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SUMMARY

Neuropilins (NRPs) bind a variety of physiological ligands and serve as receptors for
viruses with public health importance. However, mechanisms regulating NRP-mediated
virus entry and the roles of NRPs in viral pathogenesis are not well understood. In this
study, we identified murine NRP1 (mNRP1) as a mammalian orthoreovirus (reovirus)
receptor. MNRP1 binds reovirus with nanomolar affinity and promotes reovirus infection.
Our findings reveal a unique mechanism of virus-receptor interaction, which is
coordinated by multiple interactions between distinct reovirus capsid subunits and

NRP1 extracellular domains. By engineering reovirus mutants incapable of binding
NRP1, we found that NRP1 contributes to reovirus dissemination and neurovirulence in
mice. Collectively, our results demonstrate that NRP1 is an entry receptor for reovirus

and uncover mechanisms by which NRPs promote viral entry and pathogenesis.

KEYWORDS
NRP1, reovirus, binding, infection, affinity, capsid proteins, dissemination, CNS,

neuropathogenesis
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INTRODUCTION

Neuropilins (NRPs) are cell-surface receptors with pleiotropic physiological functions in
the cardiovascular, nervous, and immune systems.’ Two NRP homologs, NRP1 and
NRP2, bind a range of structurally diverse ligands, including vascular endothelial growth
factor (VEGF) isoforms and semaphorins (SEMAs)."®* NRPs also are used as receptors
or coreceptors by several pathogenic viruses,® including pandemic SARS-CoV-27 and
several herpesviruses.'%'2 Host receptors often determine viral dissemination routes
and tropism for discrete tissues.'3'® The broad expression of NRPs in endothelial,
immune, and neuronal cells suggests roles for these receptors in viral dissemination
and tissue tropism. However, since NRP-null animal models are not viable,'? functions
of NRPs in viral pathogenesis have not been confirmed.®

NRPs incorporate multiple extracellular domains with remarkable structural
flexibility to accommodate binding to different ligands.3%17-1® NRPs engage native
ligands following the C-end rule (CendR), in which a conserved pocket in the
extracellular b1 domain binds a C-terminal polybasic R/IKXXR/K motif in the ligand,’?
which is a native C-end or produced by furin cleavage. The SARS-CoV-2-NRP1
interaction depends on furin cleavage of viral spike proteins and is associated with
membrane fusion. However, some virus-NRP interactions, including interactions
between human cytomegalovirus (hCMV) pentamer protein and NRP2 are independent
of the CendR but still appear to promote fusion.'®1® Other herpesviruses also use NRP1
as a fusion protein receptor.’"1220 Therefore, the function of NRPs in viral entry is often

associated with enveloped virus fusion regardless of the CendR.
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In this study, we identified NRP1 as an entry receptor for nonenveloped reovirus
and investigated functions of NRP1 in reovirus pathogenesis. Reovirus encapsidates a
segmented, double-stranded RNA genome in a double-layered icosahedral capsid shell
composed of eight capsid proteins.?' With a robust reverse genetics system,?? reovirus
is a well-established experimental system to study nonenveloped virus receptor
engagement, internalization, and disassembly.?® Reovirus has a broad host range in
mammals?’-?* and has been linked to celiac disease in humans.?%2% In mice, reovirus
establishes primary infection in the intestine and disseminates to sites of secondary
infection, including the CNS, by hematogenous or neural routes.?’-?* Reovirus
dissemination pathways and neurovirulence are extraordinarily dependent on viral
serotype,?* which is likely regulated by serotype-specific neural receptors. We have
identified several attachment factors and receptors for reovirus and found that reovirus
entry involves discrete virus-receptor pairs, which influence viral pathogenesis at
multiple steps.?”-3% However, how reovirus receptors regulate neuropathogenesis
remains largely unknown.

In a previous genome-wide CRISPR screen for host factors that promote reovirus
infection, murine NRP1 (mNRP1) emerged as a top candidate3®. Here, we validated
mNRP1 as a reovirus receptor and investigated the function of mNRP1 in reovirus cell
entry and pathogenesis. We discovered an unusual virus-receptor interaction
mechanism characterized by high-affinity, multi-valency, and host specificity, in which
distinct viral capsid subunits bind multiple NRP1 extracellular domains. Our findings
indicate that NRPs can function in fusion-independent entry of nonenveloped viruses

and demonstrate that NRP1 contributes to viral dissemination, replication in the CNS,
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and neurovirulence in mice. This work highlights reovirus as an experimental model to
investigate mechanisms of NRP-mediated viral entry and its significance in viral

pathogenesis.

RESULTS

mNRP1 promotes reovirus binding and infection

In a previous whole-genome CRISPR-knockout (CRISPR-KO) screen, CRISPR-edited
mouse microglial BV2 cells were infected with prototype reovirus strains type 1 Lang
(T1L) or type 3 Dearing (T3D), and gene candidates promoting infection were identified
from surviving cells.3® NRP1 was identified as the top proviral gene candidate in the
screen using strain T3D. We validated these results using NRP1-targeting sgRNAs to
eliminate expression of NRP1 in BV2 cells (Figure S1A) and observed that T3D
infection was significantly attenuated in cells lacking NRP1, while T1L infection was not
altered (Figures 1A and S1B).

CRISPR-KO screens often identify essential viral entry factors, including viral
receptors.?”:38 If murine NRP1 (mNRP1) serves as a reovirus receptor, overexpression
of mMNRP1 cDNA in nonsusceptible CHO cells that lack reovirus receptors should
promote reovirus binding and infection.?” Concordantly, transient mMNRP1 expression
promoted T3D but not T1L infection, suggesting that mMNRP1 functions as a receptor for
reovirus T3D (Figures 1B and S1C). In these experiments, human NRP1 (hNRP1) and

NRP2 paralogs did not promote reovirus infection.



105 To determine whether reovirus binds to mMNRP1-expressing cells, we used non-
106  sialic-acid-binding (SA-) viruses (T1LSA- and T3DSA-) to eliminate attachment to

107 sialylated cell-surface proteins as a potential confounding variable?” (Figures 1C and
108 S1D). MNRP1 overexpression promoted robust T3DSA- virus binding and modest

109 T1LSA- binding, whereas hNRP1 overexpression did not efficiently promote binding of
110  either reovirus strain. Virus binding to and infectivity of mNRP1-expressing cells was
111 blocked by preincubating cells with either mNRP1-specific antibody (Figures 1D-E) or
112 NRP1 ligand VEGF (Figure 1F) as well as preincubating reovirus with recombinant
113  mNRP1 (Figure 1G). These data support the specificity of mMNRP1 in promoting

114  reovirus binding and infection. MNRP1 also promoted infection by another reovirus
115  strain, type 3 Abney (also called T3C87), but not the other type 3 strains tested®®

116  (Figure S2), suggesting that the recognition of mMNRP1 is strain-specific and not

117  serotype-specific. Collectively, ectopically expressed mNRP1 specifically promotes
118  reovirus T3D binding and infection, suggesting that mMNRP1 is a reovirus receptor.

119

120 Biophysics of reovirus-NRP1 interactions

121  To determine whether reovirus directly binds to mNRP1, we analyzed the reovirus-
122  NRP1 interaction using a biophysical approach. In precipitation assays using

123 recombinant receptors, T3DSA- virions were efficiently bound by mNRP1 but not

124  hNRP1, while T1LSA- virions were not bound by either receptor (Figure 2A). To further
125  investigate the kinetics and thermodynamics of the reovirus-NRP1 binding complex,, we
126  used atomic force microscopy (AFM) to quantify virion-NRP1 interactions at the single-

127  molecule level. AFM tips covalently functionalized with T3DSA- virions were moved



128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

cyclically toward and away from an mNRP1-coated surface, which allows virus-receptor
bonds to form and break (Figure 2B). Force-distance (FD) curves measuring adhesion
events were collected, and binding frequencies (BF) were calculated. In these
experiments, T3DSA- virions bound specifically to mNRP1-coated surfaces (Figure
2C). Virus binding was significantly reduced by preincubation with VEGF, consistent
with results using NRP1-expressing cells (Figure 1F), but preincubation with mNRP1-
specific mAb did not decrease binding.

To quantify reovirus-mNRP1 binding kinetics, the rupture force of the complex
was probed at different loading rates*® (Figures 2D and S3), as previously
described.?”#143 The data were fit with the Bell-Evans model of mono-bond interactions,
which assumes that the energy landscape governing the bond rupture can be
approximated by a simple potential energy barrier 4445 and allows the extraction of
kinetic parameters of molecular interactions such as the dissociation rate (ko) and
distance to the transition state (x.) (Figure 2E). For the T3DSA- reovirus-mNRP1
complex, the estimated kot (0.15 £ 0.12 s') and x, (0.92 + 0.08 nm) values indicate
formation of a stable complex with large conformational variability. We extracted the
association rate (kon) by monitoring the binding frequency versus the contact time*® (kon
= 39.30 £ 6.85 uM" s7') and observed an equilibrium dissociation constant (Kp = 3.89 +
3.69 nM) (Figure 2E), indicating a high-affinity interaction between T3DSA- and
mNRP1.

We also detected significant binding of T3DSA- to a recombinant hNRP1-coated
model surface (Figure S4), which was only weakly detectable in the cell-based binding

(Figures 1C) and precipitation assays (Figure 2A). T3DSA- binding to hNRP1 was
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similarly fit with the Bell-Evans model and estimated to have a comparable dissociation
constant (Kp = 4.18 + 2.86 nM) to that of mNRP1 but strikingly diminished Kon,
suggesting different binding kinetics, which may explain the discordant binding results.
The physiological relevance of reovirus-NRP1 binding was further tested by
probing the complex on living cells expressing fluorescent-reporter mNRP1 (mMNRP1%)
(Figure 2F). Binding to mNRP 1™ cells was compared with binding to adjacent mNRP1-
cells (Figure 2G). T3DSA- specifically bound mNRP1* cells (Figures 2H-l and S5).
Rupture-force curves derived from mNRP1* cells were overlaid on those from model
surfaces (Figure 2J; blue data points) and plotted as a histogram (Figure 2K). Data
from model surfaces and living cells were concordant, although higher-ranged rupture
forces representing potential multivalency were more frequent in the experiments with
living cells. We used the Williams-Evans model to predict forces associated with rupture
of simultaneous uncorrelated bonds (Figure 2J; red dashed line, I-VI), which showed a
strong match with force peaks obtained using living cells (Figures 2J-K), suggesting
that high-ranged forces correspond with the establishment of simultaneous bonds
between virions and multiple receptor molecules. Such multivalent reovirus-NRP1
interactions may be favored on cell membranes. Overall, these biophysical data
demonstrate specific and high-affinity interactions between reovirus T3D and mNRP1 at

a single-molecule level and in a more complex live-cell system.

