f AMERICAN
SOCIETY FOR
-

MICROBIOLOGY

i

RESEARCH ARTICLE

L)

Check for
updates

Contrasting Modes of New World Arenavirus Neutralization by

Immunization-Elicited Monoclonal Antibodies

Weng M. Ng,* Mehmet Sahin,” Stefanie A. Krumm,* Jeffrey Seow, Antra Zeltina,? Karl Harlos,” Guido C. Paesen,”

Daniel D. Pinschewer,” ©Katie J. Doores,© © Thomas A. Bowden?

2Division of Structural Biology, Wellcome Centre for Human Genetics, University of Oxford, Oxford, United Kingdom

bDepartment of Biomedicine, Division of Experimental Virology, University of Basel, Basel, Switzerland

Kings College London, Department of Infectious Diseases, Guy's Hospital, London, United Kingdom

Weng M. Ng and Mehmet Sahin contributed equally to this work. First author order was decided by alphabetical order of surname.

ABSTRACT Transmission of the New World hemorrhagic fever arenaviruses Junin virus
(JUNV) and Machupo virus (MACV) to humans is facilitated, in part, by the interaction
between the arenavirus GP1 glycoprotein and the human transferrin receptor 1 (hTfR1).
We utilize a mouse model of live-attenuated immunization with envelope exchange
viruses to isolate neutralizing monoclonal antibodies (NAbs) specific to JUNV GP1 and
MACV GP1. Structures of two NAbs, termed JUNT and MACT, demonstrate that they neu-
tralize through disruption of hTfR1 recognition. JUNT utilizes a binding mode common
to all characterized infection- and vaccine-elicited JUNV-specific NAbs, which involves
mimicking hTfR1 binding through the insertion of a tyrosine into the receptor-binding
site. In contrast, MAC1 undergoes a tyrosine-mediated mode of antigen recognition dis-
tinct from that used by the reported anti-JUNV NAbs and the only other characterized
anti-MACV NAb. These data reveal the varied modes of GP1-specific recognition among
New World arenaviruses by the antibody-mediated immune response.

IMPORTANCE The GP1 subcomponent of the New World arenavirus GP is a primary
target of the neutralizing antibody response, which has been shown to be effective
in the prevention and treatment of infection. Here, we characterize the structural ba-
sis of the antibody-mediated immune response that arises from immunization of
mice against Junin virus and Machupo virus, two rodent-borne zoonotic New World
arenaviruses. We isolate a panel of GP1-specific monoclonal antibodies that recognize
overlapping epitopes and exhibit neutralizing behavior, in vitro. Structural characteriza-
tion of two of these antibodies indicates that antibody recognition likely interferes with
GP1-mediated recognition of the transferrin receptor 1. These data provide molecular-
level detail for a key region of vulnerability on the New World arenavirus surface and a
blueprint for therapeutic antibody development.

KEYWORDS arenavirus, glycoprotein, structure, antibody response, monoclonal
antibody, antibody-mediated neutralization, host-cell interactions, immunization,
structural biology

ew World (NW) hemorrhagic fever (HF) arenaviruses are a group of rodent-borne

zoonotic pathogens that cause severe disease with high case fatality rates upon
transmission into human populations. These agents belong to clades B and D of the
genus Mammarenavirus, family Arenaviridae, and include Junin virus (JUNV), Machupo
virus (MACV), Guanarito virus (GTOV), Chapare virus (CHPV), Sabid virus (SABV), and
Whitewater Arroyo virus (WWAV) (1, 2). Although there are currently no internationally
approved therapeutic countermeasures available for preventing or treating NW arenavi-
ral HFs, a live attenuated vaccine, Candid#1, has been successfully utilized in Argentina
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to protect against JUNV and shows evidence of partial cross-protection against MACV (3).
Similarly, ribavirin administered intravenously at a high dosage has shown promise in
treating Argentine hemorrhagic fever (AHF) (4, 5), and passive immunization with
immune plasma containing high titers of neutralizing antibodies (NAbs) from convales-
cent patients has been shown to be successful in treating JUNV-infected individuals (6, 7).

The mammarenavirus genome comprises single-stranded ambisense bisegmented
RNA. The tripartite multifunctional glycoprotein complex (GP) spike that decorates the
enveloped virion is encoded within the small (S) RNA segment (8, 9). Each non-cova-
lently associated protomer of the trimeric GP consists of a myristoylated stable signal
peptide (SSP) (10, 11), a GP1 receptor-binding glycoprotein (12, 13), and a membrane-
anchored GP2 fusion glycoprotein (14-16). Entry of NW clade B and D arenaviruses
into a host cell is initiated by the specific interaction of the GP with host cell receptors,
including C-type lectins (17, 18), TIMS (T cell/transmembrane, immunoglobulin, and
mucin) (18), and the transferrin receptor 1 (TfR1) of their corresponding rodent host
(19-22). The ability of NW arenaviruses to also utilize human TfR1 (hTfR1) supposedly is
a prerequisite of zoonosis and pathogenicity in humans (20, 23). Following cellular re-
ceptor attachment, virions are internalized via endocytosis and delivered to acidified
endosomes (9). The low-pH environment that accompanies this process promotes
release of GP1 and structural rearrangements of GP2, which fuse viral and host cell
membranes, allowing release of the viral genome into the host cell (24, 25).

TfR1 is a homodimeric type Il transmembrane protein, where each monomer is
composed of a cytoplasmic subunit, a single-pass transmembrane region, and an
extracellular domain (ECD). The ECD is further subdivided into three subdomains: a
membrane-proximal protease-like domain, a central helical domain that facilitates
dimerization, and a membrane-distal apical domain (26). The GP1 subunit contacts the
apical domain of TfR1, away from transferrin and hereditary hemochromatosis protein
recognition sites (12, 23). The GP1-TfR1 interaction involves the insertion of a tyrosine
residue (Tyr211 in hTfR1) into the central pocket on the GP1 surface (23). Structural
determination of antigen-binding fragments (Fab) from several NAbs (OD01 [27], GDO1
[28], and CR1-28 [29]) of different germ line origins bound to JUNV GP1 revealed a sim-
ilar mode of recognition, establishing receptor mimicry as a common means of anti-
body-mediated neutralization. However, this mode of antibody recognition was not
observed in the structure of the Fab fragment from cross-reactive MACV/JUNV NAb
(CR1-07) in complex with MACV GP1 (29), and there is currently no reported structure
of a MACV GP1-specific antibody.

