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Marburg virus (MARV) is a filovirus that causes severe and often lethal haemorrhagic
fever'? Despite the increasing frequency of MARV outbreaks, no vaccines or
therapeutics are licensed for use in humans. Here we designed mutations that
improve the expression, thermostability and immunogenicity of the prefusion
MARV glycoprotein (GP) ectodomain trimer, which is the sole target of neutralizing
antibodies and vaccines in development®®, We discovered a fully human, pan-
marburgvirus monoclonal antibody, MARV16, that broadly neutralizes all MARV
isolates, Ravn virus and Dehong virus with 40-100-fold increased potency relative

to previously described antibodies®. Moreover, MARV16 provided therapeutic
protectionin guinea pigs challenged with MARV. We determined a cryogenic electron
microscopy structure of MARV16-bound MARV GP. The structure shows that
MARV16 recognizes a prefusion-specific epitope spanning GP1and GP2, which blocks
receptor binding and prevents conformational changes required for viral entry.

We further determined the architecture of the MARV GP glycan cap, which shields
thereceptor-binding site, and identified architectural similarities with distantly
related filovirus GPs. MARV16 and previously identified antibodies directed against
thereceptor-binding site’ ' simultaneously bound MARV GP. These antibody cocktails
required multiple mutations to escape neutralization by both antibodies, a result that
paves the way for the development of MARV therapeutics resistant to viral evolution.
MARYV GP stabilization along with the discovery of MARV16 advance prevention and

treatment options for MARV disease.

MARYV belongs to the Filoviridae family and causes Marburg virus dis-
ease (MVD), whichis characterized by ahaemorrhagic fever withacase
fatality rate ranging from 24 to 88%"*. Inrecent years, multiple African
countries have experienced MARV outbreaks, including Ghanain 2022,
Equatorial Guinea in 2023, Rwanda in 2024 and Tanzania in 2023 and
2025 (refs. 8,13-16). Although recent outbreaks were contained, larger
MARV outbreaks are likely to occur, similar to the 2013-2016 outbreak
of therelated Ebolavirus (EBOV) in West Africa, which led to more than
28,600 infections and 11,325 casualties'®. The recurring and frequent
spillovers of MARV underscores the necessity for licensed vaccines
and therapeutics, which are currently not available.By contrast, mul-
tiple countermeasures have been developed and approved for Ebola
virus, including vaccines such as Ervebo (rVSV-ZEBOV) and Zabdeno/
Mvabea (Ad26.ZEBOV/MVA-BN-Filo), as well as monoclonal antibody
therapeutics including mAb114 (Ebanga) and the REGN-EB3 cocktail
(Inmazeb). All of these therapeutics provide proof of concept for the
successful development of filovirus countermeasures'® 2,

Vaccines and monoclonal antibodies in development against
MARYV target the viral GP because GP-directed antibodies have been

suggested to be the primary correlate of protection against MVD?. The
MARV GP is ahomotrimeric protein anchored in the viralmembrane
andis responsible for recognition of the host receptor, NPC1, and sub-
sequent membrane fusion that leads to viral entry?>*. The MARV GPis
proteolytically cleaved by furin during viralmorphogenesis to produce
the GP1and GP2 subunits that remain covalently linked by adisulfide
bond®"%, GP1comprises three domains: the core, the glycan cap and
the mucin-like domain. The GP1 core contains the receptor-binding
site (RBS), which is shielded from neutralizing antibodies by the
highly glycosylated glycan cap and mucin-like domain'®?**?, In con-
trast to the EBOV or Sudan virus (SUDV) GPs, an ordered glycan cap
has not been visualized for MARV GP, which suggests that the RBS
might be more exposed for MARV GP compared with the EBOV and
SUDV GPs'*"#28 GP2 is also composed of three domains: the wing,
the core and the transmembrane domain. The GP2 core is the fusion
machinery that promotes fusion of the viral and host membranes® .,
The wing domain is unique to the Marburgvirus genus and wraps
around the GP equator, which was proposed to limit recognition by
neutralizing antibodies".
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Several MARVinvestigational vaccines have advanced to phase I or Il
clinicaltrials, with one of them, cAd3-Marburg, being used during the
MARYV outbreak in Rwanda in 2024 (refs. 3-8). These vaccines either
display MARV GP on a viral vector or encode for MARV GP. These vac-
cines may benefit from the identification and inclusion of mutations
thatincrease GP expression and prefusion stability, similar to the stabi-
lizing mutations that were incorporated into vaccines for SARS-CoV-2
and for respiratory syncytial virus®>**. Only one stabilizing mutation
that promotes trimer formation of the MARV GP ectodomain has been
identified so far*. By contrast, several stabilizing mutations have been
identified for the EBOV and SUDV GPs, which suggests that further
optimization of prefusion MARV GP may be possible**,

