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Orthobunyaviruses (OBVs) are arthropod-borne viruses that are structurally simple, with a trisegmented, negative-sense
RNA genome and only four structural proteins.
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| 1. Introduction

Orthobunyavirus consists of over 80 members that are globally distributed, which is a genus of the family Peribunyaviridae
(Bunyavirales order) along with Herbevirus, Pacuvirus, and Shangavirus (Table 1) [ while herbeviruses and
shangaviruses have a host range restricted to insects, pacuviruses and orthobunyaviruses (OBVSs) infect a wide range of
invertebrate and vertebrate hosts. OBVs usually spread to vertebrates, including humans and livestock, by blood-feeding
arthropod vectors and therefore belong to the supergroup of arthropod-borne viruses (arboviruses) 2. Most OBVs are
transmitted by mosquitoes and culicoid flies, which are midges, and a few are transmitted by ticks and bed bugs. More
than 30 members in the family are responsible for several diseases in humans. For example, Oropouche virus (ORQV) is
the second most frequent cause of acute but self-limiting febrile illnesses in Central America B4, Ngari virus is
responsible for hemorrhagic fever in Africa P&, and La Crosse virus (LACV) is a common cause of pediatric encephalitis
in North America [Z. In domestic animals, abortion, congenital malformations in offspring, and birth defects are frequently
observed following infection by some OBVs. Cache Valley virus in the United States of America (USA) and Schmallenberg

virus (SBV), an orthobunyavirus that emerged in 2011 in Central Europe, are both teratogenic in livestock, predominantly
in ruminants (BIR110]

Table 1. Classification within the family Peribunyaviridae [,

Genus Species Representative Species Hosts

Herbevirus 33 Herbert virus Invertebrates

Bunyamwera virus,
California encephalitis virus,

. . . Invertebrates
Orthobunyavirus 88 Germiston virus, !
R . vertebrates
La Crosse virus, Oropouche virus,
Schmallenberg virus, Umbre virus
. - Invertebrates
Pacuvirus 5 Pacui virus !
vertebrates
Shangavirus 1 Insect virus Invertebrates

Little is known about the vector competence, prevalence, and overall burden of OBV diseases. An example is the several
hundred thousand asymptomatic LACV infections that occur each year in the USA, but the actual number of infections is
not known 4. Human activity and climate change are factors that favor the spread of arthropod vectors to new
geographical areas from which they were previously absent, carrying their viruses with them. Recent illustrations are the
identification of Cristoli virus and Umbre virus (UMBV) in immunocompromised French patients who developed
encephalitis 1213 UMBV was subsequently found in Culex pipiens mosquitoes in southern France, indicating that UMBV
is now present in Europe. UMBV was first isolated in India in 1955 4. No vaccines or treatments against OBVs are
currently approved for human use by either the Food and Drug Administration or the European Medicines Agency.

A growing body of evidence indicates that genetic reassortment between OBV members can occur in arthropod vectors
(151116 The frequency of such events remains unknown in the wild, but it certainly contributes to the emergence of new
viruses with potentially significant pathogenicity in humans. A good illustration is Ngari virus, which was found to result
from the mixing of genetic material between Bunyamwera virus (BUNV) and an unidentified OBV &, Overall, OBVs should
be seriously considered as potential agents of emerging and reemerging diseases 1211131,



| 2. OBV Genome and Viral Particles

OBVs are enveloped with a single-stranded negative-sense RNA genome that exclusively replicates in the cytosol [&. The
viral genome consists of three unique segments sharing a common organization that includes a coding region flanked by
3" and 5’ untranslated regions (UTRs). The name of each of the three segments refers to their size in nucleotides, i.e., 6.9
kb on average for the largest segment L, 4.5 kb for the medium segment M, and 1.0 kb for the smallest segment S (Eigure
1a) &, The terminal 3' and 5' ends of each segment are conserved and complementary, which allows the formation of a
panhandle structure ARSI This structure is sometimes described as a hairpin and functions as a promoter for both
transcription and replication [LZL&I19]
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Figure 1. OBV genome and the glycoproteins Gn and Gc. (a) Generic representation of an OBV genome. The name of
the three viral genomic RNA segments refers to their size, i.e., S (small), M (medium), and L (large). (b) Schematic
representation of the OBV M precursor polypeptide. Arrow heads show the sites proteolytically cleaved by host cell
proteases. The red arrowhead indicates the location of the fusion peptide based on bioinformatics predictions and
biochemical analysis of LACV glycoproteins [2A[2122] Appreviation: TM, transmembrane domain.