The generation of NAbs has been shown to be effective for the prevention and
treatment of HF arenaviral infection (6, 7, 30). Here, we utilized a mouse model of
MACV and JUNYV live-attenuated immunization combined with antigen-specific B cell
sorting to isolate a NAb specific to MACV GP1 (termed MAC1) and seven NAbs specific
to JUNV GP1 (termed JUNT to -7), which recognize an overlapping epitope.
Crystallographic investigation of the Fab fragments of NAb MACT and a representative
JUNV-specific NAb, JUN1, in complex with their cognate GP1 antigens reveals that
both NAbs target the TfR1 binding site. Close examination of the antigen-antibody
interface reveals that while NAb JUN1 originates from a unique germ line, it utilizes a
mode of antigen recognition involving TfR1T mimicry common to all characterized
infection- and vaccine-elicited JUNV-specific NAbs. In contrast, NAb MAC1 undergoes a
mode of antigen recognition that is distinct from that utilized by reported anti-JUNV
NAbs and the cross-reactive MACV/JUNV NAb. Combined, these molecular-level find-
ings expand our appreciation of the varied means by which the antibody-mediated
immune response can target the GP1 of NW HF arenaviruses.

RESULTS

Isolation and in vitro characterization of JUNV and MACV GP1-specific MAbs.
To interrogate the antibody-mediated immune response to live-attenuated arenavirus
immunization, we performed antigen-specific B cell sorting of splenocytes derived
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from mice vaccinated with Candid#1 and with genetically engineered biosafety level 2
(BSL-2) arenaviruses (31, 32) expressing as their envelope protein the GPs of either
JUNV or MACV, respectively (Fig. 1A). We recovered the antibody sequences and recom-
binantly produced seven JUNV GP1-specific monoclonal antibodies (MAbs) and one
MACV GP1-specific MAb. JUNV-neutralizing MAbs were derived from a mouse immu-
nized with three doses of recombinant lymphocytic choriomeningitis virus (rLCMV)/
JUNV-GP and a final dose of Candid#1. For the isolation of the MACV-neutralizing anti-
body MACT, and in an effort to derive cross-reactive JUNV/MACV-GP NAbs, mice were
primed with rLCMV/MACV-GP and boosted with recombinant Pichinde virus (rPICV)/
JUNV-GP and rPICV/MACV-GP. All JUNV GP1 and MACV GP1-directed MAbs exhibited a
high level of binding and were singly specific to JUNV GP1 and MACV GP1, respectively,
with apparent affinities on par with that exhibited by the JUNV GP1-specific NAb, ODO1
(27, 33) (Fig. 1B). The seven anti-JUNV GP1 MAbs, termed JUN1 to -7, and one anti-MACV
MADb, termed MAC1, originate from different germ lines than those previously identified
for anti-NW GP1 NAbs (see Tables S1 and S2 and Fig. S1 in the supplemental material).
With the exception of NAb JUN1, the heavy chain of each of the JUNV NAbs likely origi-
nated from the IGHV1-52*01 germ line, with NAb JUN2 to -5 light chains originating
from the IGKV14-111*01 kappa germ line, and NAb JUN6 and -7 light chains originating
from the IGKV3-2*01 kappa germ line. In total, this allowed us to identify three geneti-
cally distinct lineages of JUNV GP1-specific MAbs (Table S2).

JUN1 to -7 (50% inhibitory concentration [IC;,] 0.001 to 0.003 wg/mL) and MAC1
(ICso 0.004 g/mL) exhibited neutralizing potency against HIV-1 (human immunodefi-
ciency virus type 1)-based virus particles, pseudotyped with full-length JUNV GP and
MACV GP, respectively (Fig. 1C). These NAbs also neutralize (ICs, 0.030 to 0.125 ng/mL
for JUN1T to -7 and 13.0 ug/mL for MACT) in an immunofocus reduction neutralization
assay, which is based on the envelope-chimeric LCMV used for live-attenuated immuni-
zation (Fig. 1D) (31). The observed LCMV-based assay ICs, values are similar to those
observed for the previously reported NAbs, including structurally characterized ODO1,
GDO1, and CR1-28 (28, 29, 31, 34). Although a heterologous prime-boost immunization
was performed in an effort to derive cross-reactive JUNV/MACV NAbs, none of the iso-
lated MAbs exhibited cross-neutralizing potency in vitro (Fig. 1C). To assess whether
the three anti-JUNV GP1 NAb groups compete for the same region of the GP1, we per-
formed an enzyme-linked immunosorbent assay (ELISA)-based competition assay
(Fig. 1E), which suggests that each of the identified anti-JUNV GP1 NAb groups recog-
nizes overlapping epitopes on JUNV GP1.

JUNV GP1-directed NAb JUN1 utilizes receptor mimicry for antigen recognition
and virus neutralization. Given that JUN1 to -7 all target a proximally similar epitope
and display neutralization potency within the same order of magnitude (Fig. 1C), we
used NAb JUN1 as a representative from the isolated MAbs to determine the structural
basis for neutralization. Recombinant JUNV GP1 was complexed with the Fab fragment
of NAb JUNT, partially deglycosylated with endoglycosidase F1 (endoF1), and crystal-
lized using the sitting drop vapor diffusion method. X-ray diffraction data were col-
lected to 2.5-A resolution (Table S3), and the structure was solved by molecular
replacement using structures of JUNV GP1 and Fab ODO1 (PDB ID: 5NUZ [27]) as search
models. One JUNV GP1-Fab JUNT complex was present in the asymmetric unit.

As previously observed (27-29), JUNV GP1 (Asp87 to Asn232) forms a compact o/
fold consisting of a central seven-stranded B-sheet that constitutes the receptor bind-
ing site (RBS) on one face and three a-helices on the opposing face (Fig. 2A and B).
Superposition analysis demonstrates that our JUNV GP1 exhibits a high level of struc-
tural conservation when superimposed with the structures of JUNV GP1 in previously
reported Fab-bound states (an average of 0.6-A root mean square deviation [RMSD]
over equivalent Ca residues). Fab JUN1 binds to JUNV GP1 at a site overlapping that
used for TfR1 recognition through the use of all six complementarity-determining
regions (CDRs) (Fig. 2B and C), in an extensive interaction that occludes approximately
1,550 A2 of solvent-accessible surface area. Although the CDRs of both the heavy and
light chains of Fab JUNT make a similar contribution to the overall amount of surface
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FIG 1 Isolation and characterization of JUNV and MACV GP1-reactive MAbs. (A) Antigen-specific B cell sorting was used to isolate