Monoclonal antibodies that target multiple MARV GP domains
have been isolated from patients who recovered from MVD and from
GP-immunized animals®**8, However, only antibodies that target the
RBS had detectable, albeit weak, neutralizing activity against MARV®.
Several of these RBS-directed antibodies have shown protective effi-
cacy in animal models, with one of them, MR191, being the precur-
sor to the investigational therapeutic monoclonal antibody MBPO1
(refs. 9,39,40). Given that the neutralization potency of RBS-directed
antibodies, including MR191, can be reduced by single mutations in
the highly variable glycan cap®, an antibody cocktail may prove to be
more resistant to viral evolution.

Hereweset out toidentify MARV GP-stabilizing mutations to develop
animmunogen that will enable subsequentdiscovery of vaccine-elicited
antibodies that potently neutralize MARV. We identified two mutations
inthe MARV GP2 heptad repeat 1-C (HR1.) inthe GP2 core domain that
increase expression, thermostability and immunogenicity of the prefu-
sion ectodomain trimer while retaining its native prefusion structure
and antigenicity. Immunization of ahumanized transgenic mouse with
prefusion-stabilized MARV GP ectodomain trimer enabled isolation
of a potent neutralizing antibody, designated MARV16, that targets a
prefusion GP epitope spanning the GP1and GP2 subunits. We further
demonstrate that MARV16 potently neutralizes historicaland contem-
porary MARV variants and the related Ravn virus (RAVV) and Dehong
virus (DEHV). We show that MARV16 protects guinea pigs against MVD
when administered after MARV exposure. Finally, we show that MARV16
can bind to MARV GP simultaneously with RBS-directed antibodies,
thereby providing a path towards the development of a therapeutic
antibody cocktail for MVD.

Expression of the MARV GPAMuc ectodomain

To produce a soluble, prefusion MARV GP ectodomain trimer, we
first designed aMARV GP construct that lacks the mucin-like domain
(residues 257-425) and the transmembrane domain (residues 638-
681) (Fig.1a). The mucin-like domain was omitted from our construct
because antibodies that target this domain are unlikely to be neutral-
izing**2, We also incorporated three previously described mutations,
W439A, F445G and F447N, which increase cleavage of precursor GP
by furin'®, and the H5891 mutation, which promotes the formation of
monodisperse trimers in the absence of an exogenous trimerization
domain®*. Co-expression of this construct, termed MARV GPAMucy,
with furin produced monodisperse trimers (Fig. 1b), as visualized
by negative-stain electron microscopy. Binding to MR191 (Fig. 1c)
confirmed proper folding and antigenicity of our MARV GPAMuc,,;
ectodomain, which we used for a subsequent antibody discovery
campaign.

Identification of stabilizing mutations in HR1,

Similar to other class I fusion proteins, MARV GP undergoes large-scale
structural rearrangements to mediate membrane fusion with the
GP2HRIregion (residues 577-583), rearranging from a loop before
fusion to a helix after fusion'®"?>*, Previous studies have identified
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EBOV GP2 HR1. mutations that stabilize the prefusion conformation
and improve GP expression yields with and without the addition of
a trimerization domain®**. However, porting the EBOV GP T578P
stabilizing mutation to MARV GP did not produce the same enhance-
ment in expression*. Following our previous success in stabilizing
the Langya virus G and Epstein-Barr virus gB proteins****, we used
ProteinMPNN* to assist the identification of stabilizing MARV GP
HRI1. mutations using the previously determined RAVV GP structure™
asaninput model. Identified mutations were visually inspected, and
those that seemed compatible with the prefusion conformation were
incorporated into the MARV GPAMuc ectodomain (Fig. 1a,d). Indi-
vidual substitution of T582P and F583V improved expression yields
by 1.6-fold and 1.7-fold, respectively, compared with our original
MARV GPAMucy, and led to a2.5-fold enhancement when combined
together (Fig. 1e). All three designed MARV GPAMuc ectodomain
constructs eluted as monodisperse species and at a similar reten-
tion volume to MARV GPAMuc,,; when analysed by size-exclusion
chromatography (Fig. 1f). Electron microscopy imaging of negatively
stained samples confirmed the monodispersity of the constructs
(Fig.1b). Moreover, retention of MR191 binding (Fig. 1c) indicated that
introduction of the HR1. mutations did not alter the conformational
integrity or antigenicity of MARV GP. Both the T582P (mean melting
temperature (7,) £s.d.of 69.7 £ 0.2 °C) and F583V (T,,0f 71.2 £ 0.1 °C)
mutations improved the thermostability of MARV GPAMuc, increas-
ing the 7,,by 0.9 and 2.4 °C, respectively. The T582P/F583V double
mutant (designated MARV GPAMuc,,) led to a2.6 °C greater melting
temperature than the original MARV GPAMuc,,; (T,,,0f 71.4 + 0.2 com-
pared with 68.8 £ 0.3 °C), which indicated that the mutant exhibited
improved stability of the prefusion state (Fig. 1g).

