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SUMMARY

Hendra (HeV) and Nipah (NiV) viruses are emerging zoonotic pathogens in the Henipavirus genus causing out-
breaks of disease with very high case fatality rates. Here, we report the first naturally occurring human mono-
clonal antibodies (mAbs) against HeV receptor binding protein (RBP). All isolated mAbs neutralized HeV, and
some also neutralized NiV. Epitope binning experiments identified five major antigenic sites on HeV-RBP. An-
imal studies demonstrated that the most potent cross-reactive neutralizing mAbs, HENV-26 and HENV-32,
protected ferrets in lethal models of infection with NiV Bangladesh 3 days after exposure. We solved the crys-
tal structures of mAb HENV-26 in complex with both HeV-RBP and NiV-RBP and of mAb HENV-32 in complex
with HeV-RBP. The studies reveal diverse sites of vulnerability on RBP recognized by potent human mAbs
that inhibit virus by multiple mechanisms. These studies identify promising prophylactic antibodies and

define protective epitopes that can be used in rational vaccine design.

INTRODUCTION

Hendra virus (HeV) and Nipah virus (NiV), belonging to the Heni-
pavirus genus in the Paramyxoviridae family, are zoonotic patho-
gens that cause severe viral disease in humans characterized by
serious respiratory illness and encephalitis with high mortality
(Weatherman et al., 2018). Fruit bats of the Pteropus genus are
natural reservoirs of both HeV and NiV, and the viruses are un-
derstood to have co-evolved with these bats (Halpin et al.,
2011; Vidgen et al., 2015). Transmission of HeV to humans can
occur indirectly from fruit bats following direct human contact
with infected horses (Field, 2016; Murray et al., 1995; Selvey
et al., 1995). Transmission of NiV to humans may occur directly
from fruit bats, infected pigs, or infected humans (Clayton
etal., 2012; Weatherman et al., 2018). There are two distinct ma-
jor strains of NiV, designated NiV Malaysia (NiVy) and NiV
Bangladesh (NiVg) (Lo et al., 2012). NiVg may be more patho-
genic than NiVy, as suggested by differences in mortality rates

1536 Cell 183, 1536-1550, December 10, 2020 © 2020 Elsevier Inc.

and transmission patterns (Gurley et al., 2007; Homaira et al.,
2010; Mire et al., 2016). Recently, 20 new species of viruses in
the Henipavirus genus, including Ghana virus (GH-M74a henipa-
virus) and Cedar virus, were identified in bats in Africa (Drexler
et al., 2012) or Australia (Marsh et al., 2012). In 2014, a novel he-
nipavirus-like virus, designated Mojiang virus, whose genes have
high nucleotide sequence identities to those of the known heni-
paviruses, was found in yellow-breasted rats (Rattus flavipectus)
in China after miners in the region succumbed to irregular pneu-
monia with unknown etiology (Wu et al., 2014). These viruses
have high potential to cause significant human epidemics
following their spillover from wildlife reservoirs to humans and
domestic animals due to their wide host tropism and high path-
ogenicity (Smith and Wang, 2013). Henipavirus spillovers are
appreciated to be increasing in frequency and distribution due
to changes in wild reservoir species distribution and food sour-
ces (due to, for example, changing climate and human-related
habitat losses) resulting in increased contact with human
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populations and agriculture (Kessler et al., 2018; Martin et al.,
2018; Plowright et al., 2015; Walsh et al., 2017). Furthermore, hu-
man-to-human transmission of NiV in India and Bangladesh
shows that a large human outbreak is possible (Chadha et al.,
2006; Gurley et al., 2007). There is also concern about the poten-
tial to weaponize henipaviruses (Luby, 2013). There are no
licensed human vaccines or antiviral treatments for HeV or NiV
infections (Broder et al., 2013).

The two henipavirus surface proteins, receptor binding protein
(RBP) and F, mediate viral entry by viral attachment to cells and
fusion between the viral envelope and host cell membrane (Agui-
lar and lorio, 2012). HeV or NiV first attach to host cells by binding
to the receptors ephrinB2 or ephrinB3 using the viral RBPs HeV-
RBP or NiV-RBP (Bonaparte et al., 2005; Negrete et al., 2005;
Negrete et al., 2006). Like other members in the Orthoparamyx-
ovirinae subfamily, henipavirus attachment proteins are required
to enable fusion proteins to function in fusion, and conforma-
tional changes of the attachment proteins caused by receptor
binding activate F proteins to undergo the transition from the
pre-fusion to the post-fusion form in order to complete the fusion
process (Bossart et al., 2013; Jardetzky and Lamb, 2014; Wong
etal., 2017).

HeV-RBP and NiV-RBP proteins consist of an N-terminal cyto-
plasmic tail, a single transmembrane helix, a stalk region, and a
globular C-terminal receptor binding domain (RBD) with a six-
bladed propeller fold. The two RBPs have about 80% amino
acid sequence identity to each other but <30% amino acid
sequence identity to the other henipaviruses. In paramyxovi-
ruses, the ectodomains of the RBPs typically assemble into ho-
motetramers (Bose et al., 2015). The RBP stalk regions form a
parallel four helix bundle, while the head domains are organized
into a tetramer of two separate dimers (Bose et al., 2011; Welch
et al., 20183; Yuan et al., 2008; 2011; 2005). In contrast, although
isolated head domains of paramyxovirus RBPs can be ex-
pressed as monomers in solution, these proteins can dimerize
in crystalline phase with the same or similar dimeric interfaces
as seen in the naturally occurring ectodomains (Crennell et al.,
2000; Lawrence et al., 2004; Santiago et al., 2010). Similarly,
the RBP ectodomain or the full-length HeV-RBP and NiV-RBP
form tetramers in solution by forming disulfide bonds in the
stem region, and head domains are monomers in solution (Bow-
den et al., 2010; Maar et al., 2012). A negative-stain electron mi-
croscopy (EM) study of NiV-RBP ectodomain showed that the
protein assembles into an asymmetric tetramer, with a dimer of
head domains at its apex and two monomeric head domains
on sides of a central stalk (Wong et al., 2017). In the crystalline
state, isolated HeV-RBP head domains can form dimers with a
conserved dimeric interface, as occurs with other paramyxovirus
RBPs (Bowden et al., 2010). In summary, henipaviruses possess
quaternary structures of RBPs in which the stem regions form a
major homo-tetrameric interface, while the head domains can
associate as dimers or tetramers with a very dynamic quaternary
arrangement.

To date, naturally occurring human monoclonal antibodies
(mAbs) for HeV or NiV isolated from immune individuals have
not been described. mAbs binding to HeV/NiV have been iso-
lated by phage display from a henipavirus-naive human Fab li-
brary (Zhu et al., 2006). An affinity-matured variant of one of
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those clones, designated m102.4, was converted to a recombi-
nant immunoglobulin (Ig)G1 form in which it exhibited neutraliza-
tion of HeV and NiV (Zhu et al., 2008) and protected animals after
lethal NiV Malaysia challenge (Bossart et al., 2011; 2009; Rockx
et al., 2010). Crystal structures of the HeV-RBP head domain in
complex with a derivative of the Fab m102.4 (designated
m102.3) revealed that binding of the mAb heavy chain comple-
mentarity determining region 3 (CDRHS) loop binds to the recep-
tor binding site on RBP for ephrinB2/ephrinB3 (Xu et al., 2013).
m102.4 was well tolerated and exhibited linear pharmacoki-
netics in a recent Phase 1 human trial and has been used on
compassionate grounds in the postexposure therapy of 14 hu-
mans following high-risk HeV exposures since 2010, highlighting
the benefit and practicality of mAb postexposure therapy (Play-
ford et al., 2020).

The demonstrated activity of the m102.4 antibody represents
an important conceptual advance. However, the treatment fail-
ure of m102.4 in a day 5 and 7 treatment regimen of NiVg in Af-
rican green monkeys (Mire et al., 2016) suggests a more potent
antibody regimen may be beneficial. Second, cocktails of human
mAbs that recognize diverse sites on viral glycoproteins and
neutralize by differing mechanisms may be desirable for thera-
peutic development for RNA viruses that easily escape virus
neutralization. Third, it is preferable in human therapeutic anti-
body development to use naturally occurring human mAbs
from immune donors that possess naturally paired heavy and
light chains and naturally occurring somatic mutations.

Here, we report the identification and characterization of natu-
rally occurring human mAbs against HeV and NiV isolated
directly from an immune human individual. We determined the
crystal structures of the HeV-RBP or NiV-RBP head domain in
complex with the two most potent neutralizing cross-reactive
human mAbs, HENV-26 and HENV-32. The structures suggest
that the two mAbs neutralize these viruses by very different mo-
lecular mechanisms. These antibodies could be developed as
promising mAb prophylactic or therapeutic molecules, and the
protective epitopes defined by recognition of these human anti-
bodies informs rational vaccine development and testing for
these lethal viruses.

RESULTS

Isolation of Human mAbs

To generate human cell lines secreting human mAbs to HeV, we
obtained peripheral blood mononuclear cells from an individual
in Australia with occupation-related exposure to the equine
HeV-RBP subunit vaccine (Equivac). At the time of study, the in-
dividual had a serum 50% virus neutralization titer of 1:40, 1:16 or
<1:4 for HeV, NiVy, or NiVg, respectively. We transformed B
cells in the blood sample with Epstein-Barr virus, as described
in the STAR Methods section. We screened supernatants from
EBV-transformed B cell lines for binding to HeV-RBP and
NiV-RBP head domain proteins and fused the resulting B cell
lines to make hybridomas secreting fully human naturally occur-
ring mAbs. A total of 32 transformed cell lines secreting RBP-
reactive antibodies were fused, and 12 independent hybridoma
cell lines were recovered after selection for those lines that
were still secreting RBP-reactive antibodies. After flow
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Table 1. Binding and Neutralizing Activity of Human Monoclonal Antibodies

Binding to RBP Head Domain from

Neutralization of Indicated Virus

Indicated Virus in ELISA
ECsq Values® in pg/mL

Competition- ICso Values® in pg/mL ICgp Values® in png/mL

Binding (Area under the Curve) (Area under the Curve) (Max % Inhibition)

Group® Clone HeV NiVg NiViy HeV NiVg NiViy HeV NiVg NiViy

A HENV-1 0.19(3.27) >“(0.67) > (0.67) 0.63 (187) >(7.98) > (22.6) 1.70(100) > (32.7) >(34.9)

B HENV-32  0.36(3.77) 0.96 (6.6) 0.42 (8.0) 0.27 (198) 0.38(194) 0.31(207) 1.26(100) 1.14(100) 2.15(7100)
HENV-21  0.42(3.30) 2.44(5.5) 0.87(7.2) 1.94(133) 1.91(140) 2.01(729) 5.54(100) 4.09 (100) 8.44 (92.4)
HENV-10  0.21(5.49) > (0.63) > (0.76) 0.62 (181) 1.07 (140) 0.22(152) 1.71(100) 9.42 (96.3) 1.44 (84.2)

B/C HENV-2 0.13(5.87) 0.51 (6.4) 0.28 (9.0) 0.78 (166) 1.39(143) 0.75(186) 2.57(100) 4.88 (95.8) 2.67 (100)

C HENV-9 0.60(3.179) >(0.57) 0.75 (4.2) 0.37 (195) >(11.9) 8.93 (69.2) 1.88(700) > (35.2) > (61.5)
HENV-43  0.86 (6.87) > (0.59) 1.49 (1.4) 0.61(178) >(9.2) > (45.2) 2.39(100) > (40.0) > (51.9)

D HENV-18 ° 0.21(5.80) > (0.56) > (0.60) 0.38 (211) >(5.7) >(51.1) 1.16 (100) > (31.4) > (50.8)
HENV-19° 0.25(3.69) > (0.52) > (0.61) 0.35(209) >(7.2) 8.08 (43.1) 0.89(7100) > (33.9) > (49.2)

E HENV-26 ~ 0.14(56.39) 0.09(70.5) 0.07(77.0) 0.07 (287) 0.03(289) 0.040(293) 0.19(700) 0.12(700) 0.11(700)

Experiments were conducted with two or three biological replicates, each with two technical replicates, with consistent results. Binding data from one
representative experiment are shown, with neutralization data combined from three independent experiments.

@Competition-binding group, as determined by data in Figure 1.
509 maximal effective concentration.
°50% maximal inhibitory concentration.