Reovirus-NRP1 interactions require multiple NRP1 extracellular domains
mNRP1, but not its human homolog, functions as a reovirus receptor. To define NRP1

domains involved in the interaction, we reciprocally exchanged the five extracellular



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

domains (a1, a2, b1, b2, and c) between murine and human homologs to construct
chimeric receptors®® (Figure 3A). We reasoned that exchanging domains required for
reovirus binding should produce a phenotypic switch between mMNRP1 and hNRP1.
Murine and human NRP1 homologs share substantial amino acid identity (~ 93%) in the
extracellular region, suggesting that reciprocal exchange of homologous domains
should maintain structural stability and surface expression. As anticipated, surface
expression of the chimeric receptors was comparable (Figure 3B), with the exception of
hNRP1 with the mNRP1 a1 domain (hNRP1-ma1). We first assessed the chimeric
receptors for reovirus-binding capacity (Figure 3C). For mNRP1 chimeras, a2 or ¢
domain exchange (MNRP1-haZ2, -hc) did not diminish reovirus binding relative to WT
mNRP1. In contrast, b1 or b2 domain exchange (MNRP1-hb1, -hb2, -hb1b2) diminished
reovirus binding. For hANRP1 chimeras, substitution of the a2, b1, or b2 domain (hNRP1-
maz2, -mb1, -mb2, -mb1b2) increased reovirus binding relative to WT hNRP1. In
contrast, a1 or c domain exchange (hnNRP1-ma1, -mc) did not alter binding. These
results suggest that multiple mNRP1 domains are required for binding reovirus.

We then determined the effect of NRP1 domain exchange on reovirus infectivity
(Figure 3D). For mNRP1 chimeras, infectivity was decreased when b1 or b2 were
exchanged (MNRP1-hb1, -hb2, -hb1b2). As expected, exchange of hNRP1 b1 or b2
(hNRP1-mb1, -mb2, -mb1b2) enhanced infectivity. Due to the importance of the NRP1
b1 domain in reovirus infection (Figures 3C-D), we tested the effect of CendR inhibitors
on reovirus infection of NRP1-expressing cells (Figure S6). Not surprisingly, as a
nonenveloped virus, reovirus infection was not diminished by treatment with small-

molecule inhibitors of furin and the b1 domain, suggesting that reovirus-NRP1
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interactions do not follow the CendR. Furthermore, the mNRP1-specific mAb that blocks
reovirus binding to cells (Figure 1D-E) binds to the b1 domain (Figure S7). Collectively,
these results indicate that mMNRP1 domains b1 and b2 are required for reovirus binding
and infection in manner independent of the CendR.

We also used NRP1 domain-deletion mutants as a complementary approach to
define domains required for reovirus binding (Figure 3E). Deletion of mMNRP1 a1 or c,
which are not contained in the structurally rigid a2-b1-b2 core,*”*® did not alter receptor
expression relative to WT (Figure 3F). Concordant with diminished reovirus binding of
the a1 exchange (MNRP1-ha1) (Figure 3C), deletion of a1 (Aa1) substantially
attenuated reovirus binding (Figure 3G) and infection (Figure 3H). In contrast, deletion
of the ¢ domain only slightly decreased reovirus binding and did not alter infection
(Figures 3G-H). Collectively, these results indicate an essential role for the mNRP1 a1

domain in interactions with reovirus.

Reovirus interactions with NRP1 require multiple capsid proteins

The reovirus outer capsid is composed of heterohexamers of 63 and u1 proteins, in
which u1 is a pedestal for 03, and o1 trimers embedded into A2 pentamers at the
icosahedral fivefold vertices?' (Figure 4A, schematic). To identify the surface-exposed
capsid proteins that bind mMNRP1, we reciprocally exchanged gene segments encoding
the A2, 01, and o3 proteins (L2, S1, and S4, respectively) of strains T1L and T3D using
reverse genetics?? (Figure 4A, table). We hypothesized that exchanging essential
capsid protein-encoding gene segments of T3D with non-essential gene segments of

T1L would decrease infection of mMNRP1-expressing cells and vice versa. For T3D

10
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reassortants, L2 (A2) exchange (T3D-T1L L2, -T1L L2+S1, and -T1L L2+S4) resulted in
complete loss of infectivity (Figure 4B), suggesting that A2 is required for NRP1-
mediated reovirus infection. Conversely, S1 (o1) or S4 (03) exchange (T3D-T1L S1, -
T1L S4, and -T1L S1+S4) did not dampen infectivity. For T1L reassortants, S1 (o1) or
S4 (03) exchange (T1L-T3D S1, -T3D S4, and -T3D S1+S4) did not increase infectivity
(Figure 4C). In contrast, L2 (A2) exchange (T1L-T3D L2 or -T3D L2+S1) resulted in a
modest infectivity increase, with L2+S4 (A2+03) dual-exchange (T1L-T3D L2+S4)
producing the most substantial increase in infectivity. Collectively, these results suggest
that both A2 and 03 of strain T3D are required to bind NRP1, and A2 may be more
important for the interaction.

To better understand the function of 03 in NRP1-mediated reovirus infection, we
tested the interaction of MNRP1 with infectious subvirion particles (ISVPs), a reovirus
disassembly intermediate®'?® (Figures 4D-E). ISVPs are formed by the proteolytic
removal of 3 from virions during viral disassembly, while the integrity and conformation
of A2 are maintained.?"-23 T3D virions and ISVPs infected cells expressing o1 receptor
JAM-A, while only virions infected MNRP1-expressing cells (Figure 4D). Moreover,
recombinant MNRP1 did not capture ISVPs in precipitation assays (Figure 4E),
suggesting an essential role for 3 in the interaction with mNRP1. Indeed, mNRP1
bound T3D o3 in precipitation assays (Figure 4F) and did so with a ~ 25-fold higher
affinity than hNRP1 (Ko = 2 nM vs 49 nM), as assessed by biolayer interferometry (BLI)
(Figures 4G-H). This finding helps explain differences in reovirus infection of cells
expressing murine and human NRP1 homologues. Consistent with AFM results using

virions and model surfaces (Figure 2C), the 03-NRP1 interaction was blocked by VEGF

11
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(Figure S8). Collectively, these results indicate that outer-capsid protein 03 of strain
T3D directly engages NRP1 and demonstrate an essential role of capsid turret protein

A2 in strain-specific NRP1-mediated reovirus infectivity.

Capsid turret protein A2 contributes to NRP1 binding and is required for NRP1-
mediated reovirus infection

Reovirus A2 proteins form pentameric turrets at the virion icosahedral fivefold vertices 4%
51 at which A2 and peripentameric u1303s heterohexamers may form a substructure to
bind NRP1 (Figure 5A). The A2 turret is the viral mMRNA-capping enzyme and
incorporates a guanylyltransferase (GTase) domain, two methyltransferase (MTase)
domains (2-O-MTase and N7-MTase), and a C-terminal Flap domain*® (Figure 5B).
The MTase and Flap domains are partially surface-exposed (Figures 5C and S9).
Since A2 is essential for reovirus infection of mMNRP1-expressing cells (Figure 4B), it is
possible that polymorphic surface-exposed residues at the MTase and Flap domains
dictate differences in interactions with mNRP1 (Figure 5C and Table S1). We chose
seven and five residues in the N7-MTase and Flap domains, respectively, for further
analysis (Figures 5C-D). The five residues selected in the Flap domain are adjacent to
an integrin-binding motif (IBM).35°2 Two IBMs are located within the N7-MTase and Flap
domains (Figures 5B-C and S9), of which the surface-exposed IBM motif (KGE) in the
Flap domain is required for integrin binding.3® This motif is distal to the o1 encapsidation
pore formed by assemblies of the Flap domain (Figures 5C and S9), suggesting that
this region of the Flap domain is sterically accessible for receptor binding and may

engage NRP1.
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To test this hypothesis, we classified surface-exposed polymorphic residues
based on domain distribution and reciprocally exchanged polymorphic residues
between T1L and T3D A2 (Figure 5D). Regions containing residues-of-interest in A2
Flap and N7-MTase domains were annotated as region | (R I) and region Il (R Il),
respectively. We first analyzed the infectivity of mutant viruses using mNRP1-
expressing cells (Figure 5E). Substitutions in A2 region | or Il (R | or R Il) of T3D
decreased infectivity. These results correlate well with infectivity data using T1L x T3D
reassortants (Figure 4B), as a T1L mutant virus (A2 R I-Il + 03-T3D), engineered with
T3D A2 residues in region | and Il and a T3D-derived 03-encoding S4 gene, gained the
capacity to infect mNRP1-expressing cells. We then analyzed effects of A2 polymorphic
residue substitution on T3D-NRP1 binding (Figures 5F-G). Substitutions in A2 region Il
(A2 R 1) modestly diminished binding, whereas the combination of A2 region | and Il (A2
R I-11) substitutions decreased T3D-NRP1 binding more significantly. In contrast, a T1L
mutant with T3D A2 polymorphic residues and a T3D o3 protein (A2 R I-1l + 03-T3D)
gained the capacity to bind mNRP1. Additionally, infectivity (Figure 5E) and in vitro
binding (Figures 5F-G) results suggest that residues in region Il of the N7-MTase
domain appear to contribute more substantially to the mNRP1-binding interaction than
residues in region | of the Flap domain. Thus, the o1-distal region of the A2 turret may
serve as an NRP1-binding interface (Figures 5C and S9). Disrupting the potential
binding interface on A2 abolished infectivity but only diminished NRP1 binding,
suggesting that the capsid turret protein A2 regulates an essential early step in NRP1-

mediated viral infection, such as internalization into the endocytic pathway.
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Sequences in outer-capsid protein 03 required for NRP1 binding