JUNV and MACV GP1-specific NAbs. Figure shows CD4/CD8~ B220" IgM~ IgD~ cells that are either JUNV GP1 or MACV GP1 specific.
(B) Binding of MAbs JUN1 to -7 and MAC1 to JUNV and MACV GP1 by ELISA. Colored boxes indicate sequence-related MAbs. A JUNV
GP1-specific NAb, ODO1 (33), was used as a positive (left panel) and negative (right panel) control. (C) Neutralization by MAbs JUN1
to -7 and MAC1 against HIV-1-based virus particles, pseudotyped with full-length JUNV GP and MACV GP. (D) Neutralization of
rLCMV/JUNV-GP and rLCMV/MACV-GP chimeric viruses by JUN1 to -7 and MAC1 was tested in an immunofocus reduction
neutralization test. OD01 (33) and a non-neutralizing JUNV GP1-specific MAb (denoted as Neg) isolated as a part of this study were
included as the positive and negative controls, respectively, in the rLCMV/JUNV-GP neutralization test by JUNT to -7. (E) Competition
between JUNV NAbs and JUN1 Fab for binding to JUNV GP1 determined by ELISA. Competition is reported relative to the maximum
competition observed between JUN1 Fab and JUNT IgG. The assays presented in panels B to E were performed in duplicate and
repeated at least twice. Representative plots are shown. Error bars represent the range of the value for experiments performed in
duplicate (not shown when smaller than symbol size).
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FIG 2 Structural basis for Fab JUN1 recognition of JUNV GP1. (A) Schematic domain organization of the JUNV GP (generated with
DOG software [65]). The JUNV GP1 construct used for crystallization is highlighted as a rainbow. The stable signal peptide (SSP),
signal peptidase (SPase) site, GP1 glycoprotein, subtilisin-like kexin protease 1-site 1 protease (SKI-1/S1P) cleavage site, GP2
glycoprotein, transmembrane region (TM), and intravirion domain (IV) are annotated. Putative N-linked glycosylation sites are labeled
as diamond-shaped pins above the schematic, with sites observed in the crystal structure colored yellow. (B) Structure of JUNV GP1
in complex with Fab JUN1. JUNV GP1 is shown in cartoon representation and colored as a rainbow ramped from blue (N terminus)
to red (C terminus). Crystallographically observed N-linked glycosylation sites are labeled and indicated as yellow spheres with the
glycans shown as sticks. Fab JUNT is shown in ribbon representation, with heavy chain colored gray and light chain colored white.
CDR loops contributing to JUNV GP1 recognition are labeled and colored light green (CDR H1), yellow (CDR H2), dark green (CDR
H3), pink (CDR L1), light pink (CDR L2), and purple (CDR L3). The side chain of Tyr100A is shown as a stick and denoted with an
asterisk. V,,, V, C,, and C_ denote the antibody variable heavy, variable light, constant heavy, and constant light chain domains,
respectively. (C) Interaction between JUNV GP1 and Fab JUN1. (Upper panel) A bar chart representing the contributions of each JUN1
CDR toward JUNV GP1 binding, calculated using the PDBePISA server (66) and measured in buried surface area (A?. The bar
corresponding to the CDR loop carrying Tyr100A is denoted with an asterisk. (Lower panel) Closeup view of the JUNV GP1-Fab JUN1
interface. JUNV GP1 is colored light gray, and Fab JUN1 is colored as in panel B. Selected intermolecular hydrogen bonds are
highlighted with dashes, and participating residues are shown as sticks.

area occluded in the GP1-JUNT1 interface, the CDR3 of the heavy chain (CDR H3) is cen-
tral to the interaction and extends a 16-amino-acid loop into a central pocket formed
by the B-sheet and loop 3 of JUNV GP1 (Fig. 2B and C). Within the CDR H3 loop, the
side chain of Tyr100A (Chothia numbering scheme [35]) inserts into the pocket and
interacts with Ser111 and Asp113 at the tip of the third B-strand of the JUNV GP1
(Fig. 2Q). Interestingly, despite originating from a unique germ line (Table S1; Fig. S1A
and B), Fab JUN1 employs a tyrosine-mediated mode of antigen recognition that is com-
mon to that utilized by previously characterized NAbs, namely, OD01 (27), GDO1 (28), and
CR1-28 (29). Indeed, the insertion of Tyr100A from NAb JUN1 into the central pocket
of JUNV GP1 is mirrored by Tyr30B of the NAb ODO01 light chain and Tyr98 and Tyr106 of
NAb GDO1 and NAb CR1-28 heavy chains, respectively (Fig. 3). Moreover, this mode of ty-
rosine-mediated GP1 engagement is highly reminiscent of the insertion of Tyr211 from
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JUNV GP1

Tyr30B

hTfR1

FIG 3 Tyrosine-mediated JUNV GP1 and MACV GP1 recognition: a common mode of MAb neutralization. (Upper row) JUNV GP1 and
MACV GP1 in complex with Fab fragments of NAbs (JUN1, ODO1 [27], GDO1 [28], and CR1-28 [29]) and receptor (hTfR1 [23]),
respectively. GP1 is shown in cartoon representation and colored as a rainbow from blue (N terminus) to red (C terminus). N-linked
glycosylation sites are indicated as yellow spheres with glycans shown as sticks. Heavy and light chains of Fab fragments are shown
as gray and white ribbons, respectively. CDRs contributing to JUNV recognition are colored dark green (heavy chain) and pink (light
chain). HTfR1 is shown as a light blue ribbon with regions that interact with MACV shown as blue, thicker ribbons. (Lower row)
Closeup view of the key tyrosine residues (sticks) that are inserted into the central pocket of the GP1 (light gray cartoon). Only parts

of CDR loops containing the tyrosine residues are shown. CDR residues hindering the view of tyrosine are removed for clarity.

hTfR1 in the MACV GP1-hTfR1 complex, the only structurally characterized NW GP1-host
receptor complex to date (23) (Fig. 3). In line with previous comparisons of JUNV GP1-
bound NAb structures, the identification of this antigen-antibody recognition mode by an
infection-elicited NAb confirms TfR1 receptor mimicry as a potent and common means of
antibody-mediated neutralization of JUNV.

Although the insertion of Tyr100A from Fab JUNT into the pocket of JUNV GP1 rep-
resents the signature feature of the complex, the antigen-antibody binding interface
also involves secondary interactions between loops 3 and 7 of JUNV GP1 and CDR H2,
H3, L1, and L3 of Fab JUNT1 (Fig. 2C; Fig. S2). Indeed, an extensive secondary interface is
supported by a network of hydrogen bonds between Thr170/VNV &P1 and Glu171/UNV GP1
from loop 7 and GIn33¢PR H1, Asn58<PR H2 Tyr100DCPR H3, and Tyr94<PR 13 of Fab JUN1
(Fig. S2). Residues GIn27<PR L1 to Ser32¢PR L1 also provide substantial contacts with loop
3 of JUNV GP1, including hydrogen bonding between 11€28PR L1 and Tyr122/UNV GP1
(Fig. S2). The inclusion of these further contacts is, in part, facilitated by the angle by
which Fab JUN1 approaches the GP1 RBS. Indeed, this mode of engagement is most
similar to that of Fab CR1-28 (an approximately 10° deviation in the relative angle of
approach), with respect to Fabs GD0O1 and ODO1 (deviations of approximately 20° and
25°, respectively) (Fig. 3).