9The “>” symbol indicates half-maximal binding or neutralization is not achieved below the highest concentration tested: 20 pg/mL for HeV RBP bind-
ing, 50 pg/mL for NiVjy or NiVg binding, or 50 pg/mL for neutralization of each of the three viruses.
®After all functional studies were completed, antibody variable gene sequencing later revealed the independently derived clones HENV-18 and -19

shared identical antibody variable gene sequences (Table S1).

cytometric sorting at a single-cell level for biological cloning,
clones for 11 of those 12 lines were recovered. One of the clones
recovered (designated HENV-13) produced IgG poorly and was
not studied further. Thus, 10 cloned hybridomas secreting RBP-
reactive mAbs were carried forward; after all functional studies
were completed, antibody variable gene sequencing revealed
that the independently derived hybridoma clones HENV-18
and HENV-19 shared identical antibody variable gene se-
quences (Table S1).

Binding Activity of Human mAbs to HeV-RBP Head
Domain in ELISA

In order to determine the breadth of mAb binding, we screened
the mAbs in ELISA for binding to recombinant RBP head domain
proteins from multiple henipaviruses: HeV, NiVy, or NiVg (Bow-
den et al., 2008). Determination of half-maximal effective con-
centration (ECs) for binding of each mAb against the autologous
HeV-RBP or heterologous NiV-RBP head domain proteins re-
vealed that the clones bound at low concentrations; all bound
HeV RBP at <0.86 pg/mL and 6 of 10 bound at <0.25 pg/mL
(Table 1; Figure S1A). Four of the HeV-reactive clones also
cross-reacted with NiVg-RBP head domain.

Neutralizing Activity of Human mAbs

To evaluate the inhibitory activity of the isolated mAbs, we tested
the mAbs in an in vitro neutralization assay using HeV. All 10 of
the HeV-RBP-reactive mAbs neutralized HeV, with half-maximal
inhibitory concentration (ICsc) values for 9 of 10 mAbs <0.78 nug/
mL (Table 1; Figure S1B). The ELISA binding results discussed
above suggested that cross-reactive mAbs in our panel might
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possess neutralizing activity to multiple henipaviruses. To test
this hypothesis, we screened the mAbs in NiVg and NiVy, neutral-
ization assays and found that 5 of the 10 mAbs also neutralized
the heterologous NiVp strain, while 7 of 10 neutralized the NiVy,
strain (Table 1). Five of the 6 remaining mAbs neutralized HeV
well but neutralized NiV only incompletely, and one mAb
(HENV-43) did not neutralize NiV (Table 1). In parallel, we tested
the m102.4 antibody for comparative purposes and found the
ICso values to be 0.26 (HeV), 0.02 ng/mL (NiVy), or 0.049 ng/
mL (NiVg) (Figure S1).

Binding Activity of Human mAbs to HeV, NiVy;, or NiVg
RBPs on the Surface of Mammalian Cells

The antibody discovery experiments and the ELISAs above were
conducted with recombinant soluble forms of henipavirus RBP
head domains. We next sought to determine the binding capac-
ity of the most potent mAbs, HENV-26 and HENV-32, to full-
length RBPs expressed on the surface of mammalian cells. We
transfected 3 x 107 cells with cDNAs encoding the full-length
HeV, NiVy, or NiVg RBP, allowed the cells to express the pro-
teins, and then incubated the transfected cells with mAbs and
tested for cell surface binding by flow cytometric detection.
The results showed that these antibodies bound to the authentic
full-length RBPs at low concentrations (Figure S2). The ECsq
values for binding of HENV-26 or HENV-32 ranged from 325 to
343 ng/mL or 680 to 836 ng/mL, respectively, for binding to
HeV, NiVy, or NiVg. We tested kinetics of binding of these anti-
bodies to RBPs on a biosensor to determine affinity (Figure S2B).
The Kp for HENV-26 was 2.9, 2.2, or 1.0 nM and for HENV-32
was 2.1, 2.2, or 2.8 nM for HeV, NiVy, or NiVg, respectively.
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Figure 1. Competition-Binding Assay Data
Enabling Binning into Groups of mAbs

Recognizing Common Antigenic Sites
Ten human IgG mAbs were competed for binding
to HeV RBP head domain using biolayer interfer-

ometry. Numbers in boxes are the percentage
binding signal of the second mAb applied after
binding of the first mAb, compared with binding

signal of the second mAb alone. The antibodies
were defined as competing antibodies if the first
antibody reduced binding of the second antibody

by more than 70%. The antibodies were defined
as non-competing antibodies if the first antibody
reduced binding of the second antibody by less

than 40%. Binding signals 40% to 70% were
considered intermediate competition (gray boxes
with black numbers). Inferred competition-binding

groups A to E (designated in order left to right and
top to bottom) are indicated with colored boxes: A,
red; B, green; C, blue; D, purple; E, yellow.

First mAb applied

izes by binding to the receptor binding site
on HeV-RBP. mAb HENV-26 also
competed with ephrinB2 for binding to
full-length HeV-RBP expressed on the sur-
face of 293F cells (Figure S3B).

Crystal Structures of HENV-26 in
Complex with HeV-RBP or NiV-RBP

Major Antigenic Sites Recognized by Human mAbs

To determine whether Abs from distinct binding groups targeted
different antigenic regions on the HeV-RBP surface, we per-
formed a quantitative competition-binding assay using a real-
time biosensor. We tested all mAbs in a tandem blocking assay
in which HeV-RBP was attached to the biosensor. The data sug-
gest that mAbs in this panel form at least five major competition-
binding groups, consistent with recognition of five different anti-
genic regions on the HeV-RBP head domain (Figure 1). The
potently neutralizing mAbs HENV-26 and HENV-32 segregated
into different competition-binding groups. Interestingly, mAb
HENV-2 competed with five other mAbs, suggesting that it may
bind to overlapping regions from two or three antigenic sites.

Competition-Binding Studies with the ephrinB2
Receptor

Henipaviruses use the human ephrinB2 protein as a receptor for
attachment and entry (Bonaparte et al., 2005; Negrete et al,,
2005). We sought to determine if anti-HeV-RBP mAbs neutralized
virus by blocking virus attachment to ephrinB2 by studying three
mAbs (HENV-19, -26 and -32) representing each of three main
competition-binding groups. We competed recombinant ephrinB2
protein with mAbs or buffer for binding to biosensor tips coated with
HeV-RBP head domain. mAb HENV-26 reciprocally competed with
ephrinB2 for binding to HeV-RBP, while mAbs HENV-19 and
HENV-32 did not (Figure S3A), suggesting that HENV-26 neutral-

Proteins

Next, we determined the structure of anti-
gen-antibody complexes for two mAbs
using crystallography. We selected the two most potent and
cross-reactive mAbs from the panel, HENV-26 and HENV-32,
for crystallographic studies and first determined their heavy and
light chain variable gene sequences (Table S1). HENV-26 Fab
complexes with HeV-RBP or NiVy-RBP head domains were
crystallized in spacegroups P22,2, or P3,2, and the crystal struc-
tures were solved at 2.60 A or 3.40 A, respectively (Table S2).
Electron density for both structures was well defined except for
several loop regions, e.g., S128-T131 of the HENV-26 heavy
chain in the HENV-26/HeV-RBP complex, S127-A136 of the
HENV-26 heavy chain in the HENV-26/HeV-RBP complex,
P126-A137 of HENV-26 heavy chain, K156-V159 of HENV-26,
A157-G158 of HENV-26 light chain, and 1237-V244 of NiV-RBP
in the HENV-26/NiV-RBP complex. The buried surface areas for
the HENV-26/HeV-RBP complex or the HENV-26/NiV-RBP com-
plex are 1,282.2 A2 or 1,323.1 A2, respectively. The overall struc-
tures of the two complexes are superimposable for the RBPs and
the antibody variable domains, with an root-mean-square devia-
tion (RMSD) of 0.97 Afor643 Co.atoms (Figure 2). The relative ori-
entations of Fab constant domains differed significantly because
of the flexibility of the antibody elbow region and differing crystal
contacts in the two crystals. HENV-26 has a relatively long
CDRH3 loop (19 residues), and it adopts a spoon-shaped confor-
mation that targets the central cavity of the HeV-RBP or NiV-RBP
proteins (Figure 2). In this engagement, HENV-26 shares some
structural features with the antibody m102.3. (Figure 2). In the

Cell 183, 1536-1550, December 10, 2020 1539




¢? CellPress

Cell

3 H - Figure 2. Crystal Structures of Fab HENV-
Hev RBP NIVM RBP overlay 26 in Complex with HeV-RBP or NiV-RBP
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m102.3/HeV-RBP complex (PDB: 6CMG; PDB: 6CMlI), the para-
tope residues interacting with HeV-RBP are located mostly in the
CDRHS3 with an additional three interacting residues in CDRH2,
one in CDRH1, and one in CDRL1 (Xu et al., 2013). In contrast,
all CDRs of HENV-26 (except CDRL2 in the HENV-26/NiV-RBP
complex), the light chain DE loop, and the heavy chain B strand
C" of HENV-26 participate in antigen binding. The CDRH3 con-
tributes more to antigen binding than the other structural ele-
ments (Figures 2 and 3). The HENV-26 CDRH3 and CDRH2/
CDRH1/CDRLS3 form a saddle-shaped conformation, straddling
the RBP rim region formed by the B4S4-B5S1 loop and the
B5S2-B5S3 loop, with CDRL1 and/or CDRL2 interacting with
the B5S4-B6S1 loop, P6S2-B6S3 loop, and B1S2-B1S3 loops.
Although the CDRH3s of both HENV-26 and m102.3 target the re-
ceptor binding site of the RBPs, the two antibodies exhibit signif-
icantly different binding modes. This difference in binding modes
between m102.3 and HENV-26 may be due to different confor-
mations of their CDRH3s, since m102.3 has a relatively long, pro-
truding CDRH3 with a B-hairpin conformation (Xu et al., 2013).
The binding mode difference between the naturally occurring
HENV-26 and the phage library-derived m102.3 is consistent
with previous studies showing that naturally occurring human
mAbs typically recognize their antigens using multiple CDRs to
form an integrated interface, while phage library-derived mAbs
often rely dominantly or even exclusively on their CDRH3 loops
(Burkovitz and Ofran, 2016).
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(A) The structure of HENV-26 in complex with HeV-
RBP head domain. HeV-RBP is colored in green,
the HENV-26 heavy chain in cyan, and the light
chain in yellow.

(B) The structure of HENV-26 in complex with NiV-
RBP head domain. NiV-RBP is colored in
magenta, the HENV-26 heavy chain in light blue,
and the light chain in gray.

(C) The superimposition of the two structures.
(D-F) (D), (E), or (F) are 180° rotation views along
the designated axis of (A), (B), or (C), respectively.
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Overlays of the epitopes on the surface of
HeV-RBP or NiV-RBP recognized by
HENV-26 with that of the ephrinB2 recep-
tor binding sites show that the antibody
epitopes overlap greatly with the receptor
binding sites (Figure S3C), consistent
with the competition-binding experi-
ments (Figures S3A and S3B). Therefore,
HENV-26 neutralizes HeV or NiV by
competitive inhibition of viral attachment
to the viral receptor.

In the HENV-26/HeV-RBP complex, 30
residues of HENV-26 (including 9 resi-
dues from CDRH3) and 31 residues
plus the N-acetylglucosamine of the
glycan at N529 of HeV-RBP form the Ab-Ag interface. The inter-
action contains a total of 19 hydrogen bonds (H-bonds) and 1
ionic interaction between Ab and Ag, and the H-bonds
distribute relatively evenly among the CDRs, i.e., 5 H-bonds
for CDRH3, 3 for CDRH2, 1 for CDRH1, 4 for CDRLS3, 4 for
CDRL1, and 2 for the heavy chain framework C’ strand (Fig-
ure 3A). Hydrophobic effects drive a portion of the antibody-an-
tigen (Ab-Ag) binding, as seen mainly between the tip of CDRH3
and the HeV-RBP cavity. CDRH3 residue M100C of HENV-26 is
surrounded by residues P488, G489, T507, A532; residue
L100B is surrounded by Y458, W504, and G506 mainchain
atoms; and the CB and Cy residues of Q100 stack on hydropho-
bic residues V401 and W504 (Figures 3A and 3B). In the eph-
rinB2/HeV-RBP complex, residues F111, P119, L121, and
W122 of the ephrinB2 G-H loop occupy four hydrophobic
pockets of the central cavity of HeV-RBP (here we designated
them as pocket F111, P119, L121, or W122, respectively), while
L105, P107, and P109 on the m102.3 CDRH3 interact with the
first three pockets (Bowden et al., 2008; Xu et al., 2013).
HENV-26 CDRH3 residues M100C, L100B, or Q100 occupy
similar positions to that of the ephrinB2 residues P119, L121,
or W122, respectively, mimicking their interactions with HeV-
RBP. In addition, atom S35 of the M100C sidechain has relatively
weak S.--0O polar interactions with the mainchain oxygen
atoms of P488 and G489 on HeV-RBP, further strengthening
the interaction between the HENV-26 CDRH3 and HeV-RBP.
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Figure 3. Interface of mAb HENV-26 in
Complex with HeV-RBP or NiV-RBP

(A) Side view of the interface between mAb HENV-
26 and the HeV-RBP head domain. HeV-RBP
head domain is colored green, HENV-26 heavy
chain in cyan, and light chain in yellow. The inter-
face residues are shown in stick representation.
Polar interactions between HeV-RBP and HENV-
26 are represented as broken orange lines. The
interface residues are labeled in green, cyan, or
yellow respectively for HeV-RBP, the heavy chain,
or the light chain.