To understand how 03 binds NRP1, we analyzed the distribution of 03 polymorphic
residues in the substructure formed by A2 and peripentameric u13033 heterohexamers
(Figure 6A and Table S2) and classified 03 polymorphic residues into three patches
(patches [P] 1, Il, and IIl). To identify the patch that influences NRP1 binding, we
substituted polymorphic residues within each patch of T3D o3 with corresponding T1L
residues (Figures 6B-C) and analyzed infectivity using NRP1-expressing cells (Figure
6D) and mNRP1-binding capacity (Figure 6E). A T3DSA- reassortant virus with a T1L
03 (03-T1L) was used as a loss-of-function control. Substitutions in both patch | and I
(o3 P I-lll) significantly decreased infectivity (Figure 6D), which was reduced to a level
comparable to that of the T1L S4 reassortant (03-T1L). Since polymorphic residue
substitutions in A2 only partially disrupted mMNRP1 binding (Figures 5F-G), we
introduced A2 residue substitutions (R I-11) into the T3D 03 mutant viruses to construct a
virus that should be incapable of binding mMNRP1 (mNRP1-blind) (Figure 6C) and
tested the effect on mNRP1-binding capacity (Figures 6E and S10A). Infectivity results
were largely concordant with binding results. No obvious effect was observed by
substitutions in 03 patch I, whereas polymorphic residues in 03 patch |, which is most
proximal to the putative binding interface in A2, modestly altered NRP1 binding. In
contrast, polymorphic residues in 03 patch Il contribute more substantially to mNRP1
binding, as incorporation of substitutions in A2 (o3 P I-1ll + A2 R I-II) further reduced
mNRP1-binding capacity to the level of background (Figures 6E and S10A). Therefore,
this T3DSA- mutant (o3 P I-Ill + A2 R I-1l) was considered to be mNRP1-blind.

Reciprocal exchange of the polymorphic residues in 03 patch Ill alone between T1L and

14
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T3D (Figure 6F) further confirmed the importance of patch Il for NRP1-mediated
infectivity (Figure 6G) and mNRP1-binding capacity (Figures 6H and S10B). These
results indicate that interactions with mNRP1 are regulated by polymorphic residues in
outer-capsid protein 03, which may belong to distinct 63 protomers in the p1303s

heterohexamer (Figure 6A).

NRP1 contributes to reovirus dissemination and neurovirulence in mice
Neurotropic reovirus disseminates using hematogenous and neural routes to infect
neurons in the CNS and cause lethal encephalitis.>* Expression of NRP1 by vascular,
immune, and nervous system cells suggests that this receptor contributes to reovirus
dissemination and neuropathogenesis. We first tested T3D infection of primary cortical
neurons and observed decreased infectivity following preincubation of cells with
mNRP1-specific mAb (Figures 7A and S11A). We then tested infectivity of neurons by
NRP1-binding mutants (NBMs) including the loss-of-function A2 mutant (R I-1l) and the
dual 03 and A2 mutant (P I-lll + R I-Il) (Figures 7C-D), which were re-named NBM1 and
NBM2 for convenience. NBM1 has attenuated NRP1-binding capacity and does not
infect NRP1-expressing cells (Figures 5E-G), while NBM2 is NRP1-blind (Figure 6E).
As an important control, NBM1 and NBM2 are capable of infecting JAM-A-expressing
L929 cells and produce titers comparable to those of WT virus (Figure 7B). Concordant
with the antibody-blockade effects, NBMs showed reduced infectivity (Figures 7C and
S11B) and replication (Figure 7D) following inoculation of primary neurons, which

suggests a potential function for NRP1 in reovirus replication in the nervous system.
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Since embryonic development requires NRP1,"-?2 we compared replication
capacity and virulence of WT and NBM viruses to determine whether NRP1 functions in
reovirus pathogenesis (Figures 7E-G). We first analyzed viral replication and virulence
following intracranial inoculation (Figures 7E-F), which circumvents dissemination
routes and allows establishment of infection directly in the CNS. Viral titers in the brain
of NBM-inoculated mice were significantly lower than those of WT virus (Figure 7E).
Mice inoculated with NBM viruses also had improved survival relative to those
inoculated with WT virus (Figure 7F). These results suggest that NRP1 is required for
maximal reovirus replication and full neurovirulence in mice. We tested whether NRP1
expression influences reovirus neurotropism by analyzing the distribution of viral antigen
in the brain of inoculated mice (Figure S12). In these experiments, NBM and WT
viruses infected similar brain regions in samples with comparable viral loads, suggesting
that NRP1 does not influence reovirus neurotropism.

Systemic pathogen infection requires (i) traverse of physiological barriers
separating blood and tissue®3%* or (ii) transit through nerves innervating peripheral
tissues to reach distant sites.53%* To investigate whether NRP1 contributes to reovirus
hematogenous or neural dissemination, we inoculated mice intramuscularly with WT or
NBM viruses (Figure 7G). Intramuscular inoculation was used in these experiments due
to the relative instability of strain T3D in the proteolytically active intestinal lumen.55-%6
Tissues were harvested at early (2 days post-inoculation [DPI]), medium (4 DPI), and
late (8 DPI) stages of infection. Viral titers in the blood (viremia) of NBM-inoculated mice
were significantly lower than those of WT virus, suggesting that NRP1 contributes to

hematogenous dissemination (Figure 7G). In addition, viral titers in the spinal cord and
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brain of NBM-inoculated mice were significantly lower than those of WT virus at 2 and 4
DPI, which provides further evidence of a function for NRP1 in viral dissemination from
muscle to the CNS. Following intramuscular inoculation, virus in the spinal cord at early
and medium timepoints is mainly attributable to neural dissemination.>® Therefore, it is
possible that NRP1 also contributes to neural dissemination, consistent with a function
for NRP1 in reovirus infection of neurons (Figure 7A and 7C-D).

NBM2, which is incapable of binding NRP1, had the most attenuated phenotypes
in replication and virulence in mice (Figures 7E-G), while NBM1 had more intermediate
phenotypes. The correlation between NRP1-binding capacity and pathogenicity further
underscores the importance of NRP1 in reovirus pathogenesis. Collectively, these data
demonstrate that NRP1 contributes to reovirus dissemination, replication in the CNS,

and neurovirulence.

DISCUSSION

In this study, we identified NRP1 as a reovirus receptor and present biophysical and
functional characterization of reovirus-NRP1 interactions. Our work establishes reovirus
as a nonenveloped virus that uses NRP1 as a receptor and uncovers an unusual virus-
receptor interaction mechanism, in which reovirus-NRP1 binding appears to be a step-
wise process orchestrated by multiple interactions between distinct viral capsid subunits
and NRP1 domains. Investigation of the biophysical dynamics of NRP1-mediated
reovirus infection expands an understanding of multi-faceted ligand-NRP interactions

and will contribute to studies of ligand-induced NRP endocytosis and signaling. We
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further discovered that NRP1 is a receptor for reovirus dissemination and
neurovirulence, providing experimental support for a function of NRPs in viral
pathogenesis.® Collectively, our studies establish reovirus as a model to investigate
mechanisms by which viruses use NRPs as entry receptors.

Viruses interact with NRPs using different mechanisms and do not always follow
the canonical CendR. The SARS-CoV-2-NRP1 interaction is CendR-dependent,’ as
furin cleavage at the spike protein S1-S2 junction exposes the S1 C-end motif to bind
the NRP1 b1 domain and primes S2 for membrane fusion. Some enveloped viruses
with furin-activated fusion machinery have converged on similar requirements for NRPs
as co-receptors.® However, binding of hCMV to NRP2 is CendR-independent.'®'° The
NRP2 a2, b2, and possibly a1 domains bind the hCMV pentamer. Even though the b1
domain is not engaged, pentamer-NRP2 binding may achieve an effect comparable to
furin-activated fusion, which possibly uncouples the pentamer from the gB protein and
subsequently activates gB to initiate the fusion process. NRP1 also serves as a receptor
for gB of other herpesviruses,!"'220 indicating that NRP binding is associated with
fusion during enveloped virus entry independent of CendR use. Here, we demonstrate
that NRPs also can serve as receptors for nonenveloped viruses. Reovirus-NRP1
binding requires the NRP1 a1, b1, and b2 domains (Figure 3), and the engagement of
the b1 domain does not require the CendR (Figure S7), which differs from the SARS-
CoV-2-NRP1 interaction. Moreover, a1-b1-b2 engagement differs from another CendR-
regulated multiple-domain binding mode, exemplified by the NRP1-plexinA4-sema3a
complex,’” which additionally involves a1 and a2 domains. Therefore, the reovirus-

NRP1 binding mechanism further diversifies ligand-NRP interaction strategies. Our
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study also shows that NRP1 binding can mediate fusion-independent entry of
nonenveloped viruses, which expands the utility of NRPs as viral entry receptors.

We propose a step-wise model of reovirus-NRP1 interactions (Figure S13) in
which the unbound NRP1 extracellular region adopts an “upright” conformation (i)
containing a structurally rigid a2-b1-b2 core as well as a1 and ¢ domains with a more
flexible orientation.'”4” In the initial contact, we think reovirus o3 patch Il residues bind
the NRP1 a1 domain (ii), subsequently triggering a conformational change in NRP1 to
expose the b1-b2 domains to bind both 03 and A2 (iii). The broad contact interface
ensures a strong and stable interaction to trigger ligand uptake. Long and disordered
linkers in the NRP1 extracellular region'” ensure conformational flexibility. Unlike SARS-
CoV-2 and hCMV, which bind NRP with protruding envelope proteins,’- the reovirus-
NRP1 interaction requires minimally-protruding outer-capsid protein 03 and pedestal
protein A2. Our reovirus-NRP1 interaction model explains functions of the NRP1 a1, b1,
and b2 domains and the engagement of structurally distinct capsid subunits and

provides guidance for future structural analysis, which will confirm the direct contact

between A2 protein with NRP1 domains and elucidate the reovirus-NRP1 binding

kinetics.

