clinical MV isolates [Manchesil, 2000]. Severah vitro studies
havedescribed the interaction between MV H protein and CD486, its signaling leading to several MV
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pathogenic effects [reviewed in Satbal, 2012]. Howeverseveralirulent B cell lineisolated MV
strainsdisplay such low affinitiegor CD46 that it was d&arded as an important vivo entry
receptor.

The cellular entry receptor through which MV and other morbiliviruses infect immune cells is
signaling lymphocyte activation molecule (SLAM, also known as CD150), first identified in a cDNA
screen for MV [Tésuoet al, 2000, 2001]. SLAM is a type | transmembrane protein with two
extracellular Igike domains, V and C2, and is exclusively expressed on immune cells. SLAM
interacts with another SLANholeculeon an adjacent immune cell and is involved in magylegory
pathways of the innate and acquired immune responses [reviewed in Veilat;e2007] The V
domain mediateSLAM-SLAM and SLAM-morbilivirus interactions. Several studies have
demonstrated the importance of SLAM adramivo MV entry recepto[Leonardet al,, 201Q..

Recently two research groups independently identified adherens junction proteirtrestine
basolateral epithelial entry receptor for MV [Muhlebaattal, 2011 Noyceet al, 2011]. The
existence of a basolatergpithelial MV entry receptor had already been demonstrated éedm
cultureandin vivostudies [Taharat al, 2008; Leonareét al., 2008]. Nectin4 is an adherens junction
protein that belongs to the immunoglobulin superfaiaig its expression is laized to polarized
epithelial cells[reviewed in Rikitakeet al, 2013. Nectin4 interacts withMV H protein through its V
domain [Muhlebaclet al, 2011.

The dentification ofSLAM andnectin4 as the MV entry receptors for infection of, respectively,
immune cells and polarized epithelial ceiiasfinally revealed the MV dissemination routecently
reviewed in Satet al, 2012] Immune cells presentin the inner lining of the airways, such as
immature DCs and macrophagesthe main initial targes of MV infection [Tatsueet al, 2000;
Leonardet al, 2008, 2010; Ferreirat al, 2010]. These immune cells, especially alveolar DCs,
faciltate virus spread to local lymph nodes where other immune cells are infected and extensive virus
replication ocars [Von Messlinget al,, 2006; de Swast al, 2007; Lemoret al, 2011]. This leads to
viremia and hence spreading to secondary sites of infeatibith, apart from lymphoid organs,
include a variety of other tissues and orgglesSwartet al., 2007 Griffin, 2007. Basolateral
infection of the airway epithelial celthrough interaction with necti, followed by shedding from
the apical sidas then the main route to escape from the host orgaigsire MV is alsacapable of
SLAM and nectir4 independent entry inttmanycell types with low infectivity it is likely that there
also existubiquitously expressdow-affinity receptors for MV H.

Henipavirus (Hendra and Nipals proteins interact with class B ephrins (ephrinB2 and B3)
[Bonaparteetal., 2005; Negretet al,, 2005, 2006; Bishopt al, 2007; reviewed irSteffenet al,,
2011;Xu et al, 201Zb)]. EphrirB2 and ephrinB3 are tyrosine kinase receptors that are highly
expressed on the cell surface of blood vessel endothelial cells and neurons, a tissue distribution that is
consistent with the major complications causetdwipavirusinfections. EphrinB2 anaphrinB3
play a fundamental role in cekll signaling, especially during angiogenesis and development of the
CNS [reviewed in Pasquale, 2008]phrinB2 and B3 are highly conserved among different species,
which may explain theoroad host range of henipais. Hendra has lower affinity for its receptors
than Nipah due to a less hydrophobic G pretereptor interface [Bossaat al,, 2007; Xuet al.,
2014a)).