Four N-linked glycosylation sequons encompass the periphery of the JUNV GP1 RBS
(Fig. 2A and B): Asn95, Asn105, Asn166, and Asn178. Electron density corresponding to
at least one well-ordered GIcNAc moiety was observed at Asn166 and Asn178 but not
at Asn95 and Asn105 in the structure of JUNV GP1-Fab JUN1 (Fig. 2B; Fig. S4A). Given
that N-linked glycosylation was observed at Asn105 in a previously crystallized JUNV
GP1 molecule produced under similar conditions (PDB ID 5NUZ [27]), it is likely that
the glycan extending from this site is intrinsically flexible in the crystal. The absence of
structural evidence for the glycan at Asn95 in this or any other reported JUNV GP1
structures suggests that this site may not be glycosylated to sufficient occupancy dur-
ing protein folding, at least under the recombinant expression conditions used for pro-
tein production. Examination of the JUNV GP1-Fab JUNT interface indicates that the
epitope is protein specific and that glycosylation is unlikely to play a role in supporting
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FIG 4 Structural basis for Fab MAC1 recognition of MACV GP1. (A) Schematic domain organization of the
MACV GP (generated with DOG software [65]). The MACV GP1 construct used for crystallization is highlighted
as a rainbow. The stable signal peptide (SSP), signal peptidase (SPase) site, GP1 glycoprotein, subtilisin-like
kexin protease 1-site 1 protease (SKI-1/S1P) cleavage site, GP2 glycoprotein, transmembrane region (TM), and
intravirion domain (IV) are annotated. Putative N-linked glycosylation sites are labeled as diamond-shaped pins
above the schematic, with sites observed in the crystal structure colored yellow. (B) Structure of MACV GP1 in
complex with Fab MAC1. MACV GP1 is shown in cartoon representation and colored as a rainbow ramped
from blue (N terminus) to red (C terminus). Crystallographically observed N-linked glycosylation sites are
labeled and indicated as yellow spheres with the glycans shown as sticks. MACT is shown as in ribbon
representation, with heavy chain colored gray and light chain colored white. CDR loops are labeled and colored
light green (CDR H1), yellow (CDR H2), dark green (CDR H3), pink (CDR L1), light pink (CDR L2), and purple (CDR
L3). V,, V., G, and C_ denote the antibody variable heavy, variable light, constant heavy, and constant light chain
domains, respectively. (C) Structure of MACV GP1 in complex with Fab CR1-07 (PDB ID: 5W1M) (29). The structure
is presented, colored, and annotated as in panel B.

the interaction (Fig. 2C). However, the close proximity of these glycans to the JUN1 epi-
tope is consistent with their established role in shielding the GP surface and reducing
neutralizing potential, as has been observed for other anti-JUNV GP1 RBS NAbs, includ-
ing GDO1 and ODO01 (31).

Structural basis for MACV GP1 recognition by NAb MAC1. MAC1 is currently the
only NAb with a known sequence that is solely specific to and neutralizes MACV
(Table S1; Fig. S1C and D). To characterize the mode of MAC1 recognition, we crystal-
lized MACV GP1 in complex with the Fab fragment of NAb MACT using a similar strat-
egy as that described for the JUNV GP1-Fab JUN1 complex. Briefly, following deglyco-
sylation, complex formation, and crystallization, X-ray diffraction data were collected to
1.9-A resolution (Table S3), and the structure was solved by molecular replacement
using MACV GP1 (PDB ID: 2WFO [13]) and Fab ODO1 (PDB ID: 5NUZ [27]) structures as
search models. One copy of the antigen-Fab MAC1 complex was present in the asym-
metric unit.

As previously observed (13), MACV GP1 (Glu87 to Phe257) adopts the expected
compact «/B fold (Fig. 4A and B) and exhibits a high level of structural conservation
when superimposed with the unliganded form of MACV GP1 (0.7-A RMSD; PDB ID
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FIG 5 Comparison of MACV GP1-Fab MAC1 and MACV GP1-Fab CR1-07 complex interfaces. (A) Interaction between MACV GP1 and Fab MACI. (Left)
MACV GP1 is shown as a light gray cartoon. Fab MAC1 is shown as dark gray (heavy chain) and white (light chain) ribbons, with CDR loops colored as
indicated. (Upper right) A bar chart representing the contributions of each MAC1 CDR toward MACV GP1 binding, calculated using the PDBePISA server
(66) and measured in buried surface area (A2). (Lower right) Closeup view of the MACV GP1-Fab MAC1 interface. Selected intermolecular hydrogen bonds
are highlighted with dashes, and participating residues are shown as sticks. (B) Interaction between MACV GP1 and Fab CR1-07. (Left) Structure of MACV
GP1-Fab CR1-07 (PDB ID: 5W1M) (29), presented as in panel A. (Upper right) A bar chart representing the contributions of each CR1-07 CDR toward MACV
GP1 binding, calculated as in panel A. (Lower right) Closeup view of the MACV GP1-Fab CR1-07 interface, presented as in panel A. (C) Overlay of signature
CDR tyrosine residues (stick representation) from ODO1 (Tyr30B, pink), GDO1 (Tyr98, dark green), CR1-28 (Tyr106, yellow), JUN1 (Tyr100A, dark blue), hTfR1
(Tyr211, blue), MAC1 (Tyr97, brown), and CR1-07 (Tyr106, cyan) with respect to JUNV GP1 (white cartoon) and MACV GP1 (gray cartoon).

2WFO [13]), as well as MACV GP1 bound to hTfR1 (0.7-A RMSD; PDB ID 3KAS [23]) and
the MACV/JUNV cross-reactive Fab, CR1-07 (0.9-A RMSD; PDB ID 5W1M [29]) (Fig. 4C).
Fab MACT interacts with the cognate GP1 molecule at the structurally observed hTfR1
binding site in an interaction that occludes ~1,230 A2 of solvent-accessible surface
area. Five of the six Fab MAC1 CDRs are involved in MACV GP1 recognition, where the
heavy chain contributes to the bulk of the interaction (Fig. 5A).