Broad NRP tissue expression raises the possibility that these receptors function
in viral dissemination and tissue tropism."?# Previous studies provide some information
about the roles of NRPs in viral infection of specific cell types.® For example, NRP1 may
influence susceptibility of nasopharyngeal epithelial cells to Epstein-Barr virus
infection,’ mesenchymal stem cells to Kaposi's sarcoma-associated herpesvirus

infection,'? and astrocytes and neurons to SARS-CoV-2 infection.5”- NRP2 may be
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used as a receptor for hCMV infection of epithelial and endothelial cells.'® However, the
roles of NRPs in viral pathogenesis remain largely unknown. Reovirus is a genetically
tractable model to study virus-host interactions. Diversity in receptor use and
pathological phenotype can be ascribed to specific viral gene segments,?7:2843.59 which
enabled determination of the reovirus proteins required for NRP1 binding (Figures 4A-
C). Furthermore, high-resolution structures of reovirus capsid proteins*9-51.60.61 gllowed
for molecular modeling and engineering of viral mutants incapable of binding NRP1
(Figures 5-6). These mutants were instrumental in elucidating functions of NRP1 in viral
pathogenesis (Figure 7). Our findings indicate that NRP1 is required for efficient
reovirus dissemination and full neurovirulence, which may be functions of NRP1 shared
by other neurotropic viruses.

Neurotropic reovirus disseminates using hematogenous and neural routes. Our
finding that NRP1 contributes to reovirus dissemination raises several important
questions. For hematogenous dissemination, it is unclear (i) whether NRP1 facilitates
viral entry at the basolateral surface of endothelial cells for release of viral progeny from
the apical surface,> similar to the function of JAM-A in reovirus dissemination,®2¢ and
(i) whether NRP1 allows virus to bind or invade leukocytes for bloodstream
dissemination.®* For neuronal dissemination, it is not known whether the distribution of
NRP1 in neurons (cell body, dendrite, axon, or synapse) regulates interneuronal
transmission.®* Use of in vifro models of physiological barriers5 and synapses®® should
allow genetic ablation of NRP1 expression to define how NRP1 regulates viral

dissemination.
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Reovirus o1 fibers bind endothelial receptor-JAM-A for hematogenous
dissemination®® and unidentified serotype-specific neural receptors for neurotropism.>°
However, reovirus capsid proteins other than o1 bind receptors that maximize the
efficiency of reovirus infection of neurons and contribute to neurovirulence. The reovirus
03 protein binds to human NgR1,* murine PirB,2” and murine NRP1 (this study), which
are required for efficient neuronal infection. From infection studies using mice, we
hypothesize that PirB and NRP1 function to accelerate the establishment of infection in
the CNS. Following intracranial inoculation or dissemination from peripheral sites,
physiological barriers and antiviral immune responses may constrain reovirus infection
in the CNS and subsequent interneuronal spread. PirB and NRP1 may allow reovirus to
overcome these bottlenecks, perhaps by enhancing viral entry into neurons or
transmission across synapses. Our hypothesis is supported by the functions of non-o1
receptors in reovirus replication and pathology in the CNS?” (Figures 7E-F). In the case
of NRP1, NBMs replicate less efficiently in the murine brain at early times following
inoculation but eventually reach titers comparable to WT virus in some mice at later
times. Mice inoculated with either WT or NBM viruses show neuropathological signs at
8-13 DPI. However, the enhanced survival of NBM-inoculated mice relative to those
inoculated with WT virus suggests that NBM viruses overcome replication bottlenecks
inefficiently, as shown by mice with low viral loads in the brain at 8 DPI. Therefore, we
conclude that non-o1 receptors maximize reovirus replication and neurovirulence.

The reovirus o1 trimer has the potential to extend ~ 400 A from the virion
surface,®® which may sterically hinder A2 binding to the ~ 160 A NRP1 ectodomain.®”

This hypothetical constraint may be alleviated by the relatively low 01 encapsidation
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efficiency of strain T3D relative to strain T1L,%8 which may increase access to the non-
protruding capsid proteins required for NRP1 binding. This hypothesis is supported by
our observation that gain-of-function mutations in T1L failed to increase NRP1-binding
capacity and infectivity to that of T3D (Figures 5E-G and 6G-H). Moreover, the potential
functional redundancy of NRP1 and o1 receptors in endothelial and neuronal cells may
allow NRP1 to be a receptor for certain neurotropic reovirus strains with low o1
encapsidation efficiency.®® This hypothetical trade-off of 01 encapsidation efficiency and
NRP1 binding rationalizes the engagement of NRP1 as a co-receptor for viral entry and
provides an evolutionary explanation for its function in pathogenesis.

Mammalian orthoreovirus is a generalist pathogen with a broad mammalian host
range including humans. Acquisition of the capacity to bind a conserved receptor like
NRP1 may lower cross-species transmission barriers. Pathological outcomes of viral
infection often exert selective pressure on host receptors.”® NRP1 is the third identified
host-specific receptor for reovirus,?’-?° suggesting that reovirus influences the
evolutionary trajectory of receptor proteins. Reovirus also may balance host-to-host
transmission and virulence by using different entry receptors during co-evolution with
different host species. Structure-guided evolutionary analysis of reovirus-receptor
interactions will help define viral and host factors governing genetic resistance or
susceptibility to reovirus infection in mammals, facilitate assessment of the epidemic

potential of reovirus variants, and foster countermeasure development.
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STAR METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Cells
Murine L929 fibroblast cells Lab preservation | N/A®@
Chinese hamster ovary (CHO) cells | Lab preservation | N/A
Murine microglial BV2 cells Lab preservation | N/A
Baby hamster kidney (BHK) cells
stably expressing T7 polymerase Lab preservation | N/A
(BHK-T7)
Primary murine cortical neurons Current study N/A
Antibodies
Rat anti-mouse NRP1 mAb Biolegend Cat #145202
Mouse anti-human NRP1 mAb Biolegend Cat #354502
Rat PE anti-mouse NRP1 mAb Biolegend Cat #145204
PE Rat IgG2a, k isotype control Biolegend Cat #400508
Mouse APC anti-human NRP1 mAb | Biolegend Cat #354505
Purified rat IlgG2a, Kk isotype control | Biolegend Cat #400502
Purified mouse 1gG2a, k isotype Biolegend Cat #400202

control

Goat anti-rat IgG (H+L) cross-
adsorbed secondary antibody, Alexa
Fluor™ 488

Thermo Fisher

Cat #A-11006

Goat anti-mouse 1gG (H+L) highly
cross-adsorbed secondary antibody,
Alexa Fluor™ 488

Thermo Fisher

Cat #A-11029

Goat anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody,
Alexa Fluor™ 488

Thermo Fisher

Cat #A-11034

Rabbit anti-mouse NRP1 mAb Cell Signaling Cat #3725S
Rabbit anti-myc tag mADb Cell Signaling Cat #2278S
Rapblt anti-reovirus polyclonal Lab preservation | N/A
antibody

Plasmids

lentiCRISPRv2-blast Addgene Cat #52963
lentiCRISPRv2-blast-mNRP1

sgRNA1 Current study N/A
lentiCRISPRv2-blast-mNRP1

sgRNA2 Current study N/A
pCDNAS3.1 Lab preservation | N/A
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pCDNA3.1-hJAM-A

Lab preservation

N/A

pCDNAS.1-hCAR Lab preservation | N/A

Cat #MMM1013-
pYX-Asc-mNRP1 Dharmacon 202859215
MAC-tag-c-hNrp1 Addgene Cat #158384
pCMV3-mNRP2 Sino Biological Cat #MG57465-UT

Cat #MHS6278-
pCR-Topo-hNRP2 Dharmacon 211687836
pCDNA3.1-mNRP1 Current study N/A
pCDNA3.1-hNRP1 Current study N/A
pCDNA3.1-hNRP2 Current study N/A
pCDNA3.1-mNRP1-ha1 Current study N/A
pCDNA3.1-mNRP1-ha2 Current study N/A
pCDNA3.1-mNRP1-hb1 Current study N/A
pCDNA3.1-mNRP1-hb2 Current study N/A
pCDNA3.1-mNRP1-hb1b2 Current study N/A
pCDNA3.1-mNRP1-hc Current study N/A
pCDNA3.1-hNRP1-ma1 Current study N/A
pCDNA3.1-hNRP1-ma2 Current study N/A
pCDNA3.1-hNRP1-mb1 Current study N/A
pCDNA3.1-hNRP1-mb2 Current study N/A
pCDNA3.1-hNRP1-mb1b2 Current study N/A
pCDNA3.1-hNRP1-mc Current study N/A
pCDNA3.1-mNRP1-Aa1 Current study N/A
pCDNA3.1-mNRP1-Ac Current study N/A
pcDNA3.1(+)IRES GFP Addgene Cat #51406
pcDNAS3.1(+)-mNRP1-IRES-GFP Current study N/A
T3D and T1L reverse genetic system | Previous study? | N/A
pT7-T3D L2 Flap (R 1) Current study N/A
pT7-T3D L2 N7MTase (R II) Current study N/A
Eﬁ)?-T3D L2 Flap+N7MTase (region Current study N/A
pT7-T3D S1 R202W (SA-blind Current study N/A
mutant)
E|1I'n7d3'1 L S1 S370P/Q371E (SA- Previous study®® | N/A
pT7-T1L L2 Flap+N7MTase (R I-I) Current study N/A
pT7-T3D S4 patch | (c3 P 1) Current study N/A
pT7-T3D S4 patch I-1l (o3 P I-II) Current study N/A
pT7-T3D S4 patch -1l (o3 P I-I) Current study N/A
pT7-T3D S4 patch Il (03 P ) Current study N/A
pT7-T1L S4 patch Il (63 P 1lI) Current study N/A
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Recombinant reoviruses

WT T3D Lab preservation | N/A
WT T1L Lab preservation | N/A
T3DSA- (01 R202W/T249I

(R202W: SA-blind;

T249I: protease-resistant .