We next assessed the immunogenicity of the stabilized MARV GP
ectodomains by immunizing BALB/c mice (n =10 per group) with three
doses spaced 4 weeks apart of 0.1,10or 10 pg of MARV GPAMuc,,; or
MARYV GPAMuc,, ectodomain with Addavax as an adjuvant (Fig. 1h).
Both the MARV GPAMuc,,; and MARV GPAMuc,, ectodomainsinduced
potent serum binding titres after two doses, with a geometric mean
titre (GMT) ranging from 3.9 x 10°to0 3.7 x 10* (Fig. liand Extended Data
Fig.1). After three doses, mice immunized with the MARV GPAMuc,,
ectodomain exhibited serum binding titres (GMTs for 0.1,1and 10 pg
of2.1x10% 1.2 x10° and 2.2 x 10°, respectively) 1.9-4.0-fold higher
than those for mice immunized with the MARV GPAMuc,, ectodo-
main (GMTs for 0.1, 1and 10 pg of 1.1 x 10, 5.0 x 10* and 5.4 x 10*%,
respectively). Most mice immunized with1or 10 ug MARV GPAMuc,;
or MARV GPAMuc,, ectodomain had detectable serum-neutralizing
antibody titres after three doses (Fig. 1j and Extended Data Fig.1). The
serum-neutralizing antibody titres were similar for mice immunized
withthe MARV GPAMuc,,; ectodomain (GMTs for 0.1,1and 10 pgof 21,
84 and 58, respectively) or the MARV GPAMuc,, ectodomain (GMTs
for 0.1,1and 10 pg of 28, 57 and 87, respectively). These data suggest
that the MARV GPAMuc,, ectodomain is more immunogenic than the
MARV GPAMuc,,; ectodomain and a promising vaccine candidate,
particularly as current MARV vaccines minimally elicit neutralizing
antibodies®”*, Moreover, strategies such as multimerization of the
stabilized GP on nanoparticles*’ *’ or delivering the stabilized GP as an
mRNA vaccine*>* will probably aid ininducing a more robust neutral-
izing antibody response.

Discovery of a potent MARV-neutralizing antibody

Allmonoclonal antibodiesidentified so far that target MARV GP display
no or weak neutralization potency (half-maximal inhibitory concen-
tration (ICs,) of >1 pg ml™) against MARV GP pseudoviruses and even
weaker, ifany, activity (IC, >100 pg ml™) against authentic MARV®*¢3,
To identify potent MARV-neutralizing antibodies, we used Alloy ATX
transgenic mice that have human immunoglobulin loci encoding for
the heavy chainand either the lambda (ATX-GL) or the kappa (ATX-GK)
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Fig.1|Design of a prefusion-stabilized MARV GP. a, Schematic of MARV GP
domain organization and mutationsincluded in MARV GPAMuc ectodomain
constructs. CD, cytoplasmic domain; FCS, furin cleavage site; GC, glycan cap;
MLD, mucin-like domain; TM, transmembrane domain. SP, signal peptide.

b, Negative-stain electron micrographs of MARV GPAMuc constructs. Scale
bar, 50 nm. Five micrographs were collected for each of the four biological
replicates of each ectodomain. ¢, MARV GPAMuc ectodomains binding to
immobilized MR1911gG assessed by BLI. d, Ribbon diagram of the RAVV GP
(Protein Data Bank (PDB) identifier: 6BP2) highlighting the residues mutated

in GP2HR1,.. GP1, purple; GP2, gold; N-linked glycans, light blue surfaces.