(B) Top view of the interface between HENV-26
and HeV-RBP head domain. HeV-RBP head
domain is shown in gray as surface representa-
tion, glycans on HeV-RBP are colored in black,
and interface atoms of HeV-RBP are colored in
blue. Interface residues and neighboring residues
of HENV-26 are shown as cartoon representation
and interface residues as stick representation.
CDRs, the light chain DE loop, and heavy chain C’
strand of the mAb are labeled.

(C) Side view of the interface between HENV-26
and NiV-RBP head domain. NiV-RBP head
domain is colored pink, HENV-26 heavy chain in
cyan, and light chain in yellow. The interface resi-
dues are shown in stick representation. Polar in-
teractions between NiV-RBP and HENV-26
are represented as broken orange lines. The

L3 C"strand

interface residues are labeled in pink, cyan, or yellow for NiV-RBP, the heavy chain, or the light chain, respectively.

(D) Top view of the interface between HENV-26 and NiV-RBP head domain. NiV-RBP head domain is shown in gray as surface representation, glycans on NiV-
RBP are colored in black, and interface atoms of HeV-RBP are colored in blue. Interface residues and neighboring residues of HENV-26 are shown as cartoon
representation and interface residues as stick representation. CDRs, the light chain DE loop, and heavy chain C"’ strand of the mAb are labeled.

Importantly, the mainchain O atoms of L100B and Q100A make
three H-bonds with the HeV-RBP Q490 Ne2 and G506 main-
chain N atoms (Figure 3A). It is most likely that the HENV-26
CDRH83 tip is a critical region for the Ab-Ag interaction. There
are extensive van der Waals interactions between CDRH3/
CDRH2/CDRL3/CDRL1 and HeV-RBP because of the high
shape complementarity between these CDRs and the antigen
(Figures 3A and 3B). Interestingly, 14 water molecules with
well-defined electron density can be found at the Ab-Ag inter-
face, forming H-bonds with antibody CDRs and HeV-RBP
loops, and they distribute evenly at the interface (Figure S4A).
Given the high affinity of binding between HENV-26 and HeV-
RBP, the H-bond network mediated by these water molecules
must contribute positively to the binding free energy, i.e., the
enthalpy gain from these H-bonds overcomes the entropy
loss due to the loss of translational freedom of the water
molecules.

As discussed above, the HENV-26/NiV-RBP complex shows
very similar structure features to those of the HENV-26/HeV-
RBP complex. The HeV and NiV RBPs have very high sequence
identity (>80%). Mapping the epitopes on HeV-RBP or NiV-RBP
recognized by HENV-26 onto their amino sequences at points of
contact explains why HENV-26 cross-reacts with both RBPs
(Figure S4E). Most Ab-Ag interface interactions in the HENV-
26/HeV-RBP complex described above are conserved in the
HENV-26/NiVHeV-RBP complex due to sequence conservation
of RBPs at these regions. This observation is noted especially for
the heavy chain CDRs and CDRLS3, and three regions of the

RBPs (P488-E501, W504-T/V507 with F/Y459, and S528-
E533), indicating that these CDRs (except heavy chain R31) likely
contribute most to the binding energy (Figure 3; Figure S4E). In
contrast, for CDRL1 and RBP region D555-Q559, there are sig-
nificant rearrangements of polar interactions between the two
structures, which most likely relate to conformational differences
at the B6S2-B6S3 and p6S4-B1S1 loops between HeV-RBP and
NiV-RBP, suggesting a lesser contribution to the binding. Other
minor interactions, such as a salt bridge formed between light
chain D53 and HeV-RBP R242 in the HENV-26/HeV-RBP com-
plex and an H-bond between light chain N66 mainchain oxygen
and NiV-RBP N586 N32 in the HENV-26/NiV-RBP complex, are
not conserved but are located at the periphery of the interface,
suggesting that they do not contribute significantly to the binding
energy. N402 in HeV-RBP and R402 in NiV-RBP make non-spe-
cific van der Waals interactions with CDRH3 Q100, and
sequence conservation at this site should affect binding affinity
only minimally.

Crystal Structures of HENV-32 in Complex with HeV-
RBP Protein

It was apparent from the competition-binding studies with
HENV-26 or with ephrinB2 shown above that the potent neutral-
izing mAb HENV-32 bound to an antigenic site distinct from the
receptor binding domain epitope recognized by HENV-26.
Therefore, we next determined the structure of Ab-Ag com-
plexes for HENV-32 with HeV-RBP using crystallography. The
structure revealed the molecular details of HENV-32 binding to
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Figure 4. Crystal Structure of HENV-32 in Complex with HeV-RBP Head Domain

(A) and (C) show cartoon representations of the crystal structures. HeV-RBP head domain is colored in light blue, HENV-32 heavy chain in orange, and the light
chain in salmon. Individual CDRs are labeled. The six blades of HeV-RBP head domain are labeled (31 to B6). (A) is the bottom view of HeV-RBP head domain, and
(C) is side view. (B) and (D) show the interface of the complex (residues with an interatomic distance between antigen and mAb of less than 5 A). In (B), interface
residues are shown as cartoon representation. The residues of HeV-RBP are labeled in blue, those of the heavy chain in orange, and those of the light chain in
salmon. The polar interactions are shown as broken orange lines. In (D), HeV-RBP head domain is shown as surface representation and colored in gray; the
interface atoms from HeV-RBP are colored in light blue. Again, the paratope residues are shown as sticks. CDRs, loop between the heavy chain C” strands and D

loop, and light chain D strand of the mAb are labeled.

an epitope distinct from that of HENV-26. HENV-32 in complex
with HeV-RBP head domain crystallized in spacegroup C2 with
a resolution of 2.0 A (Table S2). There are two copies of HENV-
32/HeV-RBP complex in one asymmetric unit (ASU). The struc-
tures of the two copies of the complex are very similar, with an
RMSD of 1.05 A for 640 Co. atoms of HeV-RBP and variable do-
mains. The relatively high RMSD for the two copies in an ASU is
likely due to motion of the HeV-RBP head domain and/or the dif-
ference of crystal contacts of the two copies. When we overlaid
antibody CDRs and interface regions of the HeV-RBP head
domain, the RMSD for 264 mainchain atoms was only 0.36 A.
The constant domains adopt very different relative orientation
to the variable domains in the two copies due to the high flexi-
bility of the antibody elbow region and the crystal lattice packing.
The buried surface areas for the two copies of the complex are
1,157 or 1,092 /f\z, respectively. HENV-32 mainly interacts with
the highly flexible N-terminal segment T196-1209 and the
B1S3/p1S4 B-turn on the bottom side of the head domain (Fig-
ure 4; Figures S4B and S5A). All CDRs of HENV-32 contribute
to antigen binding, with CDRH3 contributing the most among
them. The N-terminal segment consists of the f6S4 strand and
part of B6S4-B1S4 loop of HeV-RBP. The epitope overlaps the
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putative dimeric interface of HeV-RBP head domain (Bowden
et al., 2010), especially at the N-terminal segment (Figure S5B).
HeV-RBP or NiV-RBP head domain alone exists as a monomeric
form in solution but can self-associate as dimers in the
crystalline state (Bowden et al., 2010), suggesting that the ca-
pacity of HeV-RBP or NiV-RBP head domain proteins to self-
associate is weak.

The interface between Ab and Ag in the HENV-32/HeV-RBP
complex comprises 29 or 30 residues from HENV-32 and 27 res-
idues from the HeV-RBP head domain (depending on the copy in
the ASU). There is a minor difference in the interface between the
two copies in one ASU, for example, the heavy chain residues
R61 and R64 form a polar interaction and salt bridge with
G584 mainchain O atom and D585 side chain respectively in
one copy, while the interactions are missing in the other copy.
The interactions are highly exposed to solvent, and they do not
contribute significantly to the binding free energy. Seventeen
or 13 electrostatic interactions (including H-bonds, salt bridges,
and interactions between positively charged sidechain and
mainchain O atoms) can be found between Ab and Ag, with 13
interactions shared by the two copies. Among these interactions,
12 of them most likely are important for binding. There are three



Cell

A Overlay of
five HeV-RBP
structures

HeV-RBP from
indicated structure

HENV-32+HeV-RBP
HENV-32 epitope
HENV-26+HeV-RBP
apo HeV-RBP

m102.3+HeV-RBP

B HeV-RBP with HENV-32

HeV-RBP

focal interface locations for electrostatic interactions. The HENV-
32 CDRHB3 residue H98 sidechain forms two H-bonds with the
mainchain O atoms of Y205 and P263 of the Ag, and the G97
mainchain N interacts with the HeV-RBP D260 sidechain via an
H-bond (Figure 4B). The positive charge on residue K199 of
HeV-RBP is neutralized by the mainchain O atoms of residues
G29 and K31 and the D51 sidechain of the light chain, and
R201 is neutralized by the light chain D50 and mainchain O
atom from the heavy chain CDRH3 G97. The R201 side chain
also makes an H-bond with the light chain S32 Oy atom. In addi-
tion to these three focal sites of contact, there are three more
electrostatic interaction pairs: salt bridges between CDRH1 res-
idue E32 and Ag residue R258, CDRH1 residue R31 and Ag res-
idue E254, and H-bond between CDRLS3 residue N93 sidechain
and Ag residue P200 main chain O atom. Other important inter-
actions include -7t stacking between CDRH3 F95 and Ag Y205,
cation-t interactions between heavy chain residue R50 and
HeV-RBP Y205, and CDRH1 R31 and Ag F266 (Figure 4B). A hy-
drophobic effect can be seen between the CDRH2 154 and Ag
F266 residues, CDRH2 V55 and Ag P208 residues, and
CDRH3 F95 and Ag Y205 residues.
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Figure 5. Functional Significance of
Conformational Changes of HeV-RBP
Head Domain upon HENV-32 Binding

(A) Overlay of five HeV-RBP head domain crystal
structures. All structures are shown as cartoon
representation. Light blue: HeV-RBP in the HENV-
32/HeV-RBP complex, and the epitope recog-
nized by HENV-32 is highlighted in red; white:
HeV-RBP apo form; yellow: HeV-RBP in the eph-
rinB2/HeV-RBP complex; green: HeV-RBP in the
ENV-26/HeV-RBP complex; cyan: HeV-RBP in the
mAb m102.3/HeV-RBP complex.

(B) Structural details of the binding interface of
HENV-32 CDRH3 and HeV-RBP head domain.
Interacting residues are shown as stick represen-
tation, and the hydrogen bonds between CDRH3
and HeV-RBP are shown as broken green lines.
(C) Structural details of HENV-32 CDRH3 binding
site in the crystal structure of the HeV-RBP/HENV-
26 complex are shown for comparison. Residues
interacting with the HENV-32 CDRH3 are shown
as sticks. Comparison of the two structures of
HeV-RBP head domain reveals extensive confor-
mational changes at the site caused by CDRH3
binding. In the crystal structure of HENV-32/HeV-
RBP complex, HENV-32 CDRH3 residue H98 is
surrounded by a pocket on HeV-RBP formed by
residues 1203, Y205, V262, and P263, while in the
crystal structure of HENV-26/HeV-RBP complex,
there is no pocket at this site. The strong ionic
bonding between HeV-RBP residues R258 and
D260 forms a lid covering the site. HENV-32
HCDR3 remodels the site by inducing an outward
flipping of the main chain of the $1/S3-S4 loop,
residues L256-S264, and corresponding side
chain rearrangements (especially the outward
flipping of R258 side chain). The major driving
force for this induced fit might be the interactions
between HENV-32 R94/R96 and HeV-RBP R258/
D260, and interaction of HENV-32 H98 with the
surrounding cavity residues of HeV-RBP.

b B6S4/B1S1

As mentioned above, N31 and Ne2 of HENV-32 CDRH3 res-
idue H98 form two H-bonds with the Y205 hydroxyl group (D-A
distance = 2.6 A) and P263 mainchain oxygen (D-A distance =
2.7 A), and its sidechain also interacts extensively with sur-
rounding residues from HeV-RBP via van der Waals force,
e.g., a small pocket formed by 1203, Y205, T206, V262, P263,
and S264 (Figures 4B, 4D, and 5B). Thus, CDRH3 residue
H98 is the most important residue for the Ab-Ag interaction.
Consistent with the highly hydrophilic interface of the HENV-
32/HeV-RBP complex, there is a total of 34 visible water mole-
cules, 15 of which are screened from bulk water, at the inter-
face forming an H-bond network and mediating the Ab-Ag
interaction (Figure S4B). Given the tight binding of HENV-32
to HeV-RBP (Table 1; Figures S1 and S2) and relatively small
buried area of the complex, the number of interface water mol-
ecules of the complex is unusual because there is, on average,
about one interface water per 100 A2 of interface area (Lo
Conte et al., 1999). Taken together, water-mediated Ab-Ag in-
teractions likely are a major factor in the high binding affinity of
HENV-32 to RBPs. In sum, the binding of HENV-32 to HeV-
RBP appears to be highly driven by enthalpy in a process
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involving extensive charge-charge interactions and water-
mediated hydrogen bonding.