(only used in cell-based b)inding Lab preservation | N/A
assays, ISVP preparation, and AFM

assays)

T3DSA- (01 R202W) Current study N/A
T1LSA- (01 S370P/Q371E) Previous study®® | N/A
T3D-T1L L2 Current study N/A
T3D-T1L S1 Current study N/A
T3D-T1L S4 Current study N/A
T3D-T1L L2+S1 Current study N/A
'IR')?/I?-H L S1+S4 (also called T3D- Previous study?> | N/A
T3D-T1L L2+S4 Current study N/A
T1L-T3D L2 Current study N/A
T1L-T3D S1 Current study N/A
T1L-T3D S4 Current study N/A
T1L-T3D L2+S1 Current study N/A
T1L-T3D S1+S4 Current study N/A
T1L-T3D L2+S4 Current study N/A
T3D A2 Flap (A2 R 1) Current study N/A
T3D A2 N7MTase (A2 R II) Current study N/A
T3D A2 Flap+N7MTase (A2 R I-Il) Current study N/A
T3DSA- A2 Flap (A2 R 1) Current study N/A
T3DSA- A2 N7MTase (A2 R 1l) Current study N/A
K’DSA- A2 Flap+N7MTase (A2 R I- Current study N/A
LS 2 Flap NTMTase £ T30 05 | Gty | N
T3DSA- 03 patch | Current study N/A
T3DSA- 03 patch I-lI Current study N/A
T3DSA- a3 patch I-llI Current study N/A
T3DSA- 03 patch | + A2

Flap+N7MTase (03 P | + A2 R |-lly | Current study NIA
T3DSA- 03 patch I-II + A2

FIap+N7MT§se (O3 P Il + A2 R -1y | Current study N/A
T3DSA- 03 patch I-lll + A2 Current study N/A

Flap+N7MTase (03 P I-lll + A2 R |-II)
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T3DSA- 03 patch Il Current study N/A
T3DSA- 03 patch Il + A2

Flap+N7MTase (03 P lll + A2 R I-lly | Current study N/A
T1LSA- 03 patch Il Current study N/A
T1LSA- 03 patch Il + A2 Current study N/A

Flap+N7MTase (g3 P Il + A2 R I-I1)

Recombinant proteins

mNRP1-Fc Sino Biological Cat #50509-M38H
hNRP1-Fc R&D Systems Cat #10455-N1-050
mNRP1-His Sino Biological Cat #50509-M08H-50
hNRP1-His Acro Biosystems | Cat #15817367
Murine VEGF 164 Acro Biosystems | Cat #VE4-M4216
Human VEGF165 Acro Biosystems | Cat #16408149
T3D 03 (E.coli expression, Cosmo Bio Cat #CSB-
precipitation assays) EP365971RCHa0-20
T3D 03 (Insect cell expression, BLI Gentaur Cat #GEN1097713
assay)
Chemicals and kits
Alexa Fluor™ 647 NHS ester Thermo Fisher Cat #A37573
Sodium bicarbonate Fisher Scientific Cat #BP328-500
Furin inhibitor | (Decanoyl-RVKR- Sigma-Aldrich Cat #344930
CMK)
Furlln inhibitor |l (Hexa-D-arginine Sigma-Aldrich Cat #SCP0148
amide)
EG 00229 (trifluoroacetate salt) Cayman Cat #33937
Chemical

Dimethyl sulfoxide Sigma-Aldrich Cat #D2650

. — . —
I;i}[ntrogen Colloidal Blue Staining Thermo Fisher Cat #L.C6025
Pierce™ Protein G Magnetic Beads | Thermo Fisher Cat #88848
2x Laemmli loading buffer Bio-Rad Cat #1610737
4x Laemmli Sample Buffer Bio-Rad Cat #1610747
Xylenes, histological grade Sigma-Aldrich Cat #534056
g;fjo;“te ethanol, molecular biology | riop o scientific | Cat #200GMP0125
NucleoBond® Xtra Midi EF Takara Bio Cat #740420.50
Polysciences Aqua-Poly/Mount Polysciences Cat #18606
Chloroform Sigma-Aldrich Cat #288306-100ML
APTES Sigma-Aldrich Cat #A3648-100ML
Ald-Ph-PEG24-NHS ester Broadpharm Cat # BP-24093
Triethylamine Sigma-Aldrich Cat #471283-100ML
Ethanolamine Sigma-Aldrich Cat #411000-100ML
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Ultrapure water generated by Milli-
Q® 1Q 7000 Ultrapure Lab Water

Millipore Sigma

https://www.emdmillipore.

com
System
Cell culture media and related chemicals
Dulbecco's phosphate-buffered
saline (DPBS), no calcium, no Thermo Fisher Cat #14190144
magnesium
Dulbecco's phosphate-buffered Thermo Fisher | Cat #14040133
saline (DPBS), calcium, magnesium
TransIT-LT1 Mirus Bio Cat #MIR2306

H H ™ i ™

Lipofectamine™ LTX with PLUS Thermo Fisher | Cat #12343593
reagent
Blasticidin Invivogen Cat #ant-bl-1
Geneticin™ Selective Antibiotic :
(G418 Sulfate) Thermo Fisher Cat #10131035
Trypsin-EDTA (0.25%), phenol red Thermo Fisher Cat #25200114
Fetal Bovine Serum (FBS), qualified, .
heat inactivated, United States Thermo Fisher Cat #511550H
GIBCO™ FBS (AFM assay) Fisher Scientific | Cat #11570506
Dulbecco's modified Eagle medium :
(DMEM) Thermo Fisher Cat #11965118
Ham's F-12 Nutrient Mix Thermo Fisher Cat #11765054

Ham'’s F-12 Nutrient Mix (AFM

Sigma-Aldrich Cat #N4888-500ML
assay)
Joklik’s modified Eagle’s minimal United States
essential medium (JSIJ\/IEM) Biological Cat #M3867
Neurobasal medium Thermo Fisher Cat #21103049
B-27 supplement Thermo Fisher Cat #17504044
GIBCO™ L-glutamine Thermo Fisher Cat #A2916801
Penicillin-streptomycin (5,000 U/mL) | Thermo Fisher Cat #15070063

Penicillin-streptomycin (AFM assay) | Sigma-Aldrich Cat #P4333-100ML
Normocin (AFM assay) InvivoGen Cat #ant-nr-1
Amphotericin B solution Sigma-Aldrich Cat #A2942-50ML
Corning ™ CeliStripper Dissociation | piop - siientific | Cat #MT25056C|
Reagent

329% Paraformaldehyde (PFA) I\Eﬂ'ifgsocnopy Cat #1574
aqueous solution Sciences

Methanol

Fisher Scientific

Cat #A412-500

Equipment

LSR Il Flow Cytometer

BD

https://www.bdbiosciences

.com
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Lionheart FX Automated Microscope

BioTek

https://www.agilent.com

TissueLyser LT QIAGEN Cat #85600
Stainless Steel Beads, 5 mm QIAGEN Cat #69989
Odyssey CLx Imager LI-COR https://www.licor.com/bio
UV radiation and ozone (UV-0O) Jetlight https://lwww.jelight.com
ForceRobot300 JPK https://www.jpk.com
NanoScope Multimode 8 Bruker https://www.bruker.com
MSCT-D cantilevers Bruker hitps://www.brukerafmpro
bes.com

Zeiss Observer Z.1 epifluorescence : ) .

. Zeiss https://www.zeiss.com
microscope
Bioscope Resolve AFM Bruker https://www.bruker.com
PFQNM-LC cantilevers Bruker hitps://www.brukerafmpro

bes.com

Silicon wafer:

Siegert Wafer
Gold-coated model surfaces Company; Gold pellets: cat #AU3X6
Gold pellets:
Neyco
OCTET® BLI Sartorius https://www.sartorius.com
OCTET® AR2G biosensors Sartorius https://www.sartorius.com
OCTET® NTA biosensors Sartorius https://www.sartorius.com

Mice and inoculation-related materials

The Jackson

C57BL/6J mice Cat #000664
Laboratory

129S4/SvJaeJ mice The Jackson Cat #009104
Laboratory

:)i/::d C57BL/6J x 129S4/SvJaed Current study N/A

Formalin (10% in phosphate buffer) | Fisher Scientific Cat #SF100-4

Syringe with BD Luer-Lok™ Tip BD Cat #309628

Syringe needle 30G BD Cat #305106

Hamilton syringe (Model 702 LT Hamilton

SYR) Company Cat #80401

CRISPR-KO sgRNA sequences

mNRP1 sgRNA1

5 CTCTGACTATGAGACACATG 3 Previous study” | N/A

MNRP1 sgRNA2
5 CAAGACTCGAATCCTCCCGG 3’

Software and Algorithms

Gen5 software, v3.12

BioTek

https://www.agilent.com

CLC Genomics Workbench 22

QIAGEN

https://www.giagen.com/
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521

522

GraphPad Prism 10

GraphPad

https://www.graphpad.com

Software
FlowJo v10.8.1 BD https://www.flowjo.com
ImageJ ImageJ https://imagej.net
NanoScope software v9.1 Bruker N/A
JPK Data Processing v6.1.149 JPK N/A
NanoScope analysis software v1.7 Bruker N/A
OriginPro 2021, v9.8.0.200 OriginLab N/A
NanoScope software v9.2 Bruker N/A
Gwyddion v2.58 Gwyddion http://gwyddion.net
ZEN (blue edition) v3.2 Zeiss https://www.zeiss.com
OCTET® BLI Discovery v12.2.2.20 Sartorius N/A
OCTET® Analysis Studio v .
v12.2.2 26 Sartorius N/A
Pymol Pymol https://pymol.org
UCSFE Chimera RBVI. UCSF hfttps://www.cgl.ucsf.edu/c
himera
HDOCK Server Huang Lab h(;t’;p://hdock.phys.hust.edu
BioRender BioRender https://www.biorender.com

aNot applicable.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary cells

CHO, BV2, and BHK-T7 cells were maintained at 37°C in 5% CO2 in completed Ham’s
F-12 medium, DMEM, and DMEM, respectively. F-12 and DMEM media were
supplemented to contain 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin/streptomycin,
and 250 ng/ml amphotericin B. T7 polymerase-expressing BHK-T7 cells were
maintained in DMEM medium supplemented to contain 1 mg/ml Geneticin. Spinner-
adapted L929 cells were maintained in JMEM supplemented to contain 5% FBS, L-
glutamine, penicillin/streptomycin, and amphotericin B in suspension (35°C, ambient
CO2) or monolayer (37°C, 5% CO2) cultures. Primary neurons were isolated from
cortices of E15.5 murine embryos and cultivated in neurobasal medium supplemented

to contain B-27 supplement as described previously.?”:"2

Mice

C57BL/6J x 129sv mice were maintained in a specific-pathogen-free vivarium or animal
biosafety level 2* (ABSL2") facility at a macroenvironmental temperature range of 68 to
76°F (20 to 24.4°C) and a relative humidity range of 35% to 55% with a 12h/12h

light/dark cycle. Mice were anesthetized with inhaled isoflurane.