Although many RSV glycoproteireceptor interactions have been described in cell culture
expeiments, it is stil unclear what interactions are crucial for host cell @ntrigo. This is in a large
part due to the complex nature and ambiguous role of the RSV G ps#epatagraph 3.1). A recent
study searching for candidate RSV entry recepessribed an interaction between RSV F protein
and nucleolin at the apical cell surface in cell culture [Tagfaai. 2011]. Another research group
had earlier identified nucleolin as an interaction partner of fucoidan, a polysaccharide composed
mainly of fucose sulphate found in algae that inhibits RSV infection in cell culture [Malkbah
2003]. However, no competition or expression assays were done to confirm RSV interaction with
nucleolin [Malhotraet al., 2003]. Other studies have confirméwtnucleolin, an abundant protein
involved in many processes in the nucleus [reviewed in Mongelard & Bouvet, 2007], is also expressed
at the plasma membrane [Hovanessiaal, 2000; Losfeldet al., 2009]. Nucleolin had previously
also been shown to playrole in hPIV3 infection [Boset al., 2004].Nucleolintransfection of non
permissive cells led to RSV susceptibility, whie RNAediated knoclkdown of lung nucleolin was
associated with a significant reduction of RSV infeciiowivo[Tayyariet al, 2011]. These findings
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strongly suggest that nucleolin mediates RSV entry through a direct interaction with F protein.
However, one might question whether nucleolimrgmportant entry receptor for RSW vivoas
nucleolin is expressed in many tissugbile RSV has a very restricted tropism [Zhagtgl., 2002].

U,b,-integrin was identified as a functional entry receptor in cell culture for HMPV through
interaction with F protein [Cselat al, 2009]. Many ECMresident integrirbinding proteins have a
specific amino acid sequence, such as RGD or KGE/DGE in their intetgriacting domain. The
researchers observed that an RGD sequence is also found in the F protein of all currently known
HMPV isolates, but not in its closest relative, the HRSV F prot@i any other paramyxovirus F
protein. This observation lethe researchers to hypothesize that HMPV might use an integrin as entry
receptor. The divalent cation chelator EDTA was found to inhibit HMPYV but not HRSV infectivity in
cell culture, suggestinthat only the former uses a €ar Mg™*-dependent CAM as entry receptor.
RGD, but not RGEcontaining short peptides reduced HMPYV but not HRSV infectivity. Next,
antibodies against various i nt egrintegrienhibitedr e t est e
HMPV infectivity.,b-BtegRiNerpressiendnupermissmencel® ds well as
t r ansf efm-integoimin nodpermissive cells confirmed its role as an HMPV entry receptor in
cell culture. Vice versa, a recombinant HMPV F protwould bind the cells, whereas a mutant
recombinant HMPV F protein (RGE instead of RGD) could Imo& later study by the same research
group, otherRGEb i ndi ng i nt e gshjintegrina nslp edniediv bettdodinyersyére
identified as receptors for HMPV(Bee Table 1)Cox et al, 2012]. Antitody blocking ofindividual
integrins led to a significant reductiam virus infectivity in a dose dependent manngrto >90%
when all RGDBbinding integrins were blockd@ox et al., 2012]. Howeverupon complete blocking,
virus attachmenivas only reduced ~40%pmparable to the reduction observed on blocking
individual integring suggesting thamtegrinmediated attachmeistsaturablgCox et al, 2012].
ResiduaHMPYV attachment is mediated by attachment factetech as heparan sulfate containing
proteoglycans (HSPGssee paragraph 3,4vhich were demonstrated to @eicial for efficient
infection of CHO cellsthrough interaction with F prote[€hanget al., 2012]

While interaction of th&iMPV F protein with RGDBbinding integrins seems crucial fefficient
HMPYV infectivity in cell culture,tiis stil uncertain whether binding directly triggers refolding of
HMPV F (.e. RGDbinding integrins are true entry recegtas proposed by Csekeéal, 2009, or
whetheRGD-binding integrins function adnternalization recepteiafter HSPGand integrin
mediated attachmerdndF protein triggering andubsequent membrane fusi@yuireother factors
as wel Thesefactors might be a loypH (as has been demonstratedsome laboratory strains),
andbr likely another proteinaceous (atmgpsin and proteinase Isensitivg receptof Schowalter et
al., 2006 2009 Changet al, 2013.

3.4. Attachment factors

From recenstudies it has become apparent that some attachment factors do not just trap virus
particles, but can further promote virus infection by interacting with, or inducing membrane
redidribution of an entry receptor.

An attachment factor that recently has bebown to exhibit these characteristics is thgyi&
lectin DC-specffic intercellular adhesion moleculeg@&bbing nonintegrin ¥C-SIGN, also known as
CD209). DCGSIGN is an important PRR expressed by certain types of DCs and maygs|iha-

SIGN is used san attachment factor (and in some cases entry receptor) by many enveloped viruses
including HIV-1 [Geitenbeeket al, 200Q, Influenza Aviruses[Londriganet al, 2011 Hillaire et al,