e-g, Recombinant productionyields (e), size-exclusion chromatograms (f) and
differential scanning fluorimetry analysis (g) of MARV GPAMuc,,; and MARV
GPAMuc mutants purified from Expi293 cells. The fold increase inyield relative
to MARV GPAMucyris displayed above the plot (e). The bar represents the mean
yield +s.d. across four biological replicates. mAU, milli-absorbance units. Data
ingareshownasthe first negative derivative of the fluorescence intensity (dF)

light chain. Two ATX-GL and two ATX-GK mice were immunized with
MARV GPAMuc,; for a total of three doses (Fig. 2a). Mice were killed
6 daysafterthelastboost, and peripheralblood, spleenand lymphnodes
were collected and cells were freshly isolated. MARV GPAMucy-specific
memory B cells were selected by fluorescence-assisted cell sorting
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geometric mean titre. Statistics were assessed using the Kruskal-Wallis test
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(Extended Data Fig. 2), and variable domain (VH and VL) sequences
were subsequently retrieved by PCR with reverse transcription PCR
(RT-PCR).

We recovered ten antibodies that bound to MARV GPAMucy
(half-maximal effective concentration (ECs,) of 3.4-10.4 ng mlI™)
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Fig.2|See next page for caption.

(Extended Data Table1and Extended DataFig. 2), and one of them, des-
ignated MARV16, potently neutralized vesicular stomatitis virus (VSV)
pseudotyped with the vaccine-matched MARV/Musoke GP (IC,, of
36.4 ng ml™) (Extended DataFig.2). MARV16is 42-fold and 39-fold more
potent than the previously described RBS-directed neutralizing anti-
bodies® MR78 (ICs, 0f 1,520 ng ml™*) and MR191 (IC,, 0f 1,407 ng mlI™),
respectively, as measured side-by-side using MARV/Musoke GP VSV
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pseudovirus (Fig. 2b). Furthermore, MARV16 neutralized authentic
MARV/Musoke (50% plaque reduction neutralization test (PRNT,,)
of 2.2 pg ml™), whereas no MR78-mediated or MR191-mediated neu-
tralization was detected (PRNT;, of >100 pg ml™ corresponding to
the limit of detection of the assay) (Fig. 2c and Extended Data Fig. 2).
These results establish MARV16 as a best-in-class MARV-neutralizing
antibody.



Fig.2|Discovery of apan-marburgvirus antibody. a, Schematic of the
immunization schedule used to discover MARV GP-directed monoclonal
antibodies (n =4 mice). b, Dose-response neutralization curves for MARV16,
MR78 and MR191 against VSV pseudotyped with the MARV/Musoke GP. Data
arethemean ts.e.m.fromthree technical replicates. Data are representative
of3-5additional biological replicates. ¢, Neutralization potency of MARV16,
MR78,MR191and 4C2,a MERS-CoV antibody, against authentic MARV/Musoke.
Data pointsreflect PRNT,, values obtained from two biological replicates

using distinct batches of IgGs. The black line indicates the mean PRNT;, value.
d, Binding affinity of the MARV16 Fab to immobilized MARV GPAMuc,,; measured
using BLI.e,f, MARV16, MR78 and MR1911gG (e) or Fab (f) binding toimmobilized
MARV GPAMucy assessed by BLI.g, MARV16 IgG binding toimmobilized
MARV GPAMucy at variable pH values using BLI. h, Schematic highlighting

GP mutations (black vertical lines) in MARV variants relative to MARV/Musoke.

Residue numbers correspond to the MARV/Musoke GP. i, Neutralization potency
of MARV16, MR78 and MR191 against VSV pseudotyped with the indicated
MARV GP. j, Phylogenetic tree constructed using the amino acid sequences

of related filovirus GPs with sequence identity relative to the MARV/Musoke
GPshowntotheright.k, Neutralization potency of MARV16, MR78, MR191

and EBOV-515 against VSV pseudotyped with theindicated filovirus GP. Data
presentediniandkare averagedICs,values obtained from atleast two biological
replicates conducted in technical triplicate using distinct batches of IgG and
pseudoviruses.l-0, MARV GPAMucy, EBOV GPAMuc, SUDV GPAMuc, thermolysin-
cleaved EBOV GPAMuc or thermolysin-cleaved SUDV GPAMuc binding to
immobilized EBOV-515 (I), MR191 (m), MR78 (n) or MARV16 (0) IgGs assessed
with BLI. Data presented ind-gandI-oreflect one biological replicate and are
representative of two biological replicates using distinct batches of proteins.