Viruses
Recombinant reoviruses were recovered using plasmid-based reverse genetics by

transfecting cDNAs encoding viral gene segments into BHK-T7 cells as described
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previously.”® Mutant reovirus plasmids were engineered using site-directed
mutagenesis. Reovirus propagation, purification, plaque assay to determine infectious
units, fluorescent labelling, and ISVP preparation were conducted as described

previously.?’

METHOD DETAILS

CRISPR knockout

BV2 cells were transfected with either empty CRISPR-KO transfer vector
(lentiCRISPRv2-blast) or vector encoding mMNRP1-specific sgRNAs using Transit-LT1
according to the manufacturer’s instructions. At 48 h post-transfection (hpt), cells were
selected with medium supplemented to contain 4 pg/ml blasticidin for 6 days. Surviving

cells were used to assess NRP1 expression and susceptibility to reovirus infection.

Transient expression of receptor cDNAs
CHO cells were transfected with receptor cDNAs using Transit-LT1 according to the
manufacturer’s instructions and incubated for 48 h prior to analysis of reovirus binding

and infection.

Reovirus binding assay
Reovirus binding assays were conducted as described previously.?” Purified virions of
strain T3DSA- (01 R202W/T249I) or T1LSA- (01 S370P/Q371E) were labelled with

Alexa Fluor 647 as described previously.?” Cells were nonenzymatically dissociated with
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CellStripper and either adsorbed with fluorescently-labelled reovirus (2 x 10° virions/cell)
or receptor-specific antibodies (PE- or APC-conjugated) at 4°C for 1 h. After virus or
antibody adsorption, cells were washed extensively with PBS and fixed with 2% PFA.
For antibody-blockade assays, CHO cells were incubated with NRP1-specific antibody
or isotype IgG at 4°C for 1 h prior to virus adsorption. Reovirus binding to CHO cells

was assessed by flow cytometry and quantified using FlowJo software.

Reovirus infectivity assay
CHO cells were transfected with receptor cONAs as described previously.?” Cells were
adsorbed with reovirus virions or ISVPs at various MOls at 37°C for 1 h. The inoculum
was removed and replaced with Ham’s F-12 medium supplemented to contain 2% FBS.
At 24 h post-adsorption (hpa), cells were fixed with ice-cold methanol, and viral infection
was detected by indirect immunofluorescence assay (IFA). For antibody- or VEGF-
blockade assays, CHO cells were incubated with NRP1-specific antibody or
recombinant mMVEGF164 at 37°C for 1 h prior to reovirus adsorption. Isotype 1gG was
used as a negative control for NRP1-specific antibody. For CendR-inhibitor treatment,
CHO cells were incubated with furin inhibitors CMK or Hexa-D-arginine or NRP1 b1
inhibitor EG 00229 at 37°C prior to reovirus adsorption. For receptor-competition
assays, the reovirus inoculum was pre-incubated with protein G beads, which were pre-
coated with 2.5 ug of recombinant NRP1-Fc or isotype I1gG, prior to adsorption.
Cultivated murine primary neurons (7 days post-isolation) were adsorbed with
reovirus at 37°C for 1 h. For antibody-blockade assays, primary neurons were incubated

with NRP1-specific antibody or isotype IgG prior to adsorption with reovirus at 37°C for
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1 h. At 24 hpa, neurons were fixed with 4% PFA in PBS at RT for 30 min, permeabilized
with 1% Triton X-100 in PBS at RT for 20 min, and blocked with PBS containing 5%
BSA (5% PBS-BSA) at RT for 30 min. Viral infection was detected by IFA.

Reovirus IFA was conducted using rabbit polyclonal reovirus-specific antiserum
(1:3000 dilution) and Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody
(1:500 dilution). Antibodies were diluted in PBS containing 1% BSA (1% PBS-BSA).
Nuclei were stained with DAPI. Cells were imaged using a Lionheart FX fluorescence
microscope. Quantification of reovirus CHO cell infection was automated using Gen5
software (reovirus positive cells divided by total cells). Reovirus-infected neurons were

enumerated using the Cell Counter plugin of Imaged software.

Reovirus replication assays

L929 cells or primary neurons were adsorbed with reovirus at 37°C for 1 h. The
inoculum was removed and replaced with fresh medium. Cells and supernatants were
harvested together at 24, 48, and 72 hpa by freezing. Titers in cell lysates were

determined by plaque assay as previously described.?’

In vitro precipitation assay

Pierce™ protein G magnetic beads (15 yl/sample) were washed with PBS
supplemented to contain 0.02% Tween-20 (0.02% PBST) and incubated with 2.5 ug
recombinant Fc-tagged NRP1 or IgG isotype in PBS at RT for 1 h. Protein-coupled
beads were washed with 0.02% PBST and incubated with reovirus virions or ISVPs (5 x

10"° particles) in PBS at RT for 1 h. Beads were washed twice with 0.02% PBST, and
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bead-bound proteins were released and heat-denatured using 2x Laemmli loading
buffer. For 03-NRP1 interaction studies, NRP1-coupled beads were incubated with 1 pg
of recombinant T3D o3 protein. To eliminate nonspecific interactions, 0.5% PBST was
used as a binding and washing buffer, and 63-bound beads were washed six times
before heat-denaturation. Input (50%) and bead-bound proteins were resolved by SDS-
PAGE, and gels were stained using the Colloidal Blue Staining Kit according to the
manufacturer’s instructions. Protein gels were scanned using an Odyssey CLx Imager,

and fluorescence intensity of protein bands was quantified using Image Studio software.

Structural analysis

The following protein structures were acquired from the RCSB Protein Data Bank
(PDB): reovirus particle, 2CSE; virion sub-structures, 6XF8 and 7ELL; A2 pentamer,
7YFE; mNRP1 a1-b2 extracellular region, 4GZ9; and hNRP1 ¢ domain, 5L73. The
peripentameric subunit formed by A2 and p13033 was generated by superimposing two
substructures (6XF8 and 7ELL) using UCSF Chimera software. Protein structures were
rendered and visualized using PyMOL software. In silico protein interactions were
simulated using the HDOCK program with the constraints of capsid protein residues,
including polymorphic residues in A2 region I-1l and 03 patch I-lll, found to be required
for reovirus-NRP1 binding. The following NCBI GenBank accession numbers were used
to analyze reovirus L2 and S4 sequences: T1L L2 (AAK57507.1); T3D L2
(ABP48914.1); T1L S4 (CAA43783.1); and T3D S4 (ABP48922.1). Amino acid
polymorphisms in T1L and T3D capsid proteins were identified using the alignment

function in CLC Genomics Workbench software.
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Functionalization of AFM tips

AFM tips were functionalized as described previously.”*"> Amino-functionalization:

Briefly, MSCT (for model surface experiments) or PFQNM-LC (for live cell experiments)
cantilevers were washed with chloroform for 5 min and cleaned with UV-O for 15 min. A
desiccator was flooded with argon gas, and tips were placed inside the desiccator.
APTES (30 pL) and triethylamine (10 uL) were added separately into two trays within
the desiccator, which was subsequently closed. After incubation for 2 h, trays were
removed, and the desiccator was flooded with argon gas for 10 min. APTES coating on

the tips were left to cure for at least 2 days. Tip coupling with flexible PEG linkers: Tips

were immersed for 2 h in a solution containing Ald-Ph-PEG24-NHS ester (3.3 mg) in
chloroform (0.5 ml) and triethylamine (30 pl) and then cleaned three times for 5 min in
chloroform. After letting the tips dry, the tips were placed on Parafilm in a Petri dish and
stored in an ice box. Virus linkage: Virus (108 particles of T3DSA- [01 R202W/T249l]) in
100 pl was added to tips, and 2 pl of freshly prepared sodium cyanoborohydride
solution (~ 6% [wt/vol] in 0.1 M NaOH) was added to the virus droplet. Tips were
incubated at 4°C for 1 h. Reactions were quenched by adding 5 yL of ethanolamine (1
M [pH 8.0]) to the droplet and incubating at 4°C for 10 min. Tips were rinsed three times
in ice-cold virus storage buffer (150 mM NaCl, 15 mM MgCl,, and 10 mM Tris [pH 7.4] in

MilliQ water).3* Tips were stored individually in virus storage buffer at 4°C until use.

Preparation of NRP1-coated AFM surfaces
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His-tagged mNRP1 or hNRP1 proteins were grafted onto gold-coated model surfaces
by NTA-Hiss binding chemistry as described previously.”® Surfaces were rinsed with
ethanol, dried with a low nitrogen flow, and cleaned with UV-O for 15 min. Surfaces
were incubated in an ethanol solution containing 0.05 mM NTA-terminated (10%) and
PEG-terminated (90%) alkanethiols. After incubation overnight, the surfaces were
rinsed with ethanol, dried with nitrogen gas, and incubated in a 40 mM aqueous solution
of NiSO4 (pH 7.2) for 1 h. Surfaces were rinsed with MilliQ water, dried with nitrogen
gas, placed on a Teflon surface, and incubated with recombinant mMNRP1 or hNRP1

(0.1 mg/ml) for 1 h. Surfaces were rinsed ~ 10 times with PBS and kept hydrated at 4°C

until use.