2013, Ebola virus [Alvarezt al, 2002 Marzi et al, 2007, Marburg virus, SARS coronavirus [Marzi

et al, 2004; Yanget al, 2004], some bunyaviruses [Lozaetal, 2011] and the paramyxoviruses MV
[de Witte et al., 2006] and RSV [Johnsaet al,, 2011]. DCSIGN has a broad substrate specificity and
has multiple functions including regulation of adhesion through interaction with integrins (i.e. DC
migration), establishing DICT cell adhesion for T cell activation, and as a PRR that recognizes high
mannose glycans thereby initiating endocytosis of bound pathageefly reviewed irfsvajgeret

al., 2010; GarciaVallejo & Van Kooyk, 2013 As such, DCSIGN was shown to play an important

role in the DCmediated HI\f1trans-infection of T cells [Kworet al, 2002]. It has also become clear

19



that DGSIGN has immunomodailory and other properties that are explotteid various manners
and to various degreésy many pathogens [reviewed\fan Kooyk & Geitenbeek, 2003DC-
SIGN was established as a MV attachment factor in DCs, binding both F and H glycoproteins,
probaby through interaction with their fihked glycandde Witte et al., 2006].

Although abundanDC-SIGN expression in cellsonpermissive for MVdid not confer any
susceptibility, both MV attachment to and infection of immature DCs were blocked in tiesqees
DC-SIGN inhibitors, suggesting an important role forI3GGN in promoting MV interaction with its
entry receptor SLAM (CD150). SLAM+ DCs are among the first cell types to be infected by MV,
although the entry receptor is not abundantly presen¢edurface of immature DCs [de Wikeal,
2006].

A recent study iluminated the mechanism by whid¥ binding to DGSIGN led to redistribution
of its entry receptor SLAM from intracellular storage compartments to ceramiitthed domains at
the DC surface to enhance virus uptake [Awdtal, 2011]. MV binding to DESIGN was shown to
lead to rapid actation of neutral and acid sphingomyelinases (SMAses). Upon activation, these
SMAses convert sphingomyelin into ceramides leading to formation of ceramigéed membrane
platforms, which are thought to play a rolevarious cellular stress respongée, support of
membrane fusion and clustering of membrane receptors and their signalosome conavientd
in Zeidan & Hannun, 201GStancevic & Kolesnick, 2010MV binding to DGSIGN was shown to
lead to redistribution of SLAM and acid SMAse to thespia membrane, whereas in immature DCs
SLAM was found to be mainly localized at acid SMA=mntaining intracellular storage vesicles
[Avota et al, 2011] DC-SIGN-induced SMAse activation was found to be an essential step in
enhancing MV entry in DCs agell as DGSIGN signaling: first, pharmacological inhibition of acid
SMAse significantly reduced MV infection. Second, inhibition of acid SMAse prior teSDEN
activation counterfeited (1) ceramide enrichment at the surface, (2) SLAM surface recruimeiit a
as (3) DGSIGN-mediated signaling via Rdfand the MAP kinases ERK1 and ERK2 (and hence
modulation of TLR signaling). Activation of SMAses through {3G5N (or another PRR) leading to
clustering of entry receptors in ceramigleriched domains at tleell surface might also be an
important entry mechanism for other enveloped viruses infecting[A@sa et al., 2011]

DC-SIGN was also identified as a RSV attachment factor in B@%althougithe DGSIGN-G
protein interactiorwasshown to suppress@activation,it appears not to be enhancR&V entry
[Johnsoret al,, 2011]. This might suggest thattherthe RSV entry receptor for DCs is already
present on the surface of immature DCs, or RSV interacts with another attachment factor to achieve a
similar redistribution of itsinternalization receptor.

Intercellularadhesion moleculé (ICAM-1, also known as CD54 on immune celtis)s been
identified as a receptor that enhances RSV entryHiip-2 cells through interaction with the F
protein[Beheraet al,, 2001]. ICAM-1isin vivomainly expressed on endothelial cells and immune
cells, but also on (respiratory) epithelial cells and is known as an entry receptor for rhinGveus |
et al, 1989]. However, whether ICAML plays a roleas aninternalzation receptoandbr attachment
factorfor RSV infectionin vivois not knownRSV G proteinhas been shown to interagith annexin
Il on epithelial cellsandL-selectinon immune cellshoweverthese interactions are not essential for
entry[Malhotraet al, 2003].Annexin Il has previously been shown to be a cofactor in-HIV
infection of macrophage&}zhovaet al,, 200§. Otherdescribecattachment factors for RSV are
RhoA [Pastet al,, 1999, 2000]CX3CR1 (fractalkine receptorpn immune cell§Tripp et al, 2001,
Zhanget al, 2010, Chokt al, 2012], andeverallLRs [Ruddet al, 2005, KurtJonest al,, 200Q
Hayneset al, 2001 Marret al, 2013. While interactionsvith CX3CR1 and TLRare important
because they modulate the hiognune respons¢Zhanget al, 2010;Johnsoret al,, 2012;reviewed
in Klein Klouwenberget al, 2009]they donot seento enhancdrSV entry