While characterized JUNV-specific NAbs mimic the native hTfR1-GP1 interaction,
namely, the insertion of Tyr211"™1 into a pocket of MACV GP1 (23) (Fig. 3), this mode
of recognition was not recapitulated in the MACV GP1-Fab MACT1 structure. Indeed, the
central TfR1 binding pocket remains unoccupied, and in contrast to the long CDR loops
that dominate JUNV GP1-NAb contacts, the 13-amino-acid MAC1 CDR H3 sits shallowly
and approximately equidistant between loops 3 and 7 of MACV GP1 (Fig. 4B and
Fig. 5A). The CDR H3 of Fab MAC1 presents a tyrosine (Tyr97<PR H3 [Chothia numbering
scheme {35}]), which points toward the RBS pocket (Fig. 5A). However, unlike
Tyr211hR! which engages Ser113MACV GP1 within the RBS pocket (23), Tyr97<PR H3 from
Fab MAC1 interacts with Val117MACY GP1 - Arg165MACY GP1 and Phe226MACY GPT at the rim
of the pocket (Fig. 5A). Interestingly, a tyrosine residue (Tyr106<PR H3) in NAb CR1-07
points toward the RBS in a similar direction as Tyr97¢P® H3 of NAb MAC1 and forms
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contacts with Val117MACY GP1 (29) (Fig. 5B), indicative that this region of MACV GP1 is an
important target for both singly reactive and cross-reactive NAbs. Indeed, we note that
Val117MACV GP1 s also conserved in JUNV GP1 (Val117/UNV GP1),

The absence of a receptor-mimicking, tyrosine-mediated mode of MACV GP1 engage-
ment by the anti-MACV NAbs MAC1 and CR1-07 may be, in part, due to the presence of a
disulfide-linked insert (loop 10) unique to MACV GP1, which structurally hinders the
accessibility of MAC1 and CR1-07 to the Tyr211"™®! pocket at the RBS (Fig. 5C).
Superimposition of the crystal structure of MACV GP1 with those of JUNV GP1s in NAb-
bound states reveals steric clashes between the MACV GP1 loop 10 and Fab CDRs of
JUNV-specific NAbs (Fig. S5), supportive of the lack of MACV/JUNV cross-reactivity by
NAbs GDO1, ODO01, and JUN1. While anti-JUNV NAb CR1-28 cross-reacts weakly with
MACV GP1, it neutralizes MACV poorly (29). Similarly, a previous study has shown
enhanced neutralization of MACV by mouse anti-JUNV GP antisera when MACV loop 10
was removed (36).

The Fab MAC1 epitope is further stabilized through hydrogen bonding of paratope res-
idues Thro9<PR 13 and Arg100<PR H3 with Val117MA®V GP1 | ys169MACY GP1 and Glu17 1MACY GP1
(Fig. 5A; Fig. S3). Trp33<PR H1 of Fab MACT also contacts residue Lys170MACY GP1 - with
Asp54<PR H2 and Asp56<PR H2 forming salt bridges with Lys170MA<Y GP1 (Fig. S3). In contrast
to these extensive heavy chain interactions, the Fab MAC1 light chain has a limited role in
antigen recognition, with Tyr32PR L1 His49R L2 Tyr50PR L2 and Arg53<PR L2 forming
minor contacts with loop 3 residues Glu121MASY GP1 gnd Tyr122MAXV GP1T (Fig. S3).

Like JUNV GP1, our MACV GP1 construct encodes four N-linked glycosylation
sequons, which surround the MACV GP1 RBS (Fig. 4A and B): Asn95, Asn137, Asn166,
and Asn178. Similar to previous structural studies of MACV GP1 alone and in complex
with hTfR1 (13, 23), electron density corresponding to at least a single GIcNAc moiety
was observed at each of these sites (Fig. 4B; Fig. S4B). Interestingly, the N-linked site
extending from Asn178 constitutes an ordered chain of nine glycan moieties
(Man,GIcNACG,), suggestive that the di-N-acetylchitobiose core is protected by the sur-
rounding proteinaceous environment during endoF1 digestion. In contrast to the gly-
can-independent mode of interaction observed in the JUNV GP1-Fab JUN1 complex,
the terminal mannose residues of the glycan chain extending from Asn178MACV GP1 con-
tribute a footprint of ~120 A2 through interaction with residues at the C-terminal seg-
ment of the Fab MAC1 CDR L2, including Leu54MACT Arg55MACT Ser56MACT Gly57MACT,
Val58MACT Pro59MACT and Ser60MACT (Fig. S4B). While the exact glycan composition and
occupancy at Asn178MACY GP1 gre currently unknown and warrant further investigation,
the observed epitope is reminiscent of those observed on other highly glycosylated
viruses such as HIV-1 Env (e.g., NAbs PGT128 and PGT135) (37) and is consistent with
the requirement for NAbs to penetrate the relatively dense glycan shield presented on
the arenavirus surface (31, 38).

Anti-MACV GP1 NAbs MAC1 and CR1-07 target distinct yet overlapping epitopes.
Our MACV GP1-Fab MAC1 structure complements the MACV/JUNV cross-reactive Fab
CR1-07 as the only other reported MACV GP1-bound NAb structure. To illuminate the
molecular determinants that dictate NAb cross-reactivity at the NW GP1 RBS, we com-
pared the modes of antigen recognition utilized by these two distinct NAbs (Fig. 5).
While Fab MACT1 relies predominantly on the heavy chain for GP1 recognition and Fab
CR1-07 relies on both heavy and light chains, both MAC1 and CR1-07 target an over-
lapping binding site at the rim of the central TfR1-binding pocket that includes MACV
GP1 loops 3, 7, and 10 and hence preclude TfR1 recognition. Furthermore, both Fab
MAC1T and Fab CR1-07 engage MACV GP1 with angles of approach that enable the
NADbs to avoid clashes with loop 10, which is unique to MACV GP1 (Fig. 4 and 5).

The modes of interaction, however, are distinct and differentiated by their respec-
tive paratopes, where Fab CR1-07 contacts a significantly larger surface of MACV GP1
that is conserved between MACV and JUNV (Fig. 6). Indeed, although sequence and
structural variation between MACV and JUNV GP1 at the RBS exists, ~590 A2 of the
total Fab CR1-07 footprint is conserved between MACV and JUNV, compared to ~380
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FIG 6 Footprints of hTfR1, Fab MAC1, and Fab CR1-07 on MACV GP1. MACV GP1 is shown in surface
representation and colored white. The footprints of hTfR1 (PDB ID: 3KAS) (23), MAC1, and CR1-07 (PDB ID:
5W1M) (29) on MACV GP1 are shown in blue: dark blue represents amino acid residues conserved (identical)
between MACV GP1 and JUNV GP1; nonconserved residues are colored light blue. The area of the footprints
exhibited by hTfR1, MAC1, and CR1-07 on the solvent-accessible surface area of MACV GP1 by residues that are
conserved with JUNV GP1 was calculated with the PDBePISA server (66), measured in buried surface area (A2,
and labeled accordingly.