FD-based AFM using model surfaces

Force-distance (FD) curve-based AFM experiments were conducted using virus-
functionalized MSCT-D probes in virus buffer at room temperature. Force-Robot300 or
NanoScope Multimode 8 were used to conduct experiments in force-volume mode. The
thermal tune method’” was used to calculate cantilever spring constants, which ranged
from 0.02 to 0.04 N/m. NRP1-grafted model surfaces were mounted on a piezoelectric
scanner using a magnetic carrier. For all AFM experiments, areas of 5 x 5 ym (with 32 x
32-pixel resolution) were scanned (corresponding to 1,024 FD curves) with a ramp size
set to 500 nm. The maximum force was set to 500 pN, and the approach velocity was
maintained at 1 um/s. Binding frequency (BF) was calculated as the percentage of

analyzed curves that displayed specific adhesion events.
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Surface-blocking experiments were conducted as independent controls to ensure
specific interactions between virus and sample. Measurements were collected before
and after adding 50 pyg/ml of anti-mNRP1 mAb or 100 ug/ml of hWVEGF165 to
independent samples. For all blocking experiments, the same sample area was probed
several times using the same tip.

To probe a wide range of loading rates, dynamic force spectroscopy (DFS)
experiments were conducted with no surface delay and by varying the retraction
velocities (0.1, 0.2, 1, 5, 10, and 20 ym/s). Kinetic on-rate (kon) measurements were
made using different hold times (0, 50, 100, 150, 250, 500 and 1000 ms), which allowed
the tip to stay in contact with the surface for different intervals.

Depending on the instrument used, either JPK Data Processing or NanoScope
analysis software was employed for analysis. For DFS data, FD-curves were fit with the
worm-like chain model for polymer extension.”® Loading rates were determined using
the slope of the force-time curves and rupture forces were extracted. The results were
displayed in DFS plots using Origin software, which also was used to fit histograms of
rupture force distributions for distinct loading rate (LR) ranges, applying various force
spectroscopy models, as described.”®8 For kinetic on-rate analyses, BFs were

determined for different hold times, and data were fit and Kp calculated as described.?’

Preparation of cells for live-cell AFM studies
CHO cells were cultivated at 37°C in a humidified atmosphere with 5% CO2in Ham’s F-
12 medium supplemented to contain 10% FBS, penicillin, streptomycin, normocin, and

L-glutamine. Cells were seeded into slide-bottom microdishes, incubated for 24 h, and
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transfected with pcDNA3.1(+)-mNRP1-IRES-GFP plasmid using Lipofectamine LTX and
Plus reagent according to the manufacturer’s instructions. Medium was replaced ~ 6 h
after transfection. Cells were incubated overnight and gently rinsed five times with fresh

medium prior to imaging in Ham’s F-12 medium.

FD-based AFM and correlative imaging using living cells

FD-based AFM was conducted using a Bioscope Resolve AFM, operated in PeakForce
QNM mode, equipped with a 150-um piezoelectric scanner. Correlative fluorescence
images were obtained using an inverted epifluorescence microscope coupled to the
AFM. The cell-culture chamber was maintained at 37°C £ 1°C and infused at 0.1 I/min
with a gas mixture supplemented with 5% CO> and 95% relative humidity. Vacuum,
incorporated into the AFM sample plate, was used to stabilize the cell dish. PFQNM-LC
cantilevers were used with pre-calibrated spring constants. Deflection sensitivity of the
cantilevers was calculated using the thermal-tune method. AFM images were collected
by probing an area of 22 to 30 um at imaging forces of 500 pN and a scan frequency of
0.125 Hz. The sample was scanned using 256 pixels per line (256 lines). Cantilevers
were oscillated at 0.25 kHz in PeakForce tapping mode, with an amplitude of 750 nm.
Fluorescent images were collected using standard GFP and DIC settings. In a subset of
experiments, correlative images were acquired before and after adding hVEGF165 (at
0.5 yg/ml) by scanning the same area using identical experimental parameters.
NanoScope analysis software and Origin software were used to analyze FD-curves
showing adhesion events. Loading rates were determined using the slope of the force-

time curves. AFM images were analyzed using NanoScope analysis software and
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Gwyddion. Binding frequency was calculated by pixel counting using ImagedJ. Optical
images were analyzed using ZEN (blue edition) software. Force peak predictions were
estimated using Origin software by visually intercepting the Williams-Evans prediction
curves, which is based on model surface data, with the LR average of living cell

data_44,82,83

Biolayer interferometry

Amine-reactive biosensors were hydrated in PBS for 10 min, after which an initial
baseline was assessed in PBS for 60 s. Recombinant reovirus o3 protein (10 pg/ml)
was grafted onto the sensor via an NHS/EDC coupling step (300 s), followed by
quenching with ethanolamine (300 s). After a second PBS baseline (60 s), the sensor
was dipped in solutions containing recombinant mNRP1 or hNRP1 at different
concentrations (13, 26, and 52 nM, respectively) for 20 min. Dissociation steps were
conducted in PBS for 10 min. As a control, interactions between mNRP1 or hNRP1 and
03 were investigated in the presence of hWVEGF165. After an initial PBS baseline (60 s),
Ni-NTA biosensors were loaded with recombinant His-tagged mNRP1 or hNRP1 (10
pg/ml) for 10 min. Following a second PBS baseline, sensor was dipped in solution
containing VEGF165 (10 pg/ml) for 10 min. After a 300-s dissociation step in PBS, the
sensors were immersed in a 03 solution (2 pg/ml) for 10 min. Lastly, a final baseline in
PBS was determined for 300 s. All measurements were conducted at 25°C and shaker
speed at 1000 rpm. For kinetic assessments, the association and dissociation sections
of the curve were fit with a Langmuir 1:1 stoichiometric model to obtain the dissociation

constant (Kp) using Octet Analysis software.
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Reovirus infections of mice

Neonatal (2-day-old) C57BL/6J x 129sv hybrid mice (body weight = 1.5 to 2.3 g) were
inoculated with 5 yl of virus diluted in PBS using a 30-gauge needle attached to a
Hamilton syringe. For intracranial (IC) inoculations, mice were inoculated in the right
cerebral hemisphere and either euthanized at various intervals (for viral replication and
histology studies) or euthanized when found to be moribund (for viral virulence studies).
Mouse brains were hemisected along the longitudinal fissure. Right-brain hemispheres
were processed for determination of viral titers, and left-brain hemispheres were fixed in
10% neutral-buffered formalin (NBF) for immunohistochemistry. For intramuscular (IM)
inoculations, mice were inoculated in the right quadriceps muscle. Tissue samples were
collected into 1 mL of PBS. Tissues and whole blood were frozen and thawed twice and
homogenized using a TissuelLyser LT and stainless-steel beads. Viral titers in tissue
homogenates were determined by plaque assay. Inoculated mice were monitored daily
for signs of disease, including lethargy, seizures, and paralysis. Moribund mice with any
of these symptoms or mice with = 25% body weight loss were euthanized. Viral titers of

inocula were confirmed by plaque assay to be within 3-fold of the intended dose.

Immunohistochemistry

Immunohistochemistry of brain sections was conducted as described previously.?” Left-
brain hemispheres collected from intracranially inoculated mice were fixed using 10%
NBF for 24 h and transferred to fresh NBF solution. Tissue samples were embedded in

paraffin and divided into 5 ym-thick sections. Sections were submerged in xylene at RT
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for 5 min to remove paraffin, hydrated by serial passage in dilutions of ethanol (100%,
95%, 70%, and 50%) at RT for 5 min, and rinsed with distilled water. Antigen retrieval
was accomplished by incubating sections in sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween-20, pH =6) at 95-100°C for 45 min. Sections were incubated with
5% PBS-BSA at RT for 1 h and rabbit reovirus-specific polyclonal antiserum diluted 1:
3,000 in 1% PBS-BSA at RT for 1 h. After three washes with PBS containing 0.1%
Tween-20 and 0.1 M glycine, sections were incubated with Alexa Fluor 488-conjugated
goat anti-rabbit secondary antibody diluted 1: 500 in 1% PBS-BSA and washed three
times with PBS containing 0.1% Tween-20 and 0.1 M glycine. Nuclei were stained with
DAPI. Tissue sections were mounted with Aqua-Poly/Mount on glass coverslips

overnight at RT and scanned using a Lionheart FX fluorescence microscope.
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786 FIGURE LEGENDS

787

788  Figure 1. mNRP1 promotes reovirus binding and infection

789  (A) Reovirus infection of genetically modified BV2 cells. Cells expressing mNRP1-

790 specific CRISPR-KO sgRNAs were adsorbed with reovirus strain T1L at a multiplicity of
791 infection (MOI) of 1000 PFU/cell and strain T3D at an MOI of 10 PFU/cell. Empty

792  sgRNA vector was used as a negative control.

793  (B-G) CHO cells were transfected with the receptor cDONAs shown. hJAM-A was used
794  as a positive control; hCAR and empty vector (EV) were used as negative controls. (B)
795  Reovirus infection of receptor-expressing cells. (C) Reovirus binding to receptor-

796  expressing cells. Cells were adsorbed with fluorescent T1LSA- or T3DSA-. (D-E) Cells
797  were preincubated with mNRP1-specific mAb or isotype IgG prior to reovirus

798 adsorption. Effect of mMNRP1-specific mAb on (D) T3DSA- binding and (E) T3D

799 infection. (F) Effect of VEGF on mNRP1-mediated T3D infection. Cells were

800 preincubated with murine VEGF164 (mVEGF164) prior to reovirus adsorption. (G)

801  Effect of recombinant MNRP1 ectodomain on T3D infection. The viral inoculum was
802 incubated with recombinant mNRP1-Fc or IgG-coupled protein G beads prior to

803 adsorption. (C-D) Virus binding was assessed by flow cytometry. (B, E-G) Cells were
804  adsorbed with reovirus at a MOI of 10 PFU/cell.

805 (A-B, E-G) Infectivity was quantified by indirect immunofluorescence assay (IFA).

806 Experiments were conducted in quadruplicate (A, C-D) or triplicate (B, E-G). Mean
807 values are shown. Error bars indicate standard deviation (SD). (A) Two-way ANOVA
808  with Holm-Sidak’s test. (D-G) One-way ANOVA with Tukey’s test. ****, P < 0.0001.

809
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Figure 2. Biophysics of reovirus-NRP1 interactions

(A) Binding of reovirus particles to NRP1 assessed by precipitation assay. Protein G
beads coupled with recombinant Fc-tagged mMNRP1, hNRP1, or IgG isotype were
incubated with T3DSA- or T1LSA- virions. Input (60%) and bound proteins were
resolved by SDS-PAGE and stained for total protein.