Both RSV and HMPV G and F protein have been shown to bind independently to the GAGs
heparin and heparan sulfate, an interaction that is necessary for efficient infection of cell cultures
[Krusat & Streckert, 1997; Feldmaat al,, 1999, 2000; Hallakt al, 200qa); Techaarpornkutt al.,
2001; Barretbet al, 2003; Shieldset al., 2003; EscribaneRomeroet al, 2004; Crim et al, 2007,
Thammawaget al, 2008; Changt al, 2012 Adamsoret al, 2013. Also, in one study, heparin
inhibited the initial tissue culture passage of primary isoldt®sn both RSV subgroupsndicating
that RSVGAG interactions may also be important duringrivoinfection [Tenget al, 2001]
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Heparin/heparan sulfatanding proteins generally interact through electrostati#ractions
between the negatively charged sulfate groups on the GAG and positively charged amino acids within
the proteinds hepaHowevetRSVIGAGIntgractibo masbeen showhBobeg .
dependent on iduronic acid, GAG chain length, deglee and type of sulfation, suggesting
polyvalence (i.e. more than one protgipcan interaction) rather than a simple charge interaction
between the glycapteins and the sulfate grougddllak et al., 2000(a), 2000(h)Martinez & Melero,
200Q Techaapornkulet al., 2003.

While it has been established that glycoproteh®neumovirinaanteract with GAGs for entry
into cell culturesthe relevance of GA®Inding forin vivoinfection has beequestionedRSV has
been shown to infect cells devoid ®AGs, and recombinant RFWG was less dependent on GAGs
for infection and entryTechaarpornkuét al, 2002]. Furthermore, a mutant RSV strain lacking the
central conserved domain and cysteine noose (includinguthdéveHBD) of the G protein had little
effect on replicationn vitro andin the respiratory traaf mice suggesting that GAG interactiénat
leastthrough G proteiri is not necessary for efficiergplication in vivo[Tenget al, 2001; Teg &
Collins, 20@]. Recently, glycoprotein interaction with GAGs has been claimed to inevéro
artifact[Vilenave et al, 2011,2012 recently reviewed in Vilenaveet al, 2013.

Although there is controversy over the use of GAGRrasumovirinaattachment factoris vivo,
it might still be possible that specific hepatsuifate containing proteoglycans (HSPGs; pretein
glycan interaction) interact with the HBDs in the F prof€lhanget al, 2012] Some HSP Gaotably
syndecansare known to irgract with members of the integrin famikeviewed in Ropeet al, 2012],
leading to the hypothesis that theseld bemore than just generic, particle trapping factblsnce,
in the case of HMP \attachment to a specifiyndecarmould be necessaryrfefficient virus entry.

Other candidat®neumovirinaattachment factorf®r infectionin vivomight be certain leats
(glycanprotein interactionthat interact with glycans on either the G or F protein, or both. This is
supported by studies that show that bottaRd O deglycosylation of G protein has a major impact on
virus infectivity in cell culture [Lambert, 1988; Gardieatoet al., 1996].

Just like thePneumovirinagMV and CDV were also shown to bind to GAGs and infection of
several SLAMnegative cell lines was inhibited by soluble heparin in a-dependent manner [Fujita
etal, 2007; TeraéMutoet al, 2008]. This suggests that, altigbuprobably not acting as the low
affinity entry receptors on SLAMegative cells, the abundant expression of GAGs guarantees enough
attachment for infection. Interaction in MV is dependent only on H protein, while in CD\FHbatid
F proteininteract withheparin.
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Subfamily 'Genus Species