HENV-32 Binding Causes Conformational Changes of
the HeV-RBP Head Domain

When we superimposed all five available HeV-RBP crystal struc-
tures (Figure 5A), we observed extensive conformational varia-
tions at the epitope recognized by HENV-32 among these struc-
tures (note: residues Y205-R212 of 36S4-$1S1 loop are missing
in the crystal structure of the ephrinB2/HeV-RBP complex).
RMSD values (A) between Ca atoms of HeV-RBP structures in
the different binding states are shown in Table S3. There are four
major regions of the epitope showing large structural variations:
the B5S4-p6S1 loop, B6S4-B1S1 loop, P6S2-p6S3 loop, and
1S3-B1S4 B-turn. From the discussion above, we know that the
35S4-p6S1 loop might not contribute significantly to binding en-
ergy. In addition, in the second copy of the HENV-32/HeV-RBP
complex, the conformation of the B5S4-B6S1 loop is similar to
thatinthe HENV-26/HeV-RBP complex, suggesting that the struc-
tural variations at this loop do not affect the binding or function of
HENV-32 and only reflect the innate structural flexibility of the loop
and/or represent a crystallization artifact. Conformational changes
inthe B6S2-B6S3 loop can be seen in both copies of the ASU inthe
HENV-32/HeV-RBP complex. However, as above, this region also
may not be critical for binding either. Therefore, these conforma-
tional changes may be secondary conformational adjustments
induced by the conformational changes of the adjacent p6S4-
B1S1 loop, which is one major region of the interface of the com-
plex. From the structure overlay, it is clear that the B6S4-$1S1
loop is the most flexible region of HeV-RBP (Figure 5A). HENV-
32 binding stabilizes this region in certain conformations (there
are still subtle conformational differences between the two copies
in one ASU of the crystal structure). The conformation of this loop
in the HENV-32 bound form is similar to but different from those in
the HENV-26-bound or m102.3-bound forms (Figures 5A; Fig-
ure S5A), suggesting that the conformational changes result
from a combination of conformation selection and induced fit.
The B1S3/B1S4 B-turn also shows large conformational variations
among the HeV-RBP structures (Figures 5A-5C). The B1S3-p1S4
B-turn and P6S2-B6S3 loop, especially residues R201-N210,
constitute the major epitope region interacting with mainly with
the heavy chain CDRs. Their conformational changes are essential
in order for HENV-32 to bind. The small pocket of HeV-RBP be-
tween the B1S3-$1S4 B-turn and the B6S2-p6S3 loop is recog-
nized by HENV-32 CDRH3 residue H98 (Figures 4B and 5B; Fig-
ure S4B), as discussed above. In all other HeV-RBP crystal
structures, this pocket is covered by a salt bridge pair from the
B1S3-B1S4 loop, R258, and D260 (Figure 5B; Figure S6), although
the mainchain conformation varies among these structures (Fig-
ure 5A). When HENV-32 binds, the sidechain of residue R258
moves away from the pocket, accompanying opening movement
of the mainchain of the loop. Meanwhile, residue R96 of the HENV-
32 CDRHS, replacing HeV-RBP residue R258, forms a new salt
bridge with residue D260 of the loop (Figure 5B). The positively
charged residues R94 and R96 of CDRH3 may provide a repulsive
force for the opening movement of $1S3-$1S4 loop and stabilize
the position of D260. The CDRHS3 residue H98 probably also par-
ticipates in remodeling the pocket by interacting with HeV-RBP

1544 Cell 183, 1536-1550, December 10, 2020

Cell

residue P263 and 1203 (by H-bonding and van der Waals force).
These features support the case for an induced fit mechanism of
protein-protein interaction. On the other hand, a conformation se-
lection mechanism also may contribute to the conformational
changes due to the flexibility of the $1S3/$1S4 B-turn seen in the
structure overlay (Figure 5A). A “mixed mechanism” could be
used to explain the conformational changes of HeV-RBP when
HENV-32 binds. We suggest that HENV-32 may bind to highly flex-
ible regions of RBP head domains via such a mixed mechanism,
suggesting that its heavy chain CDRs should be rigid to minimize
entropy cost to the binding reaction. We tested whether or not
HENV-32 could disrupt soluble HeV-RBP oligomers, but it did
not (Figure S4D).

As above, HENV-32 cross-reacts with both HeV-RBP and NiV-
RBP (Table 1). Mapping the HeV-RBP epitope recognized by
HENV-32 onto the amino acid sequences of HeV-RBP and NiV-
RBP (Figure S4E) shows that 26 of the 30 interface residues are
conserved in NiV-RBP and HeV-RBP. There is a H-bond between
residue T197 side chain in HeV-RBP and HENV-32 light chain G29
carbonyl oxygen in one copy of HENV-32/HeV-RBP complex, but
it is missing in the other. Thus, this H-bond is not critical for bind-
ing. The substitution of the position with Q197 in NiV-RBP could
make van der Waals contacts with HENV-32 CDRL1 as T197
does, causing minimal effect on binding. Residue R201 of HeV-
RBP is neutralized by D50 of HENV-32 CDRL2 and forms two
H-bonds with S32 of CDRL1 and the G97 mainchain oxygen of
CDRH3. The substitution with K201 in NiV-RBP would preserve
the salt bridge and most probably one H-bond with G97 of
CDRH3 or S32 of CDRL1. HeV-RBP residue N210 makes van
der Waals contacts with HENV-32 residue V56. Sequence varia-
tion from asparagine to valine at this position in NiV-RBP would
maintain the van der Waals contacts in addition to improving
the hydrophobic effect between NiV-RBP V210 and HENV-32
V54/V56. Residues E553 and E602 of HeV-RBP form ionic inter-
actions with HENV-32 CDRL1 K31 and CDRL2 R52, respectively,
in one copy in an ASU of the complex, but the interactions are
missing in the other, suggesting that they likely are dispensable
for Ab-Ag binding. To summarize, HENV-32 can recognize both
HeV-RBP and NiV-RBP (including both Bangladesh and Malaysia
strains) because of the conservation of the sequences and struc-
tures of the epitope in these strains. The epitope recognized by
HENV-32 is located in the putative dimeric interface of RBP
head domains, especially the site bound by the heavy chain
CDRs. If RBP dimerization is functionally important for henipavi-
ruses, it may be difficult for HeV or NiV to generate mutant viruses
that escape neutralization from HENV-32 mAb.

Lack of Cross-Reactivity with RBPs from Cedar Virus or
Ghanaian Bat Henipavirus

We also examined whether or not HENV-26 of HENV-32 could
recognize more distantly related henipaviruses including Cedar
virus (CedV) and Ghanaian bat henipavirus (GhV). The RBP of
the more distantly related henipavirus Mojiang virus was not
tested as it is more divergent in sequence, is antigenically distinct,
and lacks an ephrinB2/B3 binding domain (Rissanen et al., 2017).
The HENV mAbs did not bind to recombinant forms of RBPs from
CedV or GhV in ELISA, whereas CedV- or GhV-specific control
antibodies did bind (Figure S4C). There are numerous differences
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Figure 6. Ferret Protection Studies
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in the epitopes when RBP sequence alignments between HeV/
NiV and CedV or GhV are compared that suggest why the anti-
bodies do not recognize CedV or GhV (Figure S4E), and these dif-
ferences can be understood in the context of the RBP structures.
Superimposition of the CedV-RBP or GhV-RBP crystal structure
onto that of HeV-RBP in the HENV-26/HeV-RBP complex ex-
plains the absence of binding of HENV-26 to CedV-RBP or
GhV-RBP (Figure S4F). Sequence variations of CedV-RBP and
GhV-RBP at several key positions from those of HeV-RBP or
NiV-RBP cause loss of several interactions including H-bonds.
The side chains of residues N497, S491, T531, and N529 in
HeV-RBP form H-bonds with residues of HENV-26, while the res-
idue variations at the structurally corresponding positions in
CedV-RBP (residues H518, G512, L552, and D550) would abolish
these H-bonds. Furthermore, L552 in CedV-RBP would make ste-
ric clashes with residue S93 of HENV-26 light chain in the super-
imposed structures, disrupting potential H-bonds between S93 of
HENV-26 light chain and residue S549 of CedV-RBP. Similarly,
residue variations at V541, G500, E539, and T511 in GhV-RBP
(corresponding to residues T531, Q490, N529, and E501 respec-
tively in HeV-RBP) disrupt five potential H-bonds between GhV-
RBP and HENV-26. Additionally, residue V468 in GhV-RBP
(Y458 in HeV-RBP) could significantly weaken hydrophobic/van
der Waals interaction between this position and residue L100B
of CDRH3 of HENV-26. Due to significant sequence differences
of CedV-RBP (residues P219-Q233) or GhV-RBP (residues

Henipavirus Infection

To determine the therapeutic activity of
these cross-neutralizing antibodies, we
tested two antibodies in ferrets. We focused on potent cross-
reactive antibodies for challenge with NiVg. We selected the
two mAbs HENV-26 and HENV-32, because they bound non-
overlapping antigenic regions in the competition-binding experi-
ments and structural studies. Female ferrets (~3-5 months old)
received 15 mg/kg of antibody by the intraperitoneal route on
days 3 and 5 (for a total of 30 mg/kg cumulative dose) after intra-
nasal inoculation with 5,000 plaque-forming units (PFU) of NiVg.
The serum 50% virus neutralizing titers for NiVg for ferrets treated
with HENV-26 were 1:369 (day 5) and 1:765 (day 7), while the titers
for ferrets treated with HENV-32 were 1: 135 (day 5) and 1:132
(day 7). HENV-26 and HENV-32 each reduced disease and pro-
tected ferrets from death when delivered 3 and 5 days after virus
challenge (Figures 6A and 6B). All untreated control animals ex-
hibited a clinical course and pathology consistent with previous
reports of henipavirus infection in ferrets including pulmonary
complications, lymphopenia, neutrophilia, thrombocytopenia,
and hypoalbuminemia (Mire et al., 2013). Circulating viral ge-
nomes were detected beginning on day 5, with a mean value of
5.64 (+/— 0.26 SD) log;o genomes/mL (Figure 6C). Viral genomes
were detected in all tissues tested (Figure 6D), and infectious virus
was detected at low levels in spleen, kidney, adrenal glands, and
lung (data not shown). All control animals displayed gross and his-
tologic lesions consistent with NiV infection (Figure S7). Signifi-
cant lesions included necro-hemorrhagic hepatitis, splenitis,
and pneumonia. Positive immunolabeling for specific anti-NiV N
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protein was noted in the hepatic sinusoidal lining cells, endothe-
lium of small caliber vessels and rarely mononuclear cells and/
or hepatocytes, endothelium, and mononuclear cells of the
spleen; endothelium of small caliber vessels within the neural pa-
renchyma; and the endothelium of the pulmonary alveolar septa,
endothelium of small caliber vessels, mononuclear cells within
alveolar septa, alveolar macrophages, and rarely the lower airway
epithelium. None of the HENV-32-treated subjects exhibited overt
signs of clinical disease, although evidence of infection was de-
tected through the presence of transient hematological changes.
In HENV-26-treated subjects, four of five exhibited observable
clinical signs that included depression and mild respiratory signs
(Table S4). Circulating viral genomes were not detected from any
animal from the HENV32-treated group; however, in the HENV-
26-treated group between 4 and 5 logyo of viral genome/mL
was detected on day 5 (in three of five subjects) and on day 14
(in one of five subjects) (Figure 6C). The significance of this obser-
vation of late viremia is uncertain. It is possible that viral RNA had
been cleared temporarily from circulation but had otherwise
already become established in the tissues to some degree,
whereby on day 14 it was then detected, likely harbored by scav-
enging antigen-presenting cells in circulation. Another factor that
cannot be ruled out is rapid clearance of the therapeutic human
antibody allowing for a secondary phase of viremia, which may
have been brought under control by the emerging host immune
responses.