(B-K) Reovirus-NRP1 binding thermodynamics on model surfaces (B—E) and living cells
(F-K). (B) Experimental schematic for probing reovirus binding to a recombinant
mNRP1-coated model surface. (C) Binding frequency on model surfaces before and
after \WEGF165 or mNRP1-specific mAb treatment. One data point represents the
binding frequency obtained for one map consisting of 1,024 FD curves. (D) Dynamic
force spectroscopy (DFS) plot of the distribution of average rupture forces across
discrete loading rate ranges. Solid line, Bell-Evans fit. n = 2597. (E) Binding frequency
as a function of the contact time between a T3DSA- virion-functionalized tip with the
mNRP1-coated surface. Least-squares fit of the data to a mono-exponential decay
model (black line, r> = 0.99) provides the average binding kinetic on-rate (kon). The Bell-
Evans fit provides kot and xy values, and the Kp is calculated using kot/Kon.

(F) Experimental schematic for probing reovirus binding on living CHO cells. (G)
Representative DIC and fluorescence images, height, and adhesion maps. Data were
collected by scanning the boxed area (top) containing mMNRP1* and mNRP1- cells. The
maps correspond to recorded binding events are indicated by bright pixels. (H) Binding
frequency of T3DSA- on living cells. (I) T3DSA- binding to living cells before and after
hVEGF165 treatment. (J) DFS plot of T3DSA- interactions with mNRP1 on living cells

(blue; n = 1247). Model surface data (D) were incorporated (gray). Solid line (l): Bell-
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Evans fit; dashed line (Il to VI): Williams-Evans prediction. (K) Force distribution of the
T3DSA- interaction with mNRP1 on living cells. Estimated rupture force peaks
corresponding to mono- (1) or multi-valent interactions (Il to VI) are shown.

(C-E, H-K) Mean values are shown. Error bars indicate SD. All data are representative
of at least n = 3 independent experiments. (C and H) Two-sided Student’s t-test. (1)
Two-way ANOVA with Turkey’s test. *, P <0.05; **, P<0.01; ***, P<0.001; ****,

P <0.0001.
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Figure 3. Reovirus-NRP1 interactions require multiple NRP1 extracellular domains
(A) Schematic of mMNRP1 (blue) and hNRP1 (red) wild-type (WT) and chimeric
receptors. PM, plasma membrane.

(B-D, F-H) CHO cells were transfected with the receptor cDNAs shown. (B) Ectopic
expression of chimeric receptors was detected by NRP1-specific antibody. (C) Reovirus
T3DSA- binding to chimeric receptor-expressing cells. (D) Reovirus T3D infection of
chimeric receptor-expressing cells following adsorption at an MOI of 10 PFU/cell.

(E) Schematic of MNRP1 ectodomain deletion constructs.

(F) Ectopic expression of mutant receptors was detected by mNRP1-specific mAb. (G)
Reovirus T3DSA- binding to mutant receptor-expressing cells. (H) Reovirus T3DSA-
infection of mutant receptor-expressing cells following adsorption at an MOI of 30
PFU/cell.

Experiments were conducted in triplicate (D, H) or quadruplicate (B-C, F-G). Mean
values are shown. Error bars indicate SD. (C-D, G-H) One-way ANOVA with Turkey’s

test. *, P <0.05; **, P < 0.01; ***, P <0.0001.
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Figure 4. Multiple reovirus capsid proteins are required for interactions with NRP1
(A) Panel of T1L x T3D reassortant viruses.

(B-D) CHO cells were transfected with the receptor cONAs shown. (B-C) Infection of
MNRP1-expressing cells by reassortant viruses following adsorption at an MOI of 5
PFU/cell. (D) Infection of mNRP1-expressing cells by T3DSA- virions and ISVPs
following adsorption at an MOI of 2 x 10* particles/cell.

(E) Binding of T3DSA- virions and ISVPs to recombinant mNRP1.

(F) Binding of T3D 03 to recombinant mNRP1.

(E-F) Interactions were assessed using a precipitation assay. Protein G beads coupled
with Fc-tagged mNRP1 or IgG isotype were incubated with either viral particles or
recombinant o3.

(G-H) Biolayer interferometry (BLI) sensograms depicting association and dissociation
trace of T3D o3 with either mNRP1 (G) or hNRP1 (H). Blue lines represent an
independent experiment with the concentrations shown of recombinant NRP1 and
green lines represent the fit. Isotherms were fit using 1:1 model to estimate Kp.

(B-D) Experiments were conducted in triplicate. Mean values are shown. Error bars

indicate SD.
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Figure 5. Capsid turret protein A2 contributes to NRP1 binding and is required for
NRP1-mediated infectivity

(A) Surface-rendered structure of the reovirus capsid and the peripentameric subunit
structure formed by A2 and p13033 (representative subunit outlined on the left,
expanded on the right). The structure of the T3D virion was acquired from the Protein
Data Bank (PDB ID 2CSE). The peripentameric subunit was generated by
superimposing two substructures (PDB |Ds 6XF8 and 7ELL).

(B, C) Domain organization (B) and surface rendering (C) of A2 protein (PDB, ID 6XF8).
IBMs are depicted in cyan; T1L-T3D polymorphic residues are shown in magenta.
Numbered residues were exchanged.

(D) Polymorphic residues in A2 regions | and Il chosen for substitution.

(E) Infection of receptor-expressing cells by A2 mutants. T3D mutants, MOI of 5
PFU/cell; T3DSA- mutants, MOI of 30 PFU/cell; and T1LSA- mutants, MOI of 100
PFU/cell.

(F-G) Binding of WT T3DSA- or A2 mutants to mMNRP1 assessed by precipitation assay.
Representative gel images (F) and quantification (G) are shown. Relative binding
efficiency was calculated by normalizing band intensity of the capsid p1 or o proteins to
that of the corresponding input level and subsequently compared with the levels for WT
T3DSA-.

(E-G) Assays were conducted in triplicate. Mean values are shown. Error bars indicate

SD. (G) One-way ANOVA with Turkey’s test. *, P < 0.05; ***, P <0.001.****, P < 0.0001.
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Figure 6. Protomers of outer-capsid protein 03 are engaged in interactions with
NRP1

(A) Surface-rendered (left) or ribbon-tracing (right, partial) view of outer-capsid complex
of A2 and 03313 (PDB ID: 6XF8). T1L-T3D polymorphic residues within A2 region | and
Il, 03, and p1 are depicted in magenta; IBM (KGE) is shown in cyan. Dashed ovals
indicate three patches of polymorphic residues in 03. Polymorphic 03 residues in these
patches are indicated on the ribbon diagram in (A) and summarized in (B).

(C) Design of T3D 03 mutants to define the structural basis of reovirus-NRP1
interactions.

(D) Infection of receptor-expressing cells by WT T3DSA- and 03 mutants following
adsorption at an MOI of 30 PFU/cell.

(E) Binding of WT T3DSA- or 03 mutants to mNRP1 assessed by precipitation assay.

(D-E) Mutants used for pathogenesis studies were highlighted.

(F) Design of T3D o3 Patch Il mutants to define the structural basis of reovirus-NRP1
interactions.

(G) Infection of receptor-expressing cells by T3DSA- and T1LSA- 03 mutants following
adsorption at an MOI of 30 PFU/cell.

(H) Binding of WT T3DSA- or 03 mutants to mNRP1 assessed by precipitation assay.
(E, H) Binding efficiency was calculated by normalizing band intensity of the viral y1 and
o proteins to that of the corresponding input level.

(D-H) Assays were conducted in triplicate. Mean values are shown. Error bars indicate
SD. (E, H) One-way ANOVA with Turkey’s test. *, P < 0.05; **, P < 0.01; ***, P <

0.001.****, P < 0.0001.
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Figure 7. NRP1 contributes to reovirus dissemination and neurovirulence in mice
(A) Effect of mNRP1-specific antibody blockade on reovirus infection of primary murine
cortical neurons. Neurons were preincubated with mNRP1-specific mAb or isotype IgG
and adsorbed with WT T3DSA- at an MOI of 20 PFU/cell.

(B) Replication of WT T3DSA- and NRP1-binding mutants in L929 cells following
adsorption at an MOI of 0.1 PFU/cell. NBM, NRP1-binding mutant.

(C) Infection of primary neurons by WT T3DSA- and NBMs.

(D) Replication of WT T3DSA- and NBMs following infection of primary neurons.

(A, C) Viral infectivity was quantified by IFA.

(E) Replication of WT T3DSA- and NBMs in mice following intracranial inoculation of
100 PFU/mouse. n =4, 6, and 8 at 4, 6, and 8 DPI (WT); n=8, 11, and 9 at 4, 6, and 8
DPI (NBM1); n=8, 9, and 9 at 4, 6, and 8 DPI (NBM2).

(F) WT T3DSA- and NBMs virulence in mice following intracranial inoculation of 100
PFU/mouse.

(G) Replication of WT T3DSA- and NBMs in mice following intramuscular inoculation of
10” PFU/mouse. n =9, 10, and 9 at 2, 4, and 8 DPI (WT); n =9, 10,and 9 at 2, 4, and 8
DPI (NBM1); n=9, 9, and 8 at 2, 4, and 8 DPI (NBM2).

(D, E, G) Viral replication was quantified by plaque assay.

(E and G) Each symbol indicates a single mouse. Mean values are shown. Error bars
indicate SD. Limit of detection (LOD) was shown with dash line. (A-D) Two-way ANOVA
with Holm-Sidak’s test. (E, G) Multiple unpaired t tests. (F) Log-rank (Mantel-Cox) test.

*, P<0.05; **, P<0.01; ™, P<0.001; ****, P<0.0001.
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Figure 1. mNRP1 promotes reovirus binding and infection
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Figure 2. Biophysics of reovirus-NRP1 interactions
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Figure 3. Reovirus-NRP1 interactions require multiple NRP1 extracellular domains
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Figure 4. Multiple reovirus capsid proteins are required for interactions with NRP1
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Figure 5. Capsid turret protein A2 contributes to NRP1 binding and is required for

NRP1-mediated infectivity
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Figure 6. Protomers of outer-capsid protein 03 are engaged in interactions with

NRP1
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Figure 7. NRP1 contributes to reovirus dissemination and neurovirulence in mice
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