The S segment codes for the nucleoprotein N and the L segment, which corresponds to the RNA-dependent RNA
polymerase (RdRp) &. The nucleoprotein N associates with the viral genomic RNA and, together with the viral
polymerase L, constitutes the pseudohelical ribonucleoprotein (RNP) structures 231241251 O0BVs do not have a rigid inner
structure, i.e., they lack any classical matrix or capsid protein. The nucleoprotein N is therefore a key player in protecting
the viral genomic information. An X-ray structure of N has been examined for many OBVs, namely, BUNV, LACV, SBY,
and Leanyer virus, which has shed light on the mechanism of RNP assembly [2811271[2811291[301[31](32] The S segment of most
OBVs encodes a nonstructural protein, NSs, which is generally translated from an alternative open reading frame within
the N protein-coding sequence (Figure 1a).

The M segment codes for a precursor polypeptide, the proteolytic cleavage of which by host proteases results in a second
nonstructural protein, NSm, and two transmembrane envelope glycoproteins, Gn and Gc 3334, Proteolytic processing
occurs in the endoplasmic reticulum and Golgi network (Eigure 1b) B4l which are where viral particles acquire their lipid

bilayer membrane and assemble. The specific location and mechanisms for the maturation of glycoproteins and virus
budding may differ among cell types and remain largely undefined. As the two nonstructural proteins NSs and NSm have
not been reported to contribute to OBV entry, they will not be addressed here. Studies actually suggest that NSm is
involved in OBV assembly and budding B2I38l. For more details on the genomic organization, replication, and assembly of
OBVs, we recommend the excellent review by Richard Elliott 2,

Electron micrographs have shown that orthobunyaviral particles are roughly spherical, with a diameter of approximately
90-110 nm 78], On viral particles, the two envelope glycoproteins Gn and Gc assemble into heteromultimers and form
spike-like projections of up to 20 nm (Eigure 2a), which are responsible for virus attachment to the target-cell surface.
Analysis of BUNV by cryo-electron tomography (cET) revealed a nonicosahedral lattice, with surface Gn and Gc
protrusions exhibiting a unique tripod-like arrangement (Eigure 2b) 8. Overall, orthobunyaviral particles appear to be
pleiomorphic. However, it remains unclear whether the heterogenicity in shape is an intrinsic property of OBVs or results
from the sample preparation and exposition of particles to strong fixative agents prior to imaging by electron microscopy.
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Figure 2. (a) Schematic representation of an OBV particle. (b) Schematic representation of the tripodal architecture of the
glycoprotein spikes o the surface of a BUNV particle as analyzed by cET [28. Abbreviations: Gn, glycoprotein Gn; Gc,
glycoprotein Gc; N, nucleoprotein N; RdRp L, RNA-dependent RNA polymerase L.

| 3. Receptors for OBVs in Mammalian Hosts

OBVs are mainly transmitted to mammalian hosts during the blood meal of arthropods, i.e., they are introduced into the
skin dermis through bites by infected arthropods B2, In the skin, dermal macrophages and dendritic cells (DCs) are
among the first cells to encounter incoming viruses. To infect cells, OBVs and other viruses must first gain access to the
intracellular environment. The very first step depends on interactions between viral particles and cell surface receptors,
which can be proteins, saccharides, and lipids 4241, Some primary receptors can mediate the entry of viruses by
themselves, whereas others rely on additional cellular cofactors or secondary receptor complexes for the entry of viral
particles into host cells. We recommend the excellent reviews by Boulant and colleagues and by Maginnis for more details
about virus-receptor interactions in general 4841 |n the case of OBVs, only a few receptors and attachment factors have

been reported thus far.