A2 for Fab MAC1 (Fig. 6). Thus, while structure overlay analysis does not reveal any
apparent steric hindrance between Fab MAC1 and JUNV GP1, the relatively small
amount of surface area that is conserved between MACV and JUNYV, at the Fab MAC1
epitope, likely contributes to the absence of detectable cross-reactivity.

DISCUSSION

JUNV and MACYV, the etiological agents of Argentine and Bolivian HFs (AHF and
BHF), respectively, put more than five million people at risk (39). Successful treatment
of AHF by passive immunization has proven that the generation of a NAb response is
crucial for controlling JUNV infection (6, 7). Characterization of the epitopes targeted
by NAbs is therefore essential for the design of prophylactics and immunogens that
protect against NW arenavirus infection and empower reverse vaccinology approaches
(40) focused on the identification of the minimal subcomponents of the GP spike nec-
essary for eliciting a protective immune response.

Here, we isolated eight NAbs termed JUN1 to -7 and MAC1 (Fig. 1). In our neutrali-
zation study, we used both pseudotyped lentivectors for initial MAb neutralization
screening and a recombinant LCMV-based system to confirm and cross-validate our
neutralization results. Interestingly, MAC1 neutralizes pseudotyped lentiviral particles
with 5-fold-greater potency than that observed for the chimeric LCMV-based system.
This matches previous observations on studies of Lassa virus (LASV) GP neutraliza-
tion, which observed an approximately 10-fold difference between the two systems
(41). Interestingly, Robinson et al. revealed that their recombinant LCMV assay yielded
results very comparable to replicating wild-type LASV tested in BSL-4 (41). Therefore,
while assessment of the NAbs produced here would benefit from assessment against
wild-type viruses in a range of cell lines under BSL-4 containment in future studies, we en-
visage that our recombinant LCMV assay provides a fair surrogate for the wild-type virus
neutralization. Sequence analysis reveals that the CDRs of these NAbs are distinct from
the previously reported anti-NW GP1 MAb and likely originate from independent germ
lines (see Tables ST and S2 and Fig. S1 in the supplemental material). Furthermore, our
structural investigation of NAbs JUN1 and MACT demonstrates that both NAbs target the
GP1 RBS, precluding TfR1 recognition, albeit through different modes of antigen recogni-
tion (Fig. 2 to 5).

JUN1 engages the JUNV GP1 RBS by insertion of a tyrosine residue into the central
pocket of the GP1, an interaction that mimics TfR1-NW GP1 recognition (23) (Fig. 2 and
3). This mode of antigen recognition has been previously observed in the structures of
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other structurally characterized anti-JUNV NAbs, namely, ODO1 (27), GDO1 (28), and
CR1-28 (29) (Fig. 3). While the aforementioned anti-JUNV NAbs are derived from differ-
ent germ line origins and approaches (Table S1), the varied means by which these ge-
netically distinct antibodies converge upon a single immunological solution are con-
sistent with previous proposals that the JUNV GP1 RBS constitutes a key site of
vulnerability on the NW arenavirus surface (27-29).

Unlike JUNT, MACT engages the MACV GP1 RBS without occupying the central tyro-
sine pocket but through the interaction with peripheral residues, including those
encoded in loop 10, which are unique to MACV (Fig. 4B and Fig. 5A). Consistent with the
hypothesis by Clark et al. (29), our analysis indicates that this elongated region of the mol-
ecule contributes to the antigenic distinctiveness of MACV GP1 from other NW GP1s and
sterically hinders JUNV GP1-specific NAbs from interacting with MACV GP1. Indeed, the
inability of anti-JUNV GP1 NAbs JUN1, ODO1, and GDO1 to cross-react with MACV GP1
may be rationalized by structure overlay analysis, which reveals major clashes between
Fab-encoded CDRs and loop 10 of MACV GP1 (Fig. S5). The differential modes of antigen
recognition utilized by anti-JUNV and anti-MACV NAbs, therefore, reflect the extensive
sequence and structural variation between JUNV and MACV GP1, which may have arisen
following coevolution of the viruses with their individual rodent TfR1 orthologues (42).

Interestingly, despite not exhibiting any major clashes with JUNV GP1, MAC1 does
not cross-react with JUNV GP1 (Fig. 1B). Comparison of MACT with the MACV/JUNV
cross-reactive NAb, CR1-07, reveals differences between the two overlapping epitopes
that may explicate this different functionality, where the latter exhibits a more exten-
sive footprint with a greater overall surface area that is conserved between the two
NW arenaviruses (Fig. 6). This observation indicates that in addition to avoiding clashes
with MACV GP1 loop 10, the ability to engage a sufficiently large and conserved sur-
face is likely also an important determinant for MACV/JUNV cross-reactivity.

Our and other NAbs recognize recombinantly produced NW GP1 (Fig. 1 to 5) (27—
29), consistent with a previous study demonstrating that recombinant NW GP1 is im-
munogenic and capable of eliciting NAbs (43). Further, given that recombinant NW
GP1 recognizes TfR1 (23, 44), these combined observations are consistent with the hy-
pothesis that the conformations of monomeric JUNV and MACV GP1 are likely to
resemble that existing on the mature trimeric NW arenaviral GP (1). The recent elucida-
tion of the Old World (OW) Lassa virus (LASV) GP ectodomain structure (45) (“GP2-
bound”) presents an opportunity to predict how NAbs JUN1 and MACT recognize their
respective NW GP1 in the context of the higher-order GP. Similar to previous hypothe-
ses (29, 45), our structure overlay-derived models of trimeric JUNV-GP and MACV-GP
demonstrate that the RBS is directed outward and is compatible with TfR1 recognition
(Fig. S6A and B). Similarly, we find that the Fab fragments from the NAbs MAC1 and
JUNT may be concurrently accommodated into each of the three GP1 components of
the trimeric GP. This modeling suggests that JUNT and MAC1 target natively accessible
surfaces presented on the mature arenaviral GP (Fig. S6C and D).