All 10 treated ferrets in the study were euthanized at the
study end point on day 28 after challenge. Gross inspection
at necropsy revealed that all 10 animals failed to display signif-
icant lesions associated with NiV infection. Two ferrets from
the group treated with HENV-26 (designated HENV-26_B
and HENV-26_E) and one ferret from the group treated with
HENV-32 (designated HENV-32_B) had minimal lymphocytic
aggregates within the liver and in at least one lung lobe
(data not shown); however, no other significant lesions or sig-
nificant immunolabeling were noted. One of the HENV-26-
treated animals (HENV-26A) had minimal lymphocytic aggre-
gates within the liver, in at least one lung lobe, and in the
brainstem; however, no other significant lesions or significant
immunolabeling were present in this animal (data not shown).
A different ferret from the same treatment group (HENV-26_D)
had minimal lymphocytic aggregates within the liver, in at least
one lung lobe, and in the brainstem and had significant immu-
nolabeling of neurons in the brainstem (Figure S7). Every ani-
mal was sampled for the presence of virus once from brain,
spleen, and liver. Lung lobes from the left upper and lower
lobes were also sampled, so each lung was sampled in two
different regions of the lung. Sampled areas from any tissue
were largely representative of the entire organ in terms of
severity of gross pathology since the pathology revealed ap-
peared to be uniform throughout the organs. Viral genomes
were detected in the brain of two HENV-26-treated subjects
(HENV-26_A and HENV-26_D) and in the upper quadrant of
the lung of one HENV-32 -treated subject (HENV-32_E) (Fig-
ure 6D). We tested both the spleen and liver tissue of each
of the 10 animals in the two treatment groups (5 animals per
group), and infectious virus was not detected in any organ
sampled from any animal.
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DISCUSSION

We obtained the first panel of naturally occurring human mAbs
from a human individual immune to HeV and found mAbs that
were potently neutralizing, including 4 that exhibited breadth of
recognition for the major strains of NiV. The two most potent,
cross-reactive mAbs, HENV-26 and HENV-32, afforded post-
exposure protection against the notably more pathogenic
Bangladesh strain of NiV in an animal model (Clayton et al.,
2012; Lo et al., 2012; Mire et al., 2016). There is no FDA-
approved HeV or NiV vaccine or effective treatment for these vi-
ruses, and NiV can be transmitted person to person. These two
mAbs could be considered lead candidates for prophylaxis or
therapy of HeV or NiV infections. HENV-26 directly competes
with ephrinB2 for RBP binding, while HENV-32 does not, and
crystal structures revealed very distinct antigenic sites. The
two mAbs do not compete with each other for HeV/NiV binding,
and they neutralize the viruses by very different mechanisms.
Therefore, a combination prevention or treatment formulation
combining these two mAbs could be considered. mAb combina-
tions may be desirable for treatment of RNA virus infections to
prevent virus escape and may produce cooperative effects.

The cross-reactivity of the antibodies we isolated for recogni-
tion and neutralization of HeV, NiVy,, and NiVg, and protection
against those viruses, is desirable since it is plausible that a sin-
gle regimen of monotherapy or a cocktail of these antibodies
could prevent or treat each of the three viruses. We tested for
breadth of binding for other more distantly related henipaviruses
but did not detect cross-reactivity to other viruses. This finding
was not surprising since the RBPs of NiV and HeV have been re-
ported to elicit only a limited cross-reactive antibody response,
and cross-protection between Mojiang virus or Ghana virus
and the highly pathogenic henipaviruses was not detected (Li
et al., 2020).

To explore structural mechanisms of binding and neutraliza-
tion of the two mAbs, we solved the crystal structures of the
mAbs in complex with HeV-RBP and/or NiV-RBP head domains.
HENV-26 targets the central cavity and top loops of mainly blade
4, 5, and 6 of the propeller-fold of HeV-RBP and NiV-RBP head
domains, overlapping the ephrinB2/B3 binding sites, thus
directly competing with ephrinB2/B3 for RBP binding. Therefore,
HENV-26 neutralizes HeV or NiV by blocking the receptor bind-
ing site of the viruses, thus protecting animals against viral infec-
tion by inhibition of viral entry. The major interacting residues of
RBPs are conserved between HeV-RBP and NiV-RBP (Fig-
ure S4E), making the mAb cross reactive to both viruses. All of
the HENV-26 CDRs participate in the formation of the Ab-Ag
interface, in contrast to the interaction mode of the previously
described phage display library derived antibody m102.3 (Xu
et al., 2013).

In contrast, HENV-32 binding causes conformational
changes at the B5S4-B6S1 loop and P6S4-B1S1 loops. If
HENV-32 bound HeV-RBP is superimposed onto ephrinB2-
bound HeV-RBP, the conformational changes at these two
loops result in steric clashes between the ephrinB2 G-H loop
and residues in these loops of HeV-RBP (Figure S5C). We
considered whether HENV-32 could compete with the binding
of ephrinB2 via an allosteric effect. However, we did not
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observe competition between HENV-32 and ephrinB2 for HeV-
RBP binding in a BLI assay (Figure S3A). Therefore, the binding
of HENV-32 to the putative dimeric interface of RBP head do-
mains likely neutralizes HeV or NiV by altering dynamic features
of the surface protein on virions. There is extensive literature
defining the dimeric architecture of the RBP (Bowden et al,,
2010), which forms a functional tetrameric unit when two disul-
fide-linked dimers associate (Bossart et al., 2005; Bowden
et al., 2008; Negrete et al., 2007), and a disulfide bond in the
stalk stabilizes the tetramer (Maar et al., 2012). The henipavirus
RBP interacts with host cellular B class ephrins, triggering
conformational alterations in RBP that lead to the activation
of the F glycoprotein, which facilitates the membrane fusion
process (Bradel-Tretheway et al., 2019; Navaratnarajah et al.,
2020; Steffen et al., 2012).

Possibly, HENV-32 binding causes rearrangement of the
quaternary structure of the RBPs in the head domains in such
a way that the orientation of the receptor binding sites of the
RBPs are no longer suitable for receptor binding, preventing
viral attachment to cells. However, we found that a soluble re-
combinant form of ephrinB2 can bind in the presence of
HENV-32. Another possibility is that HENV-32 interferes with
the activation of HeV/NiV fusion proteins by RBPs, in a mecha-
nism suggested by previous studies of a rabbit antibody with
inhibitory activity that likely binds near the epitope recognized
by the human mAb HENV-32 (Aguilar et al., 2009). The rear-
rangement of quaternary structure caused by HENV-32 binding
also might make the activation residues in the stem regions of
the RBPs inaccessible to the fusion proteins, thus inhibiting viral
entry to cells. Further studies are needed to clarify these
possibilities.

The solved crystal structures of these Ab-Ag complexes also
inform opportunities for future rational antibody engineering ef-
forts to improve binding affinities of the mAbs. HENV-26
CDRH1 residue R31 makes only loose van der Waals interac-
tions with HeV-RBP V502 or NiV-RBP residues 1502 and
P408. Insertions and mutations at R31 position might enhance
binding. As mentioned above, there are significant rearrange-
ments of polar interactions between the HENV-26/HeV-RBP
and HENV-26/NiV-RBP complexes at the interface between
CDRL1 and RBP region D555-Q559. This finding suggests
that CDRL1 may be a malleable region for improvement of
binding. HENV-32 CDRL3 residue N93 interacts with a hydro-
phobic patch on HeV-RBP (comprising residues P200, L202,
and F593) and with the mainchain carbonyl oxygen atom of res-
idue P200 via an H-bond. It could be interesting to examine the
effects of mutations of CDRL3 residue N93 to aliphatic residues
(valine, leucine, or isoleucine) on binding affinity because the
mutation might improve the hydrophobic effect between N93
and the hydrophobic patch but lose a H-bond between Ab
and Ag.

Vaccine development for NiV is a high priority for many rec-
ommending bodies. The epitopes recognized by these broad
and potent antibodies could be used in structure-based reverse
vaccinology design programs to design new vaccine candi-
dates. Thus, the studies provide important new conceptual
data on henipavirus immunity, but there are significant limita-
tions of these studies. First, the mAbs in this study were iso-
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lated from a single human immune individual, and it is uncertain
how generalizable these findings would be in a population.
Second, the studies focus on antibodies to RBP since the indi-
vidual studied had exposure to a vaccine RBP and we
screened for antibodies reacting to the RBP head domain;
from these studies we cannot determine the role for antibodies
to the RBP stem, potential complex quaternary epitopes at the
head/stem interface, or fusion protein in immunity to henipavi-
ruses, and more antigenic sites are possible. Third, there may
be a role for non-neutralizing antibodies in protection against
henipaviruses, but we did not explore that mode of immunity
here. These limitations point to the need for additional in-depth
studies of this type for immunity to henipaviruses.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

HENV-1 (hybridoma-produced IgG1) This study N/A
HENV-2 (hybridoma-produced IgG1) This study N/A
HENV-9 (hybridoma-produced IgG1) This study N/A
HENV-10 (hybridoma-produced IgG1) This study N/A
HENV-18 (hybridoma-produced IgG1) This study N/A
HENV-19 (hybridoma-produced IgG1) This study N/A
HENV-21 (hybridoma-produced IgG1) This study N/A
HENV-26 (hybridoma-produced IgG1) This study N/A
HENV-32 (hybridoma-produced IgG1) This study N/A
HENV-43 (hybridoma-produced IgG1) This study N/A
Rabbit anti-NiV N protein antibodies Dr. Christopher Broder N/A

Biological Samples

PBMCs from a HeV-RBP vaccine exposed subject

This paper

VVC Donor ID #1124

Chemicals, Peptides, and Recombinant Proteins

HeV-RBP head domain

HeV-RBP full length

NiV-RBP (Malaysia) full length
NiV-RBP (Malaysia) head domain
NiV-RBP (Bangladesh) full length
NiV-RBP (Bangladesh) head domain
HENV-26 recombinant Fab
HENV-32 recombinant Fab
Endoglycosidase F1

Bowden et al., 2010; this paper
This paper

This paper

Bowden et al., 2008; this paper
This paper

This paper

This paper

This paper

EMD Millipore

Accession: 089343
Accession: 089343
Accession: Q9IH62
Accession: Q9IH62
Accession: JN808864.1
Accession: JN808864.1
N/A

N/A

Cat.# 324725-700MIU

Kifunensine Toronto Research Chemicals Cat.# K450000
Polyethylenimine, linear Polysciences, Inc. Cat.# 23966
FreeStyle TM 293 expression medium Thermo Fisher Cat.# 12338026
Expi293™ expression medium Thermo Fisher Cat.# A1435101
Fetal Bovine Serum, ultra-low IgG Thermo Fisher Cat.# 16250078
ClonaCell-HY Medium E Stem Cell Technologies Cat.# 03805
ClonaCell-HY Medium A Stem Cell Technologies Cat.# 03801
Dako LSAB2 streptavidin-HRP Dako Cat.# K0675
QlAamp viral RNA kit QIAGEN Cat.# 52904
RNAlater Invitrogen Cat.# AM7020
RNeasy Mini Kit QIAGEN Cat.# 74104
Critical Commercial Assays

AlexaFluor™ 647 antibody labeling kit Thermo Fisher Cat.# A20186
Expifectamine™ 293 transfection kit Thermo Fisher Cat.# A14526

Piccolo® BioChemistry Panel Plus, analyzer discs Abaxis Cat.# 400-7182-1
Deposited Data

Crystal structure of HENV-26/HeV-RBP head domain This paper PDB ID: 6VY6
Crystal structure of HENV-26/NiV-RBP head domain This paper PDB ID: 6VY5
Crystal structure of HENV-32/HeV-RBP head domain This paper PDB ID: 6VY4

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines

Mouse-human HMAA 2.5 myeloma cell line Dr. Marshall Posner N/A
Human: Expi293F™ cells Thermo Fisher Cat.# A14527
HENV-1 hybridoma clone This study N/A
HENV-2 hybridoma clone This study N/A
HENV-9 hybridoma clone This study N/A
HENV-10 hybridoma clone This study N/A
HENV-18 hybridoma clone This study N/A
HENV-19 hybridoma clone This study N/A
HENV-21 hybridoma clone This study N/A
HENV-26 hybridoma clone This study N/A
HENV-32 hybridoma clone This study N/A
HENV-43 hybridoma clone This study N/A
Vero76 ATCC Cat.# CRL-1587
Experimental Models: Organisms/Strains

Ferrets, Female, 800-1,000 g Marshall Farms N/A
Recombinant DNA

Plasmid: HeV-RBP full-length This paper N/A
Plasmid: HeV-RBP head domain This paper N/A
Plasmid: NiV-RBP (Malaysia) full length This paper N/A
Plasmid: NiV-RBP (Malaysia) head domain This paper N/A
Plasmid: NiV-RBP (Bangladesh) full length This paper N/A
Plasmid: NiV-RBP (Bangladesh) head domain This paper N/A
Plasmid: human ephrinB2 (aa 28-165) This paper N/A
Plasmid: HENV-26 Fab heavy chain This paper N/A
Plasmid: HENV-26 light chain This paper N/A
Plasmid: HENV-32 Fab heavy chain This paper N/A
Plasmid: HENV-32 light chain This paper N/A
Oligonucleotides: 6-carboxyfluorescein (6FAM)-5 Life Technologies Custom

CGT CAC ACA TCA GCT CTG ACG A 3'-6
carboxytetramethylrhodamine (TAMRA)

Software and Algorithms

GraphPad Prism 7.2
FlowdJo version 10

ForeCyt Standard 6.2 (R1)
XDS Program Package
CCP4 Suite

Phenix

Coot

PyMOLI
Octet Data Acquisition 10.0.3.12
Octet Data Analysis 10.0.3.12

GraphPad Software, Inc.
Tree Star Inc.