MARV16 displays broadly neutralizing activity

We assessed the kinetics and affinity of binding of the MARV16
antigen-binding fragment (Fab) to immobilized MARV GPAMuc,; by
biolayerinterferometry (BLI). The results revealed strong engagement
characterized by single-digit nanomolar affinity (dissociation con-
stant (K,) of 1.35 nM) (Fig. 2d and Extended Data Table 2). Furthermore,
MARV16 bound more strongly to MARV GPAMuc,,; than MR78 and
MR191inbothIgG and Fab formats (Fig. 2e,f). Given that MARV enters
target cells through fusion with the endosomal membrane induced
by the low pH of late endosomes™, we assessed the influence of pH on
binding between MARV GPAMuc,,; and the three antibodies. MARV16
bound MARV GPAMucy,; at comparable affinities at all four pHs tested
(Fig.2g).By contrast, MR78 and MR191 binding was unaltered at pH 7.4,
6.5and 5.5, but was enhanced at pH 4.5 (Extended Data Fig. 3). We pro-
pose that these results may reflect increased accessibility of the RBS
atlower pH values.

Wenextevaluated the neutralizationbreadth of MARV16 against seven
historical and contemporary MARV isolates using VSV pseudotyped
with the corresponding MARV GPs. These differ from that of the vaccine
strain (MARV/Musoke) by 6.3-8.7% at the amino acid level (Fig. 2h), with
most substitutions mapping to the glycan cap or mucin-like domain.
MARV16 potently neutralized all 7 vaccine-mismatched MARV isolates,
with ICs, values ranging from 151 to 310 ng ml™ (Fig. 2i and Extended
Data Fig. 4) and markedly outperformed MR78 and MR191 against all
of these MARV isolates when assessed side by side.

Evaluation of MARV16-mediated neutralization breadth across the
Filoviridae family revealed that MARV16 potently inhibited RAVV and
DEHV VSV pseudoviruses, but not Méngla virus (MLAV), EBOV or SUDV
VSV pseudoviruses (Fig. 2j,k and Extended DataFig. 4). Previous studies
have shown that RBS-directed antibodies, includingMR78 and MR191,
recognize epitopes shared among all filovirus GPs but fail to neutral-
ize Fbolaviruses owing to masking mediated by the glycan cap®°. To
determine whether MARV16 similarly recognizes a cryptic pan-filovirus
epitope, we assessed whether MARV16 IgG binds the uncleaved and
thermolysin-cleaved forms of the EBOV and SUDV GPAMuc (that is,
removing the glycan cap)'® and compared it to EBOV-515, MR78 and
MR191 using BLI. The Ebolavirus GP2-directed antibody EBOV-515
bound uncleaved and cleaved EBOV and SUDV GPAMuc, but not MARV
GPAMuc,; (Fig.2l). MR78 and MR191 bound MARV GPAMuc,,; and the
cleaved EBOV and SUDV GPAMuc, but not the uncleaved EBOV or SUDV
GPAMuc (Fig.2m,n). MARV16 bound the MARV GPAMuc,,; but not EBOV
or SUDV GPAMuc, irrespective of their cleavage. This finding indicates
that MARV16 does not cross-react with GPs from the Ebolavirus genus,
whichis most likely due to their extensive genetic divergence (Fig. 2j,0).

Structural basis of MARV16-mediated neutralization

To understand the molecular basis of the potent neutralization of
MARV by MARV16, we characterized the MARV GPAMuc,,; ectodomain

bound to the MARV16 Fab using single-particle cryogenic electron
microscopy (cryo-EM) and determined a structure at 2.6 A resolution
(Extended Data Table 3 and Extended Data Fig. 5). MARV16 recog-
nizes an epitope that spans GP1and GP2 (Fig. 3a,b and Extended Data
Table 4). An average surface area of 1,100 A%is buried at the interface
between the epitope and the paratope with the majority of contacts
with MARV GP contributed by the Fab heavy chain. GP2 accounts for
about 75% of the epitope buried surface area and is recognized by all
three complementarity-determining regions (CDRs) of the MARV16
heavy chain. CDRH3 residues recognize MARV GP2 through hydrogen
bonds, salts bridges and van der Waals interactions, including CDRH3
R99 and D105 forming salt bridges with GP2 E515 and K550, respec-
tively, and hydrogenbonding of CDRH3 N101 with the GP2 N551 side
chain and of the CDRH3 W102 indol with GP2 N554 (Fig. 3c). CDRH1
and CDRH2 form extensive interactions with GP2, such as hydrogen-
bonding between the CDRH2 S52 and S54 side chains and GP2 D513,
CDRH2 Y57 and the backbone amide and carbonyl oxygen of GP2
R517, and the CDRH2 Y59 and GP2 R517 side chains. The CDRH1 T33
side chain interacts with the GP2 E515 side chain. The MARV16 light
chainalsointeracts with GP2 primarily through CDRL3 involving D93
salt bridged to GP2 R517 and hydrogen bonding of the S91 and Y92
backbone carbonyls with the GP2 K550 side chain (Fig. 3d). MARV
GP1recognitionis primarily mediated through MARV16 CDRH2 with
the S54 and S56 backbone carbonyls hydrogen-bonded to the GP1
K90 and K120 side chains, respectively, and hydrogenbonding of the
CDRH2Y57 and GP1E87 side chains (Fig. 3e). These extensive contacts
explain the strong MARV16 binding affinity and the conservation of
interface residues among MARV isolates, RAVV and DEHV explains
the pan-marburgvirus neutralizing activity of this antibody (Fig. 2h-k
and Extended Data Fig. 6). Multiple epitope residue substitutions
explain the lack of EBOV and SUDV VSV neutralization mediated by
MARV16 (Fig. 2j,k).