The presence of N-linked glycosylation on the surface of viral glycoproteins has
been shown to play an important role in shielding the virus from the antibody-medi-
ated immune response arising to infection (31, 46). Although not to the same level as
observed in OW arenaviruses (1, 38), NW arenaviruses are extensively glycosylated (31).
While the composition and occupancy of these glycans on the mature NW GP remain
to be characterized, previous studies have shown that they likely occlude much of the
JUNV and MACV GP surface and encircle the GP1 RBS (13, 23, 27, 31). Consistent with
N-linked glycosylation providing a limited contribution to the interaction between
MACV GP1 and hTfR1 (23), however, much of the RBS for both JUNV and MACV GP1s
remains largely unshielded. We suggest that the exposure of this functionally impor-
tant region of the NW GP surface may, in part, rationalize why each of the six structur-
ally characterized NAbs targets the GP1 RBS. When combined with analysis of glycan
occupancy and composition, future studies based upon identifying and characterizing
GP2 or higher-order GP1-GP2 quaternary epitopes, such as those identified on LASV
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GP (41, 45, 47), will likely aid in the identification of other sites of vulnerability. Indeed,
in line with this aim, several GP2-specific MAbs have been identified (41, 48, 49).

In summary, our study reveals the molecular basis for MAb-mediated neutralization
of JUNV and MACV by NAbs JUN1 and MAC1, respectively. This work provides a struc-
tural template for understanding the antigenic surface of the NW GP1 and augments
efforts to develop GP-specific vaccines and synergetic combinations of NAb-based pro-
phylactics that target the NW arenavirus surface.

MATERIALS AND METHODS

Recombinant arenavirus engineering and mouse immunization. JUNV-GP-chimeric LCMV (rLCMV/
JUNV-GP), MACV-GP-chimeric LCMV (rLCMV/MACV-GP), JUNV-GP-chimeric PICV (rPICV/JUNV-GP), and
MACV-GP-chimeric PICV (rPICV/MACV-GP) for immunization and neutralization assay testing were gener-
ated from cDNA following established protocols (50). For the rLCMV/JUNV-GP, rPICV/JUNV-GP, rLCMV/
MACV-GP, and rPICV/MACV-GP constructs, the GP of strain XJ13 from JUNV (GenBank accession no.
ACO52428) and the GP from the Carvallo strain of MACV (AY129248) were used, respectively. To isolate
JUNV-neutralizing MAbs, C57BL/6 mice were immunized at weeks 0, 6, and 11 with rLCMV/JUNV-GP
(1 x 107 PFU intravenously [i.v.]) and were given a final boost at week 20 with Candid#1 (2 x 10° PFU
i.v.), followed by spleen cell preparation 4 days later. For the isolation of the MACV-neutralizing anti-
body, MAC1, and in an effort to derive cross-reactive JUNV/MACV NAbs, mice were primed at week 0
with rLCMV/MACV-GP (2 x 10° PFU i.v.) and boosted at week 5 (rPICV/JUNV-GP, 10° PFU i.v.) and weeks
17 and 40 (rPICV/MACV-GP, 10° PFU i.v.), and spleen cells were prepared a week after the final boost.
Mouse immunization experiments were performed at the University of Basel in accordance with the
Swiss law for animal protection and with permission from the Veterinaramt Basel-Stadt.

GP1-specific B cell sorting. Fluorescence-activated cell sorting of mouse splenocytes was per-
formed on a BD Aria Il. Splenocytes were stained with anti-CD11c-phycoerythrin (PE) (BD Pharmingen),
anti-F4/80-PE (eBioscience), anti-CD4-BV605 (BioLegend), anti-CD8-BV605 (BioLegend), anti-B220-BV421
(BioLegend), anti-lgD-allophycocyanin (APC)-Cy7 (BioLegend), and anti-lgM-peridinin chlorophyll protein
(PerCP)-eFluor 710 (eBioscience). Biotinylated MACV and JUNV GP1 were incubated separately with both
streptavidin-Alexa Fluor 488 (Thermo Fisher Scientific) and streptavidin-Alexa Fluor 647 (Thermo Fisher
Scientific). CD4/CD8 B220* IgM~ IgD~ GP1* cells were sorted into individual wells containing RNase
Out (Invitrogen) and First Strand SuperScript Ill buffer, dithiothreitol (DTT), and H,O (Invitrogen), and
RNA was converted into cDNA (SuperScript Ill reverse transcriptase; Invitrogen) using random hexamers
following the manufacturer’s protocol.

Full-length Ab cloning and expression. The mouse antibody (Ab) variable regions of heavy and
light chains were amplified with PCR using previously described primers and conditions (51). PCR prod-
ucts were purified and cloned into an expression vector encoding the mouse heavy or light chain con-
stant regions using ligation-independent cloning (51). Ab variable regions were sequenced by Sanger
sequencing, and germ lines were determined using IMGT, the international InMunoGeneTics informa-
tion system (http://www.imgt.org) (52).

Ab heavy and light chain plasmids were cotransfected at a 1:1 ratio into human embryonic kidney
(HEK) 293F cells (Thermo Fisher Scientific) using PEI Max 40K (linear polyethylenimine hydrochloride;
Polysciences, Inc.). Ab supernatants were harvested 5 days following transfection and purified using pro-
tein G affinity chromatography following the manufacturer’s protocol (GE Healthcare).

ELISA. ELISAs were carried out as previously described (27). High-binding ELISA 96-half-well micro-
plates (Corning) were coated with purified JUNV GP1 or MACV GP1 (25 uL, 3 wg/mL in phosphate-buf-
fered saline [PBS]) overnight at 4°C. Plates were washed five times with PBS containing 0.05% Tween 20
(PBS-T) and blocked with blocking buffer (5% nonfat milk in PBS-T) for 1 h at room temperature. The
blocking buffer was removed, and serially diluted Ab (starting at 10 wg/mL, 1:5 dilution in blocking
buffer) was added for 2 h at room temperature. Plates were washed five times with PBS-T. Secondary Ab
(goat anti-mouse IgG Fc, biotin conjugate; Thermo Fisher Scientific; 1:1,000) was added for 30 min, plates
were washed as described above, and alkaline phosphatase (AP)-conjugated streptavidin (1:10,000;
Invitrogen) was added for 30 min. Following a final wash, p-nitrophenyl phosphate substrate (Sigma)
was added to detect binding, and the optical densities (ODs) were measured at 405 nm.