Intellicyt

Kabsch, 2010

Winn et al., 2011
Adams et al., 2010
Emsley & Cowtan, 2004

Schrédinger
ForteBio
ForteBio

https://www.graphpad.com

https://www.flowjo.com/solutions/flowjo/
downloads

https://intellicyt.com/products/software/
https://xds.mpimf-heidelberg.mpg.de/
https://www.ccp4.ac.uk/
https://www.phenix-online.org/

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

https://www.pymol.org/
https://www.fortebio.com/

https://www.fortebio.com/

Other

HisTrap Excel column
HiLoad 16/600 Superdex 200 pg
CaptureSelect™ IgG-CH1 Pre-packed Column
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GE Healthcare
GE Healthcare
Thermo Fisher

Cat.# 173712205
Cat.# 28989335
Cat.# 494320001
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
AKTA pure chromatography system GE Healthcare N/A
iQue Screener Plus flow cytometer Intellicyt N/A
BD LSR2 (3-laser) flow cytometer DB Biosciences N/A
ECM 2001 Electro Cell Manipulator BTX N/A
Octet RED96 system ForteBio N/A
Synergy H1 microplate reader BioTek N/A
Synergy 2 microplate reader BioTek N/A
EL406 washer dispenser BioTek N/A
Biostack microplate stacker BioTek N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, James E.
Crowe, Jr. (james.crowe@vumc.org).

Materials Availability
Materials described in this paper are available for distribution for nonprofit use using templated documents from Association of
University Technology Managers ‘“Toolkit MTAs”, available at: https://autm.net/surveys-and-tools/agreements/material-transfer-
agreements/mta-toolkit.

Data and Code Availability

Accession numbers - The crystal structures are deposited at the Protein Data Bank (PDB). Atomic coordinates and structure factors
for the crystal structures of HENV-26 or HENV-32 in complex with HeV-RBP or NiV-RBP head domain have been deposited in the
Protein Data Bank with the accession codes 6VY6 (HENV-26 in complex with HeV-RBP head domain), 6VY5 (HENV-26 in complex
with NiV-RBP head domain), and 6VY4 (HENV-32 in complex with HeV-RBP head domain).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Source of Human B Cells

The study was approved by the Vanderbilt University Medical Center Institutional Review Board. Peripheral blood was collected at
Vanderbilt after written informed consent from a healthy male donor with prior history of occupation-related inoculation with recom-
binant HeV-RBP in an equine HeV vaccine.

Ferret Model

The animal studies were performed at the Galveston National Laboratory, University of Texas Medical Branch at Galveston (UTMB)
and were approved by the UTMB Institutional Animal Care and Use Committee (IACUC). This facility is fully accredited by the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care International.

METHOD DETAILS

Expression and purification of HeV and NiV attachment glycoproteins

DNA segments encoding correspondent to the head domain of HeV-RBP (residues 185 — 604), head domain of NiV\,-RBP (residues
183 - 602) (Bowden et al., 2008), and head domain of NiVg-RBP (residues 185 — 602) were sequence-optimized for expression, syn-
thesized, and cloned into the pcDNA3.1 (+) (HeV and NiVy,) or pcDNA3.1 (+)-C-6His (NiVg) expression DNA plasmid downstream of
the signal peptide from the pHLsec vector (MGILPSPGMPALLSLVSLLSVLLMGCVA) or osteonectin (MRAWIFFLLCLAGRALA) (Gen-
Script). ATEV protease cleavage site and a His-tag also were incorporated at the C terminus of HeV and NiV), constructs to facilitate
protein purification. Expi293F cells were transfected transiently with plasmids encoding HeV-RBP, NiV\,-RBP, or NiVg-RBP head
domains, and culture supernatants were harvested after 6 to 7 days. The head domains were purified from the supernatants by nickel
affinity chromatography with HisTrap Excel columns (GE Healthcare Life Sciences). For protein production used in crystallization tri-
als, 5 uM kifunensine was included in the culture medium to produce the head domains with high mannose glycans. The high
mannose glycoproteins subsequently were treated with endoglycosidase F1 (Millipore) to obtain homogeneously deglycosylated
HeV-RBP or NiVy-RBP head domains (Bowden et al., 2008).
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PBMC isolation and hybridoma generation

Peripheral blood was collected at Vanderbilt after written informed consent from a healthy donor with prior history of occupation-
related inoculation with recombinant HeV-RBP in an equine HeV vaccine. PBMCs from the donor were isolated by density gradient
separation on Ficoll, cryopreserved and stored in the vapor phase of liquid nitrogen until use. Generation of human hybridoma cell
lines secreting human mAbs was performed as described previously (Smith et al., 2012). Briefly, human B cells in the PBMC suspen-
sion were immortalized by transformation with EBV in the presence of CpG10103, cyclosporin A, and a Chk2 inhibitor and plated in
384-well culture plates. On day 7 to 10 after EBV transformation, the supernatants from transformed B cells were used to screen for
the presence of antibodies binding to recombinant HeV-RBP head domain in ELISA. Cells from the wells containing B cells secreting
HeV-RBP-reactive antibodies were fused with HMMAZ2.5 myeloma cells using a BTX ECM 2001 electro cell manipulator by an elec-
trofusion method (Yu et al., 2008). After fusion, human hybridomas were selected in medium with HAT solution containing ouabain.
The hybridomas were cloned by flow cytometric sorting of single cells into 384-well plates and then expanded in culture. Particular
clones for downstream studies were selected by choosing the clone for each independently derived hybridoma line that exhibited the
highest level of IgG secretion.

Production of IgG for mAbs from hybridoma cells

The selected cloned cell lines secreting mAbs were grown initially in hybridoma growth medium (ClonaCell-HY medium E from
STEMCELL Technologies, 03805) and then switched to serum-free medium (GIBCO Hybridoma-SFM, Invitrogen, 12045084) for anti-
body expression and purification. Cloned hybridoma cells were expanded sequentially to 225 cm? flasks for mAb production. The
supernatants from hybridoma cultures were filtered with 0.45 um pore diameter filter flasks, and then the IgG from the hybridoma
cell line supernatants was purified by affinity chromatography using protein G columns (GE Life Sciences, Protein G HP Columns).
Purified IgG generated from hybridomas was used for all EC5sq and IC5 studies, competition-binding studies, HDX-MS studies, and
animal studies. To generate the corresponding fragment antigen-binding (Fab) fragments for crystallization trials, papain digestion of
purified mAb IgG was performed using the Pierce Fab Preparation Kit (Thermo Fisher Scientific). The resulting Fabs were purified
from the digestions by affinity chromatography by coupling a protein G affinity column and an anti-human CH1 column (GE Health-
care Life Sciences).

Characterization of antibody isotype, subclass, and variable genes

The isotype and subclass of secreted antibodies were determined by ELISA. Antibody heavy and light chain variable region genes
were sequenced from antigen-specific hybridoma lines that had been cloned biologically using flow cytometric single cell sorting.
Briefly, total RNA was extracted using the RNeasy Mini kit (QIAGEN, 74106) and reverse-transcriptase PCR (RT-PCR) amplification
of the antibody gene cDNAs was performed using the PrimeScript One Step RT-PCR kit (Clontech, RR055A) according to the man-
ufacturer’s protocols with gene-specific primers as shown in Table S3 of a previous report (Thornburg et al., 2016). PCR products
were purified using Agencourt AMPure XP magnetic beads (Beckman Coulter) and sequenced directly using an ABI3700 automated
DNA sequencer without cloning. The identities of gene segments and mutations from germline gene sequences were determined by
alignment using ImMMunoGeneTics database (Brochet et al., 2008; Giudicelli and Lefranc, 2011).

Determination of half maximal effective concentration (ECs,) for binding

To determine half maximal effective concentration (ECs) concentrations for binding, we performed ELISA using 384-well plates that
were coated overnight at 4°C with 2 pg/mL of a recombinant form of soluble head domain of HeV-RBP or NiV-RBP protein. The plates
were blocked for 1 h with 2% non-fat dry milk and 2% goat serum in PBS-T. After washing the plates 4 times with PBS-T, primary
mAbs or hybridoma cell culture supernatants were applied to wells, and the plates were incubated at room temperature for 1 h. Alka-
line phosphatase-conjugated secondary antibodies (goat anti-human IgG Fc, Meridian Life Science), with a dilution of 1:4,000 in
blocking solution, were placed into each well following plate wash with PBS-T. After 1 h incubation, the plates were washed 4 times
with PBS-T, and substrate solution (1 mg/mL pNPP disodium salt hexahydrate, Sigma) was added to each well. The plates were incu-
bated at room temperature for approximately 30 min before reading the optical density at 405 nm with a Biotek plate reader. To obtain
ECso values of human mAbs binding to HeV-RBP or NiV-RBP, ELISA experiments were performed with purified antibodies in three-
fold serial dilutions, starting at 20 pg/mL for HeV, and 50 pg/mL for NiVy-RBP or NiVg-RBP, and ECsq values were estimated by a
sigmoidal dose-response nonlinear curve fitting procedure with Prism software (GraphPad). Each dilution was performed in quadru-
plicate, and the experiment was conducted twice independently.

Kp determination by bio-layer interferometry (BLI)

Kinetic assays with BLI were performed on an Octet RED biosensor instrument (Pall FortéBio, Menlo Park). Recombinant histidine-
tagged RBP (head domain) was immobilized to HIS1K biosensor tips (FortéBio) at 10 pg/mL in proprietary kinetics buffer (FortéBio).
After a brief baseline step, serial dilutions of HENV-26 or HENV-32 Fab starting at 200 nM then were associated to coated biosensor
tips for 300 s, followed by a 900 s dissociation step in 10x kinetics buffer. Data Analysis HT 11.0.2 software was used for curve-fitting
to extrapolate equilibrium dissociation constant values. Association and dissociation steps were aligned to reference wells to ac-
count for dissociation of antigen from the biosensor tip. Global fitting using a 1:1 model with Savitzky-Golay filtering was used to
fit curves.
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Biolayer interferometry (BLI) to determine competition-binding groups

Competition-binding experiments were performed on the Octet RED biosensor, as described previously (Flyak et al., 2015). In brief,
HeV-RBP or NiV-RBP with a C-terminal His-tag at 20 ng/mL was loaded onto Ni-NTA coated biosensor tips for 2 min. After 1 min
wash in a kinetic buffer (1% BSA, 0.002% Tween 20 in PBS), the biosensor tips were dipped into the first antibody solution at a con-
centration of 50 ug/mL for 5 min, and then biosensors were switched into a second antibody solution at a concentration of 50 pg/mL
for 5 min. The ratio of the maximal signal from the seconding antibody after the first antibody binding to the maximal signal of the
second antibody tested alone was calculated and expressed as a percentage.

Biolayer interferometry to test for mAb blocking of HeV-RBP protein binding to the host receptor ephrinB2

The human antibodies also were used in competition binding with a recombinant form of the host receptor ephrinB2 to determine if
the mechanism of neutralization was blockade of receptor binding. The studies were performed using BLI on an Octet RED instru-
ment. Streptavidin (SA) sensor tips were coated in 5 ng/mL biotinylated, recombinant HeV-RBP head domain protein diluted in pro-
prietary Kinetics Buffer 10X (Pall FortéBio) for 30 s. Following a brief baseline step, 25 ng/mL HENV-26, HENV-32, or soluble ephrinB2
in buffer was associated to the coated sensor tips for 100 s. Tips then were dipped into wells containing a second antibody or eph-
rinB2. The data were analyzed using FortéBio software, with percentage binding determined by comparing the maximal binding
signal of the second protein associated to that of the same protein associated alone.