In the previously determined RAVV GP-MR191 structure, the GP2
wing partially obstructs the MARV16 epitope™. In our structure, the
GP2 wing is disordered and the amino-terminal residues of the GP2
coresshiftby upto18 A relative to their positionin the RAVV GP-MR191
structure, which enables binding of the MARV16 Fab (Extended Data
Fig. 6). These dataindicate that the wing and N terminus of the GP2
coreare flexible and do not completely shield the GP from neutralizing
antibodies. Compared with structures of previously characterized
anti-EBOV GP antibodies, MARV16 shares a similar binding mode to
the EBOV GP-directed neutralizing antibodies ADI-15946, EBOV-515and
EBOV-520 (Extended DataFig. 6), which have been suggested to neutral-
ize EBOV by tethering GP1and GP2in the prefusion conformation® .
Our structural datasuggest that MARV16 locks the MARV GP1and GP2
interface through contacts with residues that are rearranged during
fusogenic conformational changes that lead to membrane fusion®.
Furthermore, comparison with the NPC1-bound EBOV GP structure?-
indicates that MARV16 would also interfere with receptor binding, as
the heavy chain variable domain would sterically clash with the NPC1
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Fig.3|Molecularbasis of MARV16 neutralization. a, Ribbon diagram of the
cryo-EMsstructure of the MARV GPAMuc,,; ectodomainin complex with three
MARV16 Fab fragments. Only the Fab variable domains were modelled into the
density. MARV GP1and GP2 areshowninshades of purpleand gold, respectively,
MARV16 VHis showningreenand MARV16 VLis showninlight green. N-linked
glycansarerendered aslight blue surfaces. b, Ribbon diagram of asingle
MARV GP protomer in complex withone MARV16 Fab. c-e, Zoomed-in views
ofiinteractions between MARV16 CDRH1-CDRH3 and MARV GP2 (c), MARV16
CDRL3 and MARV GP2 (d) and MARV16 CDRH2 and MARV GP1 (e). Selected
hydrogenbonds andsalt bridges are denoted with black dashed lines. f, Binding
modes of the NPClreceptor (yellow) and MARV16 (green/light green) to MARV

N-terminal domain (Fig. 3f), asis also the case for ADI-15946, EBOV-515
and EBOV-520.

Resolving the MARV GP glycan cap

The discovery of neutralizing antibodies that target the MARV GP
RBS from individuals infected with MARV suggests that the glycan
cap might not be ordered and therefore does not shield the RBS®*°.
Our cryo-EM map resolved density near the RBS that corresponded to
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MARV

GP.The position of NPC1was determined by superimposing the EBOV GP-NPC1
(PBD:5)NX) and MARV GP-MARV16 Fab structures. The EBOV GP trimer and the
regionofthe MARV GP glycan cap resolved in our structure (residues 191-219)
arenotshown for clarity. Thered star denotes steric clashes. g, Ribbon diagrams
of MARV GP1and EBOV GP1(PDB:3CSY). The MARV GP1core and glycan cap
areshownindarkandlight purple, respectively. The EBOV GP1core and glycan
capareshownindarkandlightblue, respectively. Hydrogen bonds between
theglycan cap and core areindicated with black dashed lines, and glycan cap
aromaticresiduesinsertedin the RBS are showninstick representation and
labelled. The position of the experimentally determined RBS for the EBOV GP and
thatof the putative RBS for the MARV GP are indicated with red dashed circles.

residues191-219 of the GP1glycan cap, consistent with partial shield-
ing of the RBS by the glycan cap inaway reminiscent of that observed
for the EBOV GP (Extended Data Fig. 6). Indeed, the EBOV GP glycan
cap interacts with the GP1 core through -strand augmentation and
insertion of F225 and Y232 into the RBS?. Our structure reveals that
the MARV GP architecture is highly similar to that of the EBOV GP,
sharing the B-strand augmentation and insertion of residue F212 into
the MARV RBS (Fig. 3g). The possibly tighter anchoring of the EBOV
GP glycan cap to the RBS, relative to MARV GP, may cause the latter
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region to be more mobile and easily displaced than the EBOV glycan
cap. This finding explains why MR78 and MR191 neutralize MARYV,
but not EBOV.