Attachment & entry interactions

Pneumovirinae

Paramyxovirinae |respiroviruses

Attachment factor Entry/internalization receptor ] Viral ligand| Interaction type

glycosaminoglycans (GAGs) GandF glycan - protein
RhoA(small cellular GTPasH) F protein - protein
TLR3 protein - glycan
TLR4 F protein - glycan
CD14 F protein - glycan
ICAM-1 F protein - protein
L-selectin G protein - glycan
annexin Il G protein - glycan
CX3CRfractalkine receptor) G protein - protein
DC-SIGN, LC-SIGN G protein - glycan

nucleolin (?) F protein - glycan (?
ICAM-1 (?) F protein - protein
glycosaminoglycans (GAGSs) GandF glycan - protein
RGD-binding integrins F protein - protein
hPIV1 sialic acids HN glycan - protein

hPIV3 nucleolin

sialic acids HN glycan - protein
SeV (mPIV1 sialic acids HN glycan - protein
ASGRZ?] F protein - glycan
henipaviruses Nipah ephrin B2 G protein -protein
ephrin B3 G protein -protein
Hendra ephrin B2 G protein -protein
ephrin B3 G protein -protein
morbilliviruses glycosaminoglycans (GAGs) HandF glycan - protein
DC-SIGN HandF protein - glycan
SLAM (CD150) H protein -protein
CD46 H protein -protein
nectin-4 H protein -protein
avulaviruses NDV sialic acids HN glycan - protein
rubulaviruses mumps sialic acids HN glycan - protein
hPIV2 sialic acids HN glycan - protein
hPIV4 sialic acids HN glycan - protein
PIV5 (SV5) sialic acids HN glycan - protein

Table 1: Paramyxovirus receptorSome currently known entrinternalizationreceptors and attachment factors.

4. DISCUSSION

In the last two decades numerous studies have been performed to illuminate paramyxovirus entry.

Mechanistic models of attachmembteinmediated triggering of protein have been proposed,

largely based on crystal structures &mttional (i.e. mutagenesis, biochemicstijdiesin cell

culture Although X-ray crystallography is an indispensable toostudyviral glycoprotein mediated
entry mechanismsn a structural levelp til now no crystal structures are availabfentact
Paramyxovirinadusion complexesHencethecurrent crystallographic dapovide only limited
information about the spatial organizationtleé functional fusiorcomgexes and therefore thegyust
be integrated with the information obtained frenutatonal and biochemical studies.
The mechanisms of membrane fusivebeen stugd almost exclusively iglycoprotein
transfected celswith detection of syncytia formation as a read systenfor fusion promoting
activity. Thesetransfection studies have led to insights into pawamyxoviral glycoproteinsrigger

membrane fusigrbutthey have to be viewed with some skepticism as syncytia formation isenot th
same as virus particle fusion, thattise glycoproteins mighbehave differently in the cell membrane

compared to the viral envelope.
It is well established that in thgaramyxovirinaesubfamilymembrane fusion is instigad after

receptor biding to the attachment protein, while in flereumovirinasubfamiy the F protein can

mediate membrane fusion on its own, and is triggered editesstly after receptor binding @fter
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endocytosisfollowed by proteolytic cleavage (in the case of Ry, pH (in the case of some
HMPYV strains) or a yet to be identified mechanism

Regarding the membrane fusion mechanisfanamyxovirinagthecurrent dogma tellshat
receptor binding induces a spatial rearrangeimehe head regioof the atachment protein
homotetramer (possibly a rearrangement of the daiimeer interfaceyvhich alters the configuration
of the stalk domain and iturn triggers refolding of thF protein, eithethroughassociatioror
dissociation of the fusion compleidowever thedetailed structurand stoichiometryof the fusion
hetereoligomer in the viral membranas well as theascad®ef spatial reorganizations that transduces
the recetor binding signal from thattachment proteiglobular heado its stalk region and finally to
the F protein remains to be elucidated for any of the paramyxesirdso, the exact series of
conformational changes that underlie F protein refol@@ah in Paramyxovirinaeand
Pneumovirinagare noknown High resolution cyo-electron tomography of native fusion complexes
might be useful in combination with XRC and functional studies to address these questions.

A detailed understanding of the structure of paramyxoygiysoproteinshas important clinical
applications.In this light the recently solved structure of the RSV F protein in itsfysin
conformation has revealed a major antigenic siteishacogized byrecently isolated murine and
humanantibodies that are substantially more potent in inhibiting RSV infettiaell culturethan the
prophylacic antibodes palivizumab and motavizumabwhich recognize different epitopes ahitid
the postfusion RSV F protein [McLellaret al, 2013 McLellan et al, 2011;Kwakkenboset al.,, 2010;
Swansoret al, 201]. A RSV F protein stabilized in its prfeision conformation would therefore be a
promising vaccineantigen or at least elicit new prophylact&ntibodies Also, the recently solved
structure of MV H protein in complex with nectinrevealed a hydrophobic pocket thatis involved in
binding to all currently identified MV receptors (CD46, SLAM and nedjinhence representing a
target for antviral drugs [Zhanget al,, 2013. Furthermore,dentification of conserved epitopes that
might become exposed duritige transition of the fusion compldsom its pre to postfusion state
could alsolead to the development of new, and possibly more effeatitieyiral drugs [recently
reviewed in Aguilar & Lee, 2011 Also, paramyxovirus glycoproteimediated membrane fusion
mechanisms may be useful in vectors for targeted oncolysis as well as therapeutic gene delivery
because they can be triggered by a widay of cell surface receptors [reviewed in Rls&s®eng,
2009; Cattaneo, 201.0