Cell-surface display flow cytometric assay to test for mAb blocking of HeV-RBP protein binding to the host receptor
ephrinB2

A suspension of 293F cells was transfected with cDNA encoding the full length HeV-RBP protein using PEI for 72 h. Transfected cells
were harvested and plated in V-bottom 96-well plates at 50,000 cells/well. After a wash step, cells were incubated with 50 ng/mL
soluble ephrinB2 protein or FACS buffer for 30 min. Without washing, 2 ng/mL HENV-26 labeled with AlexaFluor-647 (Invitrogen)
was added to cells and incubated for 30 min. Cells then were washed and analyzed using an Intellicyt iQue flow cytometry instrument.
Binding of HENV-26 in the presence or absence of ephrinB2 was expressed as mean fluorescence intensity (MFI).

Crystallization and structural determination of antibody-antigen complexes

Purified Fabs were mixed with deglycosylated HeV-RBP or NiV-RBP head domain in a molar ratio of 1:1, and the mixtures were pu-
rified further by size-exclusion chromatography with a Superdex-200 HiLoad column (GE Healthcare Life Sciences) to obtain anti-
body-antigen complexes. The complexes were concentrated to about 10 mg/mL and subjected to crystallization trials. HeV-RBP
head domain in complex with the Fab HENV-26 was crystallized in 30% MPD, 0.1 imidazole pH 6.5, 0.2 M ammonium sulfate,
and 10% PEG 3350, and NiV-RBP head domain in complex with the Fab HENV-26 was in 1.0 M sodium malonate pH 7.0, 0.1 M
Bis-Tris propane pH 7.0. Protein crystals were flash-frozen in liquid nitrogen after a quick soaking in the corresponding cryo-protec-
tion solutions (same as the crystallization solution for HeV-RBP/HENV26 complex, the solution of 25% sodium malonate pH 7.0 and
0.1 M Bis-Tris propane pH 7.0 for NiV-RBP/HENV-26 complex). Diffraction data were collected at the beamline 21-ID-G at the
Advanced Photon Source. The diffraction data were processed with XDS (Kabsch, 2010) and CCP4 suite (Winn et al., 2011). The crys-
tal structures were solved by molecular replacement using the structure of the head domain of HeV-RBP or NiV-RBP in human eph-
rinB2-HeV-RBP or ephrinB2-NiV-RBP complex (PDB ID 2VSK and 2VSM) and Fab structure of MR78 (PDB ID 5JRP) with the program
Phaser (McCoy et al., 2007).The structure was refined and rebuilt manually with Phenix (Adams et al., 2010) and Coot (Emsley and
Cowtan, 2004), respectively. The models have been deposited into the Protein Data Bank. PyMOL software (Schrodinger, 2015) was
used to make all of the structural figures.

CedV-RBP and GhV-RBP ELISA

Constructs for CedV-RBP head domain and GhV-RBP full ectodomain were transfected transiently into Expi293F cells using ExpiFect-
amine transfection reagents (Thermo Fisher). Cell supernatants were harvested 7 days post-transfection. CedV-RBP head domain was
purified using HisTrap affinity chromatography as described above for HeV-RBP and NiV-RBP head domains (SigmaAldrich). Full-
length ectodomain GhV-RBP containing a GCN tetramerization domain was purified using S-protein agarose (EMD Millipore). To
test HENV-26 and HENV-32 for binding to CedV-RBP and GhV-RBP, 384-well plates were coated with 5 ng/mL CedV-RBP head
domain or cell supernatant from GhV-RBP transfected cells and incubated overnight at 4°C. The following day, plates were blocked
with DPBS-T containing 2% milk and 1% goat serum at room temperature for 1 h. After a wash step, 3-fold serial dilutions of
HENV-26, HENV-32, or control mAbs for CedV (14F3) or GhV (10D5) kindly provided by Christopher Broder were added to plates
and incubated for 1 h at room temperature. Secondary antibody (goat anti-human IgG-HRP for HENV-26 and HENV-32, goat anti-
mouse human adsorbed Ig-HRP for controls) diluted 1:1,000 in DBPS-T containing 1% milk and 1% goat serum were added to plates.
TMB substrate was used to develop plates, and the reaction was quenched using 1N HCI 10-15 min later. Absorbance at 450 nm was
read using a Biotek plate reader, and binding curves were generated using non-linear regression analysis in GraphPad Prism software.

HeV and NiV viruses

Nipah virus number 1999011924 was obtained from a patient from the 1999 outbreak in Malaysia. The passage 3 (P3) virus stock of
NiVy we used for used for neutralization assays is known to have an N277K polymorphism in the RBP (Mire et al., 2016). The isolate of
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NiVg was 200401066 and was obtained from a fatal human case during the outbreak in Rajbari, Bangladesh in 2004 and passaged on
Vero E6 cell monolayer cultures twice, making this a passage 2 virus. Hendra virus was obtained from a patient from the 1994
outbreak in Australia. All viruses were kindly provided by Dr. Thomas Ksiazek, UTMB. Each virus was propagated on Vero EG6 cells
in Eagle’s minimal essential medium supplemented with 10% fetal calf serum. The NiVy, NiVg and HeV challenge virus stocks were
assessed for the presence of endotoxin using the Endosafe-Portable Test System (PTS) (Charles River Laboratories, Wilmington,
MA). Each virus preparation was diluted 1:10 in Limulus Amebocyte Lysate (LAL) Reagent Water per the manufacturer’s instructions,
and endotoxin levels were tested in LAL Endosafe-PTS cartridges as directed by the manufacturer. Each preparation was found to be
below detectable limits, whereas positive controls showed that the tests were valid. All experiments involving infectious henipavi-
ruses were carried out at the UTMB Galveston National Laboratory under biosafety level 4 conditions.

Neutralization assays

The virus neutralizing activity concentrations were determined for NiVy, NiVg and HeV using a plaque reduction assay. Briefly, an-
tibodies were diluted serially two-fold from 50 pg/mL to extinction and incubated with a target of ~100 plaque-forming units (pfu) of
NiVm, NiVg or HeV for 45 min at 37 °C. Virus and antibody mixtures then were added to individual wells of six-well plates of Vero76
cells. Plates were stained with neutral red two days after infection, and plaques were counted 24 h after staining. Neutralization po-
tency was calculated based on pfu for each virus in the well without antibody. The neutralization experiments were performed in trip-
licate, with independent virus preparations and duplicate readings for each replicate. Mean half-maximal inhibitory concentrations
(ICs0) were calculated from the plaque counts using GraphPad Prism software following the step-by-step protocol outlined explicitly
in a previous report (Ferrara and Temperton, 2018).

Protection study in ferrets

Thirteen healthy immunocompetent female ferrets without previous enrollment in studies weighing 0.75-1 kg were housed socially
and placed into cohorts for treatment or no treatment (Table S4). For virus challenge and procedures, animals were anesthetized by
isoflurane inhalation. Animals were inoculated intranasally (i.n.) with ~5 x 10® plaque-forming units (pfu) of NiVg in 0.5 mL Dulbecco’s
minimal essential medium (Sigma-Aldrich, St. Louis, MO) on day 0. On day 3 and 5 after challenge, ferrets in the treated cohorts were
given mAb HENV-26 or HENV-32 by intraperitoneal (i.p.) injection at a 15 mg/kg dose, a dosage lower than that used in prior studies in
ferrets and nonhuman primates with an antiviral mAb (Bossart et al., 2011; 2009; Geisbert et al., 2014; Mire et al., 2020; 2016). Animals
were anesthetized for clinical examination including body weight, temperature, respiration quality, and blood collection on days 0, 3,
5,7,10, 14, and 28 after challenge. Before and after challenge, animals were assessed daily for clinical score on a scale of 0 of 12 for
clinical observations based on coat appearance, body weight loss, social behavior, and provoked behavior; animals scoring 9 or
greater were euthanized per the established UTMB IACUC protocol. The remaining subjects were euthanized at the study endpoint
on day 28 after challenge.

Specimen collection and processing in NiV- and HeV-infected ferrets

On sampling days, blood was collected and placed in MiniCollect EDTA tubes (Greiner Bio-One, Monroe, NC) for virus load and he-
matology analysis or MiniCollect serum tubes (Greiner Bio-One) for clinical chemistry analysis. Necropsy was performed on all fer-
rets, and tissues sampled included lungs, liver, spleen, kidney, adrenal gland, pancreas, and brain (frontal cortex). Ten percent tissue
homogenates of liver, spleen, kidney, adrenal gland, and brain were used for virus load analysis.

Measurement of infectious virus load in ferret tissues

Virus titration was performed by plaque assay with Vero cells from all tissue homogenates (10% w/v). In brief, increasing 10-fold di-
lutions of the samples were adsorbed to Vero cell monolayers in duplicate wells (200 uL); the limit of detection was 25 pfu/mL for
whole blood and 250 pfu/gram for tissue.

RNA isolation from ferret tissues

Immediately following sampling, 100 uL of blood was added to 600 puL of AVL viral lysis buffer (QIAGEN) for RNA extraction. For tis-
sues, approximately 100 mg was stored in 1 mL RNAlater (QIAGEN) for 7 days to stabilize RNA. RNAlater was completely removed,
and tissues were homogenized in 600 pL RLT buffer (QIAGEN) in a 2-mL cryovial using a tissue lyser (QIAGEN) and ceramic beads.
The tissues sampled included cerebral spinal cord, brain stem, brain (frontal cortex), lung (left upper and left lower), spleen, and liver.
All blood samples were inactivated in AVL viral lysis buffer, and tissue samples were homogenized and inactivated in RLT buffer prior
to removal from the BSL-4 laboratory. Subsequently, RNA was isolated from blood using the QlAamp viral RNA kit (QIAGEN), and
from tissues using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions supplied with each kit.

Detection of viral genomes in ferret samples

RNA was isolated from blood or tissues and analyzed using primers/probe targeting the nucleoprotein (N) gene and intergenic region
between N and phosphoprotein (P) of NiV for quantitative real-time PCR (qRT-PCR), with the probe used here being 6-carboxyfluor-
escein (6FAM)-5' CGT CAC ACA TCA GCT CTG ACA A 3'-6 carboxytetramethylrhodamine (TAMRA) (Life Technologies, Carlsbad,
CA). NiV RNA was detected using the CFX96 detection system (Bio-Rad) in One-Step probe gqRT-PCR kits (QIAGEN) with the
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following cycle conditions: 50°C for 10 min, 95°C for 10 s, and 40 cycles of 95°C for 10 s and 57°C for 30 s. Threshold cycle (CT) values
representing NiV genomes were analyzed with CFX Manager Software, and data are shown as genome equivalents (GEq). To create
the GEq standard, RNA from NiV challenge stocks was extracted and the number of NiV genomes was calculated using Avogadro’s
number and the molecular weight of the NiV genome.

Hematology and serum biochemistry

Blood and sera were collected via the anterior vena cava from all 11 ferrets on days 0, 3, 5, 7, 10, 14, 21, and 28 after challenge or at
euthanasia. Complete blood counts of total white blood cells, white blood cell differentials, red blood cells, platelets, hematocrit
values, total hemoglobin concentrations, mean cell volumes, mean corpuscular volumes, and mean corpuscular hemoglobin con-
centrations were analyzed from blood collected in EDTA tubes (Greiner Bio One) using a VetScan HM5 hematology instrument
per the manufacturer’s instructions (Abaxis). Serum analysis of blood chemistries was completed using a Piccolo point-of-care
analyzer and Biochemistry Panel Plus analyzer discs (Abaxis), which measured concentrations of albumin, amylase, alanine amino-
transferase (ALT) aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyltransferase (GGT), glucose,
cholesterol, total protein, total bilirubin (TBIL), blood urea nitrogen (BUN), creatine (CRE), and C-reactive protein (CRP). All blood
and serum samples were processed and analyzed immediately after collection.

Histopathology and immunohistochemistry

Necropsy was performed on all subjects. Tissue samples of all major organs were collected for histopathologic and immunohisto-
chemical examination and were immersion-fixed in 10% neutral buffered formalin for at least 21 days in BSL-4. Subsequently,
formalin was changed; specimens were removed from BSL-4, processed in BSL-2 by conventional methods and embedded in
paraffin and sectioned at 5 um thickness. For immunohistochemistry, specific anti-NiV immunoreactivity was detected using an
anti-NiV N protein rabbit primary antibody (kindly provided by Dr. Christopher Broder) at a 1:5,000 dilution for 30 min. The tissue sec-
tions were processed for immunohistochemistry using the Dako Autostainer (Dako, Carpinteria, CA). The secondary antibody used
was biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) at 1:200 for 30 min followed by Dako LSAB2 streptavidin-
HRP (Dako) for 15 min. Slides were developed with Dako DAB chromagen (Dako) for 5 min and counterstained with hematoxylin for
one minute. Non-immune rabbit IgG was used as a negative staining control.