Virus-receptor interactions are specific, although the affinity and avidity of such interactions essentially depend on the
identity of the virus and receptor. The multivalence of these interactions, through the concentration of multiple molecules
of the same receptor within microdomains, often permits an increase in the avidity of low-affinity interactions 9. The
polysaccharides of glycoproteins and glycolipids are highly polar structures found on the surface of most mammalian
cells, notably in the extracellular matrix. Many viruses use polysaccharides as first docking sites through electrostatic
interactions, which are usually of low affinity 2941 Glycosaminoglycans, such as heparan sulfate proteoglycan (HSPG),
have been shown to favor infection by SBV and another OBV, Akabane virus (AKAV) 4243l When heparinase was used
to remove heparan sulfates from the cell surface, infection by SBV and Akabane OBV was impaired. This result was
confirmed using cell lines with HSPG knocked out.

The OBV Germiston has been shown to target and infect dermal DCs by subverting the human C-type lectin DC-SIGN,
which is also known to mediate infection by many unrelated arboviruses from different viral families 224 Similarly, DC-
SIGN was shown to enhance infection by rhabdoviral particles pseudotyped with LACV glycoproteins 3], indicating that
the interactions between OBVs and the lectin most likely occur through the glycans carried by Gn and Gc. Whether DC-
SIGN serves as an entry receptor or an attachment factor for OBVs remains to be determined. Recent studies have also
identified several other C-type lectins as potential receptor candidates for LACV, namely, Mincle, Dectin-1, and Dectin-2
48] However, the role of these three lectins in the LACV infectious entry process remains to be clarified.

Together, C-type lectins such as DC-SIGN, Mincle, Dectin-1, and Dectin-2 represent interesting receptor candidates and
may provide a molecular bridge between OBVs originating from arthropod vectors and the initial infection in the skin of
mammalian hosts. DC-SIGN captures pathogens with an N-glycan coat composed of high-mannose residues, such as
those found in the glycoproteins of viral particles derived from mosquitoes 4. In addition, these C-type lectins are
expressed on dermal macrophages and DCs, which are both present in the anatomical site of OBV transmission.
However, the fact that OBVs can infect tissues and cell lines that lack the expression of these lectins indicates that these
viruses can use alternative receptors to enter and infect mammalian host cells [481(49],

| 4. OBV Uptake

OBVs rely on the sorting of viral particles into the endocytic cellular machinery for infection. The transition steps between
the cell surface and nascent endosomes remain largely unknown. However, depletion of cholesterol by methyl-3-
cyclodextrin was shown to hamper infection by OROV and AKAV BRI Cholesterol and other lipids are important for the
formation of receptor-rich microdomains at the cell surface, which is a prerequisite for local curvature of the plasma
membrane and receptor-mediated signal transduction, leading to virus uptake and sorting into early endosomes (EEs) 22,



The sorting of viral particles into endosomal vesicles and the endocytic route in which viruses are taken up are usually
determined by amino-acid sequence motifs in the cytosolic tail of viral cellular receptors. These motifs function as docking
sites for specific adaptor proteins with a role in signaling, endocytic internalization, and intracellular trafficking 4. DC-
SIGN has several such motifs in its cytosolic tail; among other factors, a dileucine (LL) motif is essential for the
internalization of cargos by the lectin. DC-SIGN mutants that lack the LL motif are no longer able to internalize
phleboviruses, although the viral particles bind to the mutant molecule as efficiently as to the wild-type receptor 44152
Phleboviruses belong to the Phenuiviridae family, which is closely related to Peribunyaviridae and hence OBVs. The
importance of these signal motifs in the internalization of OBVs by DC-SIGN remains to be fully studied. No signaling
motifs have actually been documented in OBV receptors with functions related to viral particle endocytosis and productive
entry.