N- and Olinked glycans on the paramyxovirus attachment and fusion proteindbameshown to
be importantfor virus entrysince incorporation ofglycosylation sites or gtosidase treatment have
large effects oprotein folding immune evasioandvirus infectivity in cell culturesHowever,
research on the exaglycosylation patterof paramyxovirus glycoproteinsts celltype dependence
andits specific effect onvirus entiyas only just begumbeciphering theglycosylation patters both
in site occupancy as well as glycan compositicof attachment and fusion proteiasd its effect on
virus entry is an important future research goalmaag assist in the development of glydarmgeted
therapeutic intervention strategies.

In the last decade, host cell attachment factors and entry receptors have been identified for a
number of paramyxovirus species, which has shed more light on theidss@mroute and
pathogenicity of these paramyxoviruses in their respective l@gtaproteirreceptor interactions
are complex and involve protepmotein, proteirglycan (and glycarprotein) andglycanglycan
interactions.

The identification of hostell receptors is usually done through biochemical experiments in cell
culture, however genetics based approaches have also been used for receptor identification, such as
transfection of a cDNA library into a neusceptible cell line followed by viruscubation. In recent
yearsalternative, faster methsdor receptor identification hee become available thanks to the rapid
progress in the genomics, proteomics and bioinformatics fields: gemamenicroarray analyses
have made it possible to compareetiéfnces in membrane protein gene transcription between virus
permissive and nepermissive celines, yielding a shotist of candidate receptors (i.e. membrane
proteins that are strongly expressed in vpasmissive cells compared to Rparmissive cdd) in a
high-throughput manner. Recent methods for identifying receptors (and other host factors involved in
viral infection) are reviewed by Hsu and Spindler, 2012.

For severalreasonsjs important to be aware that receptors identifieth mitro experiments are
not automatically (importanijp vivoreceptors. First, the receptor pattern expressed in immortal cell
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ines usually differs from that of the targetlsét the host organism. Secoiicalthough not
documented for all paramyxoviruséslue to their high mutation rate virus strains grown in cell
culture are prone to develop adaptations (including recéptdng adaptations) that enhance
infection of that specific cell culturét has been shown that many RNA virus laboratory strains
(including paramyxoviral strains) are selected for their affinity to cell surface glycosaminoglycans
(GAGSs) during passage in cell culture [Haletkal, 2007]. Third, culturegrown virus strains acquire
(reversible) celtype specific modifications, such te Ipid content of their envelopesnd the

amount and pattern of glycosylatig@arciaBeatoet al, 1996 Rawling & Melero, 200J;, which

might lead to certain protemiycan receptebinding interactions that do not occur, or have a marginal
effectinin vivoinfection. Therefore, since cell culture experiments do not give definitive ansuvers,
vivo studies intransgenic animalasing wildtype virus or primary isolates (i.e. patient samples) are
decisive to address the importance of a recepiannivo infection. Howeveryirus survival,
dissemination andiinical manifestation®f infection areoftenvery differentin transgenic animals
compared to the original he$or instancef the expresseakceptor is dependent on a speapscific
coreceptoror if the virus interacts with specispecific immunomodulatory receptof3ther than

that the importance of proteiglycan interactiondn in vivoinfectionis very hard to validate, since it
is impossible to obtain mutant animals with spegjlycosylation deficitsand alsdhe cell surface
glycosylation pattern varies between spec#gategies to characterimteractions betweeviral
glycoproteins andell surfaceglycans(from an influenzaHA viewpoint) are revieweih Shriver et

al., 2009

While someimportant entry receptors of the protending Paramyxovirina@appeato have been

found, tis stil unclear what receptor interactions are cruciaPfeeumovirinagand particularly,

RSV infectionin vivo. It might be that interaan with an attachment factor, or aeptor

specifically expressed on the apical side of ciliated airway epithelial cells is required for efficient RSV
particle trapping, and hence entry.