QUANTIFICATION AND STATISTICAL ANALYSIS

In ELISA experiments, binding curves were generated using non-linear regression analysis in GraphPad Prism software. In the ferret
studies, the constraints of high-containment work using animal studies in biosafety level 4 restrict the number of animal subjects and
the volume of biological samples, which affects the ability to repeat assays independently and thus limit statistical analysis. Data are
presented as the mean calculated from replicate samples, not from replicate assays, and error bars represent the standard deviation
(SD) between replicates.
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Figure S1. Full Dilution Curve Data for Neutralization or Binding of 10 Human Monoclonal Antibodies to HeV, NiVy, or NiVg, Related to Table 1

(A) Neutralization was tested with live viruses; percent neutralization is shown over a varying antibody concentration range. m102.4 is shown for comparative
purposes.

(B) Binding in ELISA to recombinant RBPs. Optical density at 405 nm is shown over a varying antibody concentration range.
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A Binding assays of HENV-26 or HENV-32 to full-length HeV-RBP or NiV-RBPs detected by flow cytometric
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Figure S2. ELISA and Biolayer Interferometry Measurements of Binding of HENV-26 or HENV-32 to Full-Length HeV-RBP or NiV-RBP Pro-
teins, Related to Table 1

(A) Binding assays of HENV-26 or HENV-32 to full-length HeV-RBP or NiV-RBP proteins detected by flow cytometric analysis. Binding to cells transfected with
HeV-RBP (red), NiVy-RBP (blue), NiVg-RBP (green), or un-transfected (black) cells was analyzed using an Intellicyt iQue instrument. Values are expressed as
mean fluorescence intensity (MFI) of PE-conjugated secondary antibody signal and were plotted in GraphPad to interpolate ECsg values by non-linear regression
analysis. Serial dilutions of HENV-26 or HENV-32 were performed in triplicate, with data representative of three independent assays shown. Error bars indi-
cate SEM.

(B) Kinetics of binding of HENV-26 or HENV-32 to full-length HeV-RBP or NiV-RBP proteins in biolayer interferometry to determine affinity of binding. Binding
kinetics of Fab fragments corresponding to HENV-26 and HENV-32 were performed on an Octet RED instrument (FortéBio). Recombinant histidine-tagged RBP
head domain was immobilized to HIS1K biosensor tips (FortéBio) at 10 pg/mL in kinetics buffer. After a brief baseline step, serial dilutions of HENV-26 or HENV-32
Fab starting at 200 nM then were associated to coated biosensor tips, followed by a dissociation step in 1x kinetics buffer. Curve-fitting was performed to
extrapolate equilibrium dissociation constant values.
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Figure S3. Comparison of the eprhrinB2 Binding Site on HeV-RBP with the Epitope for Binding of HENV-26, Related to Figures 2 and 3

(A) Competition-binding assay of three human mAbs with ephrinB2 for binding to HeV-RBP head domain using biolayer interferometry. Numbers in boxes are the
percentage binding signal of the second protein applied after binding of the first protein, compared with binding signal of the second protein alone. The proteins
were defined as competing if the first protein reduced binding of the second protein by more than 70 percent. The proteins were defined as non-competing if the
first protein reduced binding of the second protein by less than 40 percent.

(B) Cell surface display flow cytometric assay to test for mAb blocking of HeV-RBP protein binding to the host receptor ephrinB2. 293F cells were transfected to
display the full-length HeV-RBP protein on the cell surface. Cells were incubated with soluble ephrinB2 protein or FACS buffer, then HENV-26 labeled with
AlexaFluor-647 was added to cells and incubated. Cells then were washed and analyzed using an Intellicyt iQue flow cytometry instrument. Binding of HENV-26 in
the presence or absence of ephrinB2 was expressed as mean fluorescence intensity (MFI).

(C-E) Binding site mapping of ephrinB2 and m102.3 onto the HeV-RBP or NiV-RBP head domain surface. The surfaces of HeV-RBP or NiV-RBP head domains are
colored in gray, with glycans colored in black.

(C) The ephrinB2 binding site is mapped and colored in green onto the HeV-RBP head domain surface. The surface envelope (shown as blue mesh) of the epitope
of HeV-RBP head domain recognized by HENV-26 is overlaid onto the HeV-RBP head domain.

(D) The mAb m102.3 binding site is mapped and colored in yellow onto the HeV-RBP head domain surface. The surface envelope (shown as blue mesh) of the
epitope on HeV-RBP head domain recognized by HENV-26 is overlaid onto the HeV-RBP head domain.

(E) The ephrinB2 binding site is mapped and colored in pink onto the NiV-RBP head domain surface. The surface envelope (shown as blue mesh) of the epitope on
NiV-RBP head domain recognized by HENV-26 is overlaid on to the NiV-RBP head domain.
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Figure S4. Molecular Recognition of HeV-RBP Head Domain by mAbs, Related to Figures 3 and 4

(A) Water-mediated interactions between HeV-RBP head domain and mAb HENV-26. HeV-RBP head domain is colored in green, HENV-26 heavy chain in cyan,
and the light chain in yellow. Water molecules are represented as magenta spheres, and involved residues are shown as sticks and labeled. Hydrogen bonds are
represented as broken orange lines.

(B) Water-mediated interactions between HeV-RBP head domain and mAb HENV-32. HeV-RBP head domain is colored in green, HENV-32 heavy chain in
orange, and the light chain in salmon. Water molecules are represented as magenta spheres, and involved residues are shown as sticks, and labeled. Hydrogen
bonds are represented as broken orange lines.

(C) CedV-RBP or GhV-RBP ELISA. Binding of HENV-26 or HENV-32 was tested in ELISA using recombinant CedV-RBP head domain or GhV-RBP full ecto-
domain. MAbs to CedV-RBP (14F3) or GhV-RBP (10D5) were used as controls.

(D) Lack of dimer disruption mediated by HENV-26 or HENV-32. HeV-RBP full ectodomain was expressed in Expi293F cells and purified sequentially by HisTrap
affinity chromatography followed by size exclusion chromatography (SEC). Size exclusion peaks corresponding to dimeric (SEC peak #2) or tetrameric (SEC peak
#1) species were each incubated with HENV-26 or HENV-32 Fab for 1 h at room temperature. Each preparation was then analyzed by 4%-12% Bis-Tris SDS-
PAGE using SimplyBlue SafeStain Coomassie G-250 stain.

(E) Epitope mapping of RBP head domains of HeV, NiVy,, and NiVg. The RBP amino acid sequences of the three viruses were aligned with MUSCLE (1), and the
figure was made with sequence alignment editor, ALINE (2). For comparison, the sequences of Cedar virus RBP (CedV-RBP) and Ghana virus RBP (GhV-RBP)
also are shown.

Upper panel: The epitope residues recognized by HENV-26 (in complex with HeV-RBP [PDB ID 6VY6] or NiV-RBP Malaysia [NiV-RBPm; PDB ID 6VY5] are
highlighted with red boxes, the epitope residues recognized by HENV-32 (in complex with HeV-RBP [PDB ID 6VY4]) with orange boxes, and epitope resides
recognized by m102.3 [PDB ID 6CMQ] are indicated with purple lines over the alignment.

Lower panel: The ephrinB2 binding residues from complexes with HeV-RBP [PDB ID 6PDL] or NiV-RBPm [PDB ID 2VSM] are highlighted with red boxes, and the
ephrinB3 binding residues from a complex with NiV-RBPm [PDB ID 3D12] with yellow boxes.

(F) Comparison of HeV-RBP interactions with CedV-RBP or GhV-RBP structures.

Upper panel: crystal structure of CedV-RBP (PDB ID: 6P72) is superimposed onto that of HeV-RBP/HENV-26 complex. CedV-RBP structure is shown in dark
grey; HeV-RBP in green; HENV-26 heavy chain in cyan, and HENV-26 light chain in yellow. Sequence variations at several positions in CedV-RBP (e.g., G512,
H518, D550, L552) result in loss of H-bonds seen in correspondent positions in HeV-RBP. Middle panel: crystal structure of GhV-RBP (PDB ID: 4UF7) is su-
perimposed onto that of HeV-RBP/HENV-26 complex. GhV-RBP structure is shown in light grey; HeV-RBP in green; HENV-26 heavy chain in cyan, and HENV-26
light chain in yellow. Sequence variations at several positions in GhV-RBP (e.g., G500, T511, E539, V541) result in loss of H-bonds seen in correspondent po-
sitions in HeV-RBP.

Lower panel: CedV-RBP and GhV-RBP structures are Superimposed on that of HeV-RBP/HENV-32 structure. The major epitope of HeV-RBP (shown in blue,
residues T196 — N210) and correspondent residues of CedV-RBP (in dark grey, residues P219 - Q233) and GhV-G (in light grey, residues P212 - T226) are shown
in cartoon to represent backbone conformations. Sequence variations at this region among the different RBPs result in significant conformational variation, and
may create prohibitively high energy barrier to prevent CedV-RBP and GhV-RBP from adopting similar backbone conformation to that of HeV-RBP or NiV-RBP.
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Figure S5. Overlays of HENV-26 or -32 for Comparative Purposes, Related to Figures 2, 4, and 5

FigureS6OD For a Figure360 author presentation of Figure S5, see https://doi.org/10.1016/j.cell.2020.11.023.
(A) Superimposition of the crystal structures of HeV-RBP head domain in complex with HENV-26 or HENV-32. HeV-RBP head domain in the HeV-RBP/HENV-26
complex is colored in green, and that in the HeV-RBP/HENV-32 in light blue. The HENV-26 heavy chain is colored in cyan, HENV-26 light chain in yellow, HENV-32
heavy chain in orange, and HENV-32 light chain in salmon. The CDRs of both mAbs and the individual blades of the HeV-RBP head domain are labeled. Regions in
the HeV-RBP head domain with large structural differences between structures are indicated within broken red lines.
(B) Superimposition of the crystal structures of the dimeric HeV-RBP head domain and HeV-RBP head domain in complex with HENV-32. HeV-RBP head domain
in the HeV-RBP/HENV-32 is shown in light blue, HENV-32 heavy chain in orange, and HENV-32 light chain in salmon. One protomer of the HeV-RBP head domain
is colored in magenta and the other in cyan. Individual blades of the superimposed HeV-RBP head domains are labeled (31 to B6).
(C) Superimposition of HeV-RBP structures in the HENV-32/HeV-RBP complex and ephrinB2/HeV-RBP complex. The HeV-RBP structure in the HENV-32/HeV-
RBP complex is shown in light blue, and HeV-RBP in the ephrinB2/HeV-RBP complex in yellow. EphrinB2 in the complex is shown in gray. The overlay suggests
that the conformation of HeV-RBP B6/S2-S3 and B5/S4- B6/S1 loops in the HENV-32/HeV-RBP complex causes potential steric clashes between the loops and
the ephrinB2 G-H loop. The potential steric clashes between the HENV-32 bound HeV-RBP structure and ephrinB2 G-H loop are represented with broken red
lines, and the residues with potential steric clashes are shown in stick, and corresponding residues of the ephrinB2 bound HeV-RBP structure are shown as line
representation.
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Figure S7. Representative Histopathology of Brain and Liver Tissues from Ferrets Infected with NiVg and Treated with Recombinant Anti-
HENV mAbs, Compared with Untreated Control Animals, Related to Figure 6.

(A-D) Tissues from tissue from subject C1:

(A) H&E staining of brain tissue did not show significant histological lesions;

(B) immunolabeling of brain tissue showed the endothelium of small caliber vessels within the neuronal parenchyma multifocally had diffuse cytoplasmic
immunolabeling.

(C) H&E staining of lung tissue showed mild interstitial pneumonia with multifocal nodular formation composed of necrotic debris, hemorrhage and mixed in-
flammatory infiltrates of neutrophils and macrophages;

(D) immunolabeling of lung tissue showed diffuse cytoplasmic immunolabeling of segmental regions of the alveolar septa largely centered on the necrotic
nodules, mononuclear cells within alveolar septa, mononuclear cells free within alveolar spaces (alveolar macrophages), endothelium of small to medium caliber
vessels, and rarely lower airway epithelium (D).

(E-H) Tissues from subject HENV-32_A did not show significant histological lesions or immunolabeling:

(E) H&E staining of brain;

(F) Immunolabeling of brain;

(G) H&E staining of lung;

(H) Immunolabeling of lung.

(I-L) Tissues from subject HENV-26_D:

() H&E staining of brain showed moderate cuffing of small caliber vessels with lymphocytes in the brainstem and in vessels surrounding the ventricular system;
(J) Immunolabeling of brain showed diffuse cytoplasmic immunolabeling of neurons in association with the lymphocytic infiltrates (inset and arrow);

(K) H&E staining of lung showed rare cuffing of small caliber vessels of the lung with lymphocytes and plasma cells present;

(L) Immunolabeling of lung was not detected. (I).

All images represent 20 X magnification of the representative tissues. A small window was enlarged to show neuronal staining in detail (J, inset).
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