Non-neutralizing antibodies bind the wing and HR2

We next mapped MARV GP epitopes recognized by the nine non-
neutralizing monoclonal antibodies discovered through immunizing
Alloy ATX mice. The antibodies clustered into four distinct binding
groups on the basis of epitope binning performed using BLI (Extended
Data Fig. 7). Group I consisted of MARV4, MARV12, MARV18, MARV21
and MARV23, whereas group Il consisted of MARV11 and MARV14.
MARV7 and MARV20 did not compete with the other antibodies ana-
lysed, whichindicated that each of these two antibodies target distinct
MARYV GP antigenic sites. We then used electron microscopy of nega-
tively stained samples toidentify the MARV GP epitopes recognized by
the four binding groups. Group lantibodies, represented by MARV1S,
binds HR2 (Extended Data Fig. 7). By contrast, group Il antibodies,
represented by MARV14, and MARV7 bind the GP2 wing (Extended
DataFig. 7). The epitope targeted by MARV20 could not be resolved,
which may be due to MARV20 targeting a flexible region on the MARV
GP (Extended Data Fig. 7).

MARV16 protects against MVD in vivo

To assess the protective efficacy of MARV16, we challenged guinea
pigs (n =6 per group) with1,000 plaque-forming units (PFU) of guinea
pig-adapted MARV/Angolaand administered 10 mg of MARV16 (human
IgG1) 1, 2 or 4 days post-infection (d.p.i.) (Fig. 4a). An additional six
guinea pigs were administered an isotype control monoclonal anti-
body 1d.p.i. All six animals from the control group died by 13 d.p.i.
and exhibited high plasma viral loads, weight loss (=5% decrease) and
increasing clinical scores after infection (Fig. 4b-f). Moreover, 3 out
of these 6 animals displayed increased body temperatures (>1.1°C
increase) after infection. For the MARV16-treated guinea pigs, the
following percentage of animals survived: 33% (2 out of 6) of animals
thatreceived MARV161d.p.i.; 83% (5 out of 6) of animals that received
MARV16 2 d.p.i.;and 50% (3 out of 6) of animals that received MARV16
4 d.p.i. (Fig.4b). We did not detect MARV16 plasma binding titre 1 day
after treatment for two guinea pigs that received MARV16 1 d.p.i. (and
diedat7and10 d.p.i.) and for one animal that received MARV16 4 d.p.i.
(and died at 10 d.p.i.). These results suggest that in these animals,
MARV16 was sequestered at the injection site and cleared or ‘soaked
up’immediately by the challenge virus before reaching the blood
stream. After excluding these animals from the analysis, 50% (2 out
of 4) of animals that received MARV16 1d.p.i. and 60% (3 out of 5) of
animals that received MARV16 4 d.p.i. survived the MARV challenge
(Fig. 4b). Sixty percent of the surviving MARV16-treated guinea pigs
experienced weight loss before recovering, whereas 40% did not expe-
rience any weight loss. Furthermore, 7 out of the 10 surviving guinea
pigs had transient elevation of body temperatures, and all surviving
animals exhibited low clinical illness scores (Fig. 4d-f). We observed
2-log, 3-log and 1-log reductionsin MARV viral loads at 5 d.p.i. for ani-
mals treated with MARV16 at 1, 2 or 4 d.p.i., respectively (geometric
mean viralloads of 1.2 x10%,9.6 x 10*and 1.9 x 10° genome equivalents
(GE) per ml, respectively) compared with guinea pigs that received
the isotype control (geometric mean viral loads of 2.8 x 10’ GE per
ml) (Fig. 4c). These data indicate that MARV16 provides therapeutic
protection against MARV challenge.