It might also be possible that some of these attachment factors not merely trap RSV virions, but
actively promote entry either by directly interacting ofl@zalizing with an entrygor internalization)
receptor, or by regulating membrane redistributionhefentry receptoras shown for MVIt is
possible, perhaps even likely, that RSV entrgrigen bymultiple receptor interactions that faciltate
RSV attachment and entry into epithelial cellvivo.

5. SUMMARY FOR LAYMEN

Virus particles( al s o ¢ a | dae e viedvedias littlo paskédpat are specialized ite
transmission ofheir contentthat is,their genetic materialfrom one cell to anotheand from one host
organism to another. Viruses are obligate parasites: they are depenttentmtecules of the
infected celto replcate their genetic material atwlproduce new virus particles.

Based on their morphologythét is, how they look likefrom the outsidg viruses can be divided
into two groupstheonewwi t h a G6coat & mantlée angsthhwedpid f pr ot ei ns
membranevrapped around their protein cdata | enwetbped virusés Paramyxoviruses belong to
the enveloped vises.Thereplication cycleof enveloped viruse@nd hence that of paramyxoviruses)
will be described hereafter (he paramyxovirus life cycle is ilustraten Fig. 6). To infect a cell,
viruses first have to cross the physical barrier of the plasma raeathat surrounds each cefor
enveloped viruses this means that the viral envelope has to fuse with the membrane of the host cell.
Virus particles (including paramyxoviruselsave specialized proteirm their surface thdind to
receptors on thkost cell membrant achieve fusion of the viral envelope with the host cell
membrane. Membrane fusion allows release of geadetic materiahto the cytoplasm whelieis
replicated and viral structural proteiase producedrhesenewly produced gemoes andviral
structural proteins in turn hijack cellular transport mechanisms to assartiweinside of thaost
cell membrane, and to start a budding process, which allows exit of thefoewwdd virus particles.

The viral envelope thus consists ipids from the host cell membrane.
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A cell infected with one virus particle can produce thousands of new virions that in turn can infect
other cells or another host. Furthermore, to increase the amount of progeny, many viral genomes
encode norstructural poteins that manipulate aniral immune responses. On an organismal level,
one can say that the fate of a virus, as well as the consequences for its host, are dependent on the sum
of the functions of all of the host cell molecules with which the virueramtts, most notably those
involved in (1) virus attachment and entry, (2) virus assembly and budding, and (3)
immunomodulation. The most successfuland hence most common viruses achieve maximum viral
of fspring and spread bmnéne systemewitandnimaladeletedons elfiegcts t h e
on t he horkidlt@raturd thesisn(ie sthe preceding chapters) tries to give an overview of the
research that has been done to iluminate the way paramyxoviruses enter their host cells.
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Figue 6: Schematic illustration of the paramyxovirus life cyclefection starts with attachment of the virus particle to the host cell. After
attachment, fusion of the viral membrane with the plasma membrane releases the viral genome into the host cell cytoplaphadion
andproduction of viral structural protas. Following their synthesis, newgade viral proteins and genomes assemble on setsites of
the plasma membranéinally, the buds pinch off from the membrane and new virus particles are releasedrdlmeembrane thus
consists of host cetlerived lipids with viral transmembrane glycoproteifefter Harrison etal., 2010).

The first step in the viral life cycle is gaining entry into the host Paltamyxoviruses have/o
proteins on their envelope thalaly a role in the entrgrocessthe atachment protein and the fusion
protein( t oget her na me.doravYirusaricla to entemthe ced, théir)membranes
should merge. This membrane fusion does not happen spontaneously and therefore costs energy.
Fusion proteins in the viral mdarane provide this energy: based on their molecular structuregdiney
be viewedas a ind of loaded springs that are reledsénen a virus patrticle binds to the host cel. The
energy that comes free by releasing the spiing € f ® pults ithe ghémbraes of the virus and the
host cell into proximity and ultimately ensures their fusion.

Paramyxoviruses differ in the way in which rel

proteind) theParamyxogripasubéaohily binding of the attachment protéina
receptor on the host céliggers refolding ofhe fusion protein, while in theneumovirinaesubfamily
the attachment protein is not necessary. fillson protein can mediate both receptor binding and
menbrane fusion by itselfThe attachment proteiof thePneumovirinaas thought to benore
important for modulating the immune response of the host cell, rather tHagiding thevirus to gain
entryinto the host cellNevertheless, in all cases, bindit@a receptor on the host celinstigatesthe

25



whole membrane fusion proceskhis binding to a specific receptensures thahe fusion protein
does not release its energy prematufelich would render avirion notinfectioug.