There are lines of evidence indicating that several OBVs primarily enter and infect host cells by clathrin-mediated
endocytosis (CME) (Figure 3). Studies using complementary approaches aiming to impair the function of adaptor protein 2
(AP2) and clathrin chains, i.e., those based on the use of drugs, dominant negative (DN) mutants, and small interfering
RNAs, highlighted the dependance of AKAV, LACV, OROV, and other OBVs on CME for infection 4854511 Additional
investigations into cellular receptors will be required to better characterize the uptake pathways used by OBVs. The
underlying cellular mechanisms could vary considerably in different target cells. As recently discussed for phleboviruses
B3] the ability of OBVs to use alternative receptors on the cell surface very likely impacts their capacity to enter one or
more endocytic pathways to infect cells and tissues.
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Figure 3. OBV entry into mammalian cells. This figure provides an overview of the entry pathways used by some OBVs to
infect host cells. On the left, the scales indicate the time for the trafficking of cargo from the surface to an organelle and
the related pH inside endosomal vesicles. Abbreviations: AKAV, Akabane virus; Baf Al, bafilomycin Al; BUNV:
Bunyamwera virus; CEV, California encephalitis virus; CME, clathrin-mediated endocytosis; CPZ, chloropromazine; DN,
dominant negative; DYN, dynasore; EGFP, enhanced green fluorescent protein; GERV, Germiston virus; HEPase,
heparinase; HSPG, heparan sulfate proteoglycan; LACV, La Crosse virus; MBC, methyl-B-cyclodextrin; NH4CI, ammonium
chloride. OROV, Oropouche virus; SBV, Schmallenberg virus; SUC, sucrose; TEA, tetraethylammonium; * Other viruses
using the CME pathway, including the CEV and Inkoo, Jamestown canyon, Keystone, Melao, Serra do Navio, snowshoe
hare, Tahnya, and Trivittatus viruses.

| 5. OBV Intracellular Trafficking

Upon internalization, orthobunyaviral particles proceed through the endocytic machinery until they reach the endosomal
vesicles from which they fuse and enter the cytosol. Transport from EEs to late endosomes (LEs) is highly complex and
dynamic, involving hundreds of cellular factors 243, This process occurs along with major changes in proteins, lipids,
and proton (H*) concentrations in endosomal vesicles B8, The intraluminal pH decreases from ~6.5 in EEs to ~5.5-5.0 in



LEs B3], Several reports have demonstrated that OBVs depend on endosomal acidification for infection 22, Among other
factors, AKAV and OROV infections are sensitive to agents that elevate the endosomal pH, such as lysosomotropic weak
bases, e.g., chloroquine and ammonium chloride, or inhibitors of vacuolar H* ATPases, such as bafilomycin Al (50154]

Only a limited number of studies address the intracellular trafficking of orthobunyavirus within endosomal vacuoles,
namely, LACV and OROV 48I50E1, The expression of a DN mutant of endogenous Rab5, a small GTPase required for
the trafficking and maturation of EEs, blocks infection by LACV 8. OROV was found by confocal microscopy to transit
through vesicles positive for EEA1 211, a Rab5 effector protein that exclusively localizes to EEs. LACV appears to infect
cells independently of active Rab7 48 the most critical small GTPase for late endosomal maturation 8. Nevertheless,
OROV was observed entering endosomal compartments decorated by Rab7 (211,

Rab7 has been shown to be dispensable for infection by some late-penetrating viruses, a large group of viruses that
depends on intact LEs for infection 5. There can be several explanations for this outcome. As one of these explanations,
viruses might simply escape the endocytic machinery earlier, for example during sorting from EEs to nascent
multivesicular bodies (MVBs), an initial stage in the LE maturation process driven in part by a switch of GTPases from
Rab5 to Rab7 4. This seems to be the case for Crimean Congo hemorrhagic fever virus, which belongs to the genus
Orthonairovirus in the Bunyavirales order; hence, a genus related to Orthobunyavirus that has recently been shown to
penetrate cells from MVBs 82, OBVs may follow the same strategy to penetrate cells. However, little is known about the
late stages of OBV intracellular trafficking, and there is overall no clear trend towards whether OBVs penetrate and infect
host cells from EEs or LEs.
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