Competition ELISA. High-binding ELISA 96-half-well microplates (Corning) were coated with puri-
fied JUNV GP1 (25 ul, 3 wg/mL in PBS) overnight at 4°C. Plates were washed five times with PBS-T
(0.05% Tween 20) and blocked with blocking buffer (5% nonfat milk in PBS-T) for 1 h at room tempera-
ture. The blocking buffer was removed, and serially diluted JUN1 Fab (at 50 ng/mL, 1:5 dilution in block-
ing buffer) was added for 30 min at room temperature. JUN1 to JUN7 IgG was added at the 80% effec-
tive concentration (ECg,) and incubated for a further 1.5 h. Plates were washed five times with PBS-T.
Secondary antibody (goat anti-mouse IgG Fc biotin conjugate; Thermo Fisher Scientific; 1:1,000) was
added for 30 min, plates were washed as described above, and streptavidin-AP (1:10,000; Invitrogen)
was added for 30 min. Following a final wash, p-nitrophenyl phosphate substrate (Sigma) was added to
detect binding and the ODs were measured at 405 nm. The competition is reported for JUN1 Fab at
50 ng/mL and is reported relative to the percent competition measured for JUNT IgG.

Pseudotyped virus preparation. HIV-1-based virus particles, pseudotyped with JUNV GP and MACV
GP, were produced in a 10-cm dish seeded the day prior with 3.5 x 10° HEK293T/17 cells in 10 mL of
complete Dulbecco’s modified Eagle’s medium (DMEM-C) containing 10% (vol/vol) fetal bovine serum,
100 IU/mL penicillin, and 100 wg/mL streptomycin. Cells were transfected using 45 ug of PEI (1 mg/mL;
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Polysciences) with 750 ng of HIV luciferase-encoding plasmid, 500 ng of HIV 8.91 gag/pol-encoding plas-
mid (53), and 250 ng of GP protein-encoding pHLsec vector (54). Supernatant was harvested 72 h post-
transfection, filtered through a 0.45-um filter, and stored at —80°C until required.

Pseudovirus neutralization assays. Serial dilutions of MAbs were prepared with DMEM and incu-
bated with MACV or JUNV GP pseudotyped HIV-1 virus particles for 1 h at 37°C in 96-well plates. Next,
HEK293T cells were added, and the plates were left for 72 h. Infection level was assessed in lysed cells
with the Bright-Glo luciferase kit (Promega), using a Victor X3 multilabel reader (Perkin Elmer). IC, values
were calculated using GraphPad Prism.

LCMV-based virus neutralization assays. The neutralizing capacity of JUNV-GP and MACV-GP spe-
cific MAbs was tested in immunofocus reduction neutralization tests using chimeric engineered LCMV car-
rying the respective envelope glycoproteins (rLCMV/JUNV-GP; rLCMV/MACV-GP). As the cell substrate,
293T-GP cells (55) were used for optimal immunofocus formation under methylcellulose. Immunofoci were
visualized using the anti-LCMV-NP MAb VL-4 (56) and were counted on an Immunospot S6 device (C.T.L.).

GP1 and Fab expression and purification. Constructs encoding the GP1 glycoprotein subunits of
JUNV GP (residues 87 to 232; GenBank accession number ACO52428) and MACV GP (residues 87 to 257;
GenBank accession number AAS77647.1) were cloned into the pHLsec mammalian expression vector (54).

HEK293T cells were transiently transfected with the desired protein constructs using PEl in the pres-
ence of the class 1 a-mannosidase inhibitor kifunensine (57). Cell supernatants were harvested 72 h after
transfection and diafiltrated against a buffer containing 10 mM Tris (pH 8.0) and 150 mM NaCl (Akta Flux
diafiltration system; GE Healthcare). Glycoproteins were purified by immobilized nickel-affinity chroma-
tography followed by size exclusion chromatography (SEC) using a Superdex 200 10/300 Increase col-
umn (GE Healthcare), equilibrated in 10 mM Tris (pH 8.0), 150 mM NaCl buffer.

The JUN1T and MAC1 Fab fragment heavy and light chain genes were PCR amplified from cDNA and
cloned into the pHLsec mammalian expression vector (54). A C-terminal His, tag was included in the
heavy chain construct, and the two chains were coexpressed (1:1 [wt/wt] ratio of Fab heavy to light
chain-expressing plasmids) in HEK293T cells and purified, as previously described (58). Fab JUN1 and
MAC1 were subsequently mixed with purified JUNV GP1 and MACV GP1, respectively, in a 1:1.1 molar ra-
tio. To aid crystallogenesis, JUNV GP1 and MACV GP1 were partially deglycosylated with endoF1 (25°C,
18 h). Following deglycosylation, the GP1-Fab complexes were repurified by SEC, as described above.

Data collection and structure determination. Crystallization experiments were performed at room
temperature using the sitting drop vapor diffusion method (59). Crystals of JUNV GP1-Fab JUN1 complex
were obtained by mixing 100 nL of a 5.9-mg/mL protein sample and 100 nL of precipitant containing
20% (wt/vol) polyethylene glycol (PEG) 8000 and 0.1 M HEPES, pH 7.5. Crystals of MACV GP1-Fab MAC1
complex were obtained by mixing 100 nL of an 8.8-mg/mL protein sample and 100 nL of precipitant
containing 1.4 M sodium malonate, pH 6.0. Crystallization drops were equilibrated against 95 uL of a
precipitant-containing reservoir. In all instances, crystals were cryoprotected by transfer into a solution
of the respective precipitant supplemented with 25% (vol/vol) glycerol, prior to flash cooling in liquid
nitrogen.

X-ray diffraction data were recorded at Diamond Light Source, United Kingdom. Crystal data were
indexed, integrated, and scaled with XIA2 (60). The structure of JUNV GP1-Fab JUN1 complex was solved
by molecular replacement with PHASER (61), using the crystal structures of JUNV GP1 and Fab ODO1
(PDB: 5NUZ [27]) as search models. The structure of MACV GP1-Fab MAC1 complex was phased by mo-
lecular replacement with PHASER (61) using MACV GP1 (PDB: 2WFO [13]) and Fab ODO1 (PDB: 5NUZ
[27]) as search models. For all structures, iterative rounds of model building and refinement were per-
formed using COOT (62) and PHENIX with TLS parameterization (63), respectively. MolProbity (64) was
used to validate model quality. Data collection and refinement statistics are presented in Table S3 in the
supplemental material. The PyMOL molecular graphics system (https://www.schrodinger.com/pymol)
was used to generate the structural models presented in the figures.

Statistical analysis. The assays presented in Fig. 1B to E were performed in duplicate and repeated
at least twice. All data points presented in Fig. 1B to D are expressed as means. All data points are shown
in Fig. 1E. Error bars represent the range of the values for experiments performed in duplicate.

Data and material availability. All data needed to evaluate the conclusions in the paper are pres-
ent in the paper and/or the supplemental material. Coordinates and structure factors of MACV GP1-Fab
MAC1 and JUNV GP1-Fab JUN1 have been deposited in the Protein Data Bank with the accession codes
7QU1 and 7QU2, respectively.
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