Because in thParanyxovirinaethe receptor binding and fusion functions are divided over two
proteins, there hasto be som& t e r a ¢ tconumunicaticd dbaetweeendhempon receptor
engagement by the attachment protein to transduce the signal towards the fusionBarstsiron
experimental research of the pago decades, there acairrentlytwo popular models that describe
this interaction(see Fig. 5)In the firstmodelc al | ed t he O6associaitdaond or 6
either be that the attachment proteinl &msion protein are separated from each gther toreceptor
binding, or that they are already associaletyeverjn any case, receptor binding induces an
interaction between the two to trigger the fusion protein to refold. In the second modelirealle
6di ssociationdé or 0 prdtanmmdionsras d damp tHetemtiee fusidnt a ¢ h me n t
protein from triggeng prematurelyand receptor bindinghenresults in dissociation of the complex
and releasing of the fusion proteiWhile a fewyears ago it seemed thatslke@ssociation and
dissociation models fitted tHeéaramyxovirinaghathind to specific sugacoated receptors or
proteinaceous receptors respectivatywadays it is not sure anymore whether this holds true. It might
be the cas thatall Paramyxovirinaeemploy aguite similar mechanism of fusion protein triggering,
with only a differencenthes t at us (i . e. s e par adfthefusibonccgmlexher , st o
prior to receptor bindingamong the individual species

Current researctn the entry of paramyxoviruséscuses on the exact molecular structure of the
fusion complexand the structural changes therein induced by receptor biralimjhe (possible)
differences in these mechanisms between the individual paozims species-lowever, @tailed
knowledge about the molecular structure of the fusion complexnigny casestill lacking and
would definitely befruitful for the developnent ofmore efficientvaccine strategieherapeutic
antibodiesandanttviral drugs.

Becauseheattachment proteinsf different viruses have different molecular structuvases
differ in the set of receptomn the host celvith whichtheycaninteract like different keys for
different locks Since host specie#fdr in their repemire of cell surface receptors, this explains why
viruses differ in their host rangeh{s phenomenon is called h 0 s t ).t Theargréptompéattern also
varies between cell types within a host, which explains in a large part tleethaticicellular
tropisnd of each virusDuring infection,viruses typically attach to and enter different cell types
dependent on the stage of infection, usually employing interactions with different recéptsiess
first infect thecells that arencountered at their site of entsyich as theells lining the lungs,
respiratory tract and intestines theimmune cells that patrol these tissu€keroute of infection that
a virusfollows through the bodywhich is calledhed di s s e mi nat inotonly depandsend ) of t
the receptors with which interacs to enter a specific cell type, busa onthe fact that they
sometimes exit a certainpoaezcd Bgpembifym boddi og.
release)After replication in susceptible tissues viruses finally target organs from where they can
spread to other hosts. Typical late target tissues intheleells lining the airwaysnd salivary
glands.

All viral receptors have gery specificrole in the norral functioning of the cell: they bind either a
substance in the body or another receptor of an
leads to all kinds of signaling towards the interior of the cell, with outcomeshdieg on the type of
receptor, for instance an enhanced or decreased production of a certain protein or hormone.

It is actually quite logical that viruses not just bind some random receptor, but that they have often
evolved to recognizing receptors that have beneficial effectseir ownsurvival. One can imagine
for instance: receptors that ensure that the vil
redistribute other viral receptors towards the virus particle; receptors that suppress the immune
responsgor receptors that signal to loosen up the tight contacts between cells, so that more membrane
space becomes available for ent eTosumgarizzthd | eavi n
above, viruses exploit the natural functioning and responsbanesms of the host cell (and
organism) in numerous wayalso paramyxoviruses have been shown to manipulate host cell anti
viral defense mechanisms in their own favor.

Understanding the dissemination route of a virus is only possible whenit is kntwwiveit
receptors, and hence what cell types, the viral attachment and fusion proteins interact to gain entry into
the cell. In the last decades the discovery of receptors for measles virus and henipavirus has shed light
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on their behavior in the bodidowever, for the important airway pathogerespiratory syncytial virus
(RSV)and the related, recently discovered, human metapneumoviru® \itidat infect milions of
infants worldwide it is stil unclear what receptor interactions are crucial for infection.
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