We next assessed the ability of MARV16 to trigger activation of FcyRlla
(H131) and FcyRIlla (V158) as surrogate assays for antibody-dependent
cellular phagocytosis (ADCP) and antibody-dependent cellular cyto-
toxicity (ADCC), respectively. MARV16 did not activate either FcyRlla or
FcyRllla (Extended Data Fig. 8). This result suggests that the observed
protection induced by MARV16 originates solely from direct viral

neutralization. We propose that the introduction of modifications
to the crystallizable fragment (Fc), as done for other MARV antibod-
ies¥*%4 to promote effector functions may furtherimprove the thera-
peutic efficacy of MARV16.

Formulation of MARV-neutralizing antibody cocktails

Antibody cocktails composed of two or more monoclonal antibodies
that target nonoverlapping neutralizing epitopes are frequently used
as antiviral therapeutics as they promote greater resistance to viral
evolution than single monoclonal antibodies”. As MARV16 binds to
adistinct epitope on MARV GP to that of the RBS-directed MR78 and
MR191, we reasoned that MARV16 and MR78 or MR191 may simultane-
ously bind the MARV GP. To examine this possibility, we performed
a competitive binding assay with MARV16 and MR78 or MR191 and
observed that MARV GPAMuc,,; could bind MR78 or MR191 after bind-
ing MARV16 (Fig. 5a). Furthermore, three MARV16 Fab fragments and
three MR78 or MR191 Fab fragments could simultaneously bind to
the prefusion MARV GPAMucy; ectodomain trimer, as visualized by
single-particle electron microscopy analysis of negatively stained
samples (Fig. 5b,c).

To evaluate the barrier to escape from antibody-mediated neu-
tralization, we first passaged replication-competent VSV encoding
the MARV/Musoke GP instead of the VSV G proteinin the presence
of MARV16 alone. Two independent selection experiments were per-
formed using two separately plaque-purified VSV-MARV/Musoke GP
isolates, designated 2B2 and 2B4. The input 2B2 virus contained two
nonsynonymous GP mutations mapping to the signal peptide (K2E)
and the mucin-like domain (1381R), whereas the input 2B4 virus solely
contained the I381R GP mutation. Both selection experiments using
MARV16 alone produced a single escape mutation, A514T, in the GP2
core (Fig.5d). These data are consistent with previous work on mono-
clonal antibodies, including MR78 and MR191, which demonstrated
thatasingle mutationin the target viral antigen canenable it to escape
single monoclonal antibodies®”.

To demonstrate that an antibody cocktail formulated with MARV16
and an RBS-directed antibody can prevent escape by a single MARV
GP mutation, we next passaged the VSV-MARV/Musoke GP isolatesin
the presence of antibody cocktails composed of MARV16 and MR78
or MARV16 and MR191. In contrast to MARV16 alone, two or more
mutations wererequired for the isolates to escape from the MARV16-
MR78 and MARV16-MR191 antibody cocktails. Selection using the 2B2
isolatein presence of the MARV16-MR78 cocktail led to the identifica-
tion of three escape mutations, Q128P, F447S and K550E, in the GP1
core, the mucin-like domain and the GP2 core, respectively (Fig. 5e).
Using the 2B4 isolate for the MARV16-MR78 selection experiments
produced two escape mutations, Y197C and AS14E, in the glycan cap
and GP2 core, respectively (Fig. 5e). For the MARV16-MR191 cocktail,
three escape mutations were identified using the 2B2 isolate, which
mapped to the glycan cap (C226R), the wing (L448P) and the GP2
core (K550E) (Fig. 5f). We identified two escape mutations, L451S
and A514T, in the wing and the GP2 core, respectively, for the 2B4
isolate passagedin the presence of MARV16-MR191 (Fig. 5f). Our data
indicate that mutations in the GP2 core probably affected recognition
by CDRH1 and CDRH2 (A514T/E) or by CDRH3 and CDRL3 (K550E)
(Fig. 5g) and led to MARV16 escape. Consistent with previous selec-
tion experiments’, mutationsin the RBS (Q128P or N129S in previous
work) or mutations that probably prevented displacement of the
glycan cap orwing (Y197C, C226R, L448P and L451S or S220P, C226Y
and P455L in previous work®) led to MR78 and MR191 escape (Fig. 5g).
These dataindicate that MARV16 and an RBS-directed antibody can
be used together in a therapeutic antibody cocktail that requires
multiple GP mutations to escape neutralization by both antibodies,
thereby creating a MARV therapeutic with increased resilience to viral
evolution.
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Fig.4|MARV16 protects guinea pigs against MVD. a, SchematicoftheMARV  5d.p.i. Theblacklineindicates the geometric mean viralload for eachgroup
challenge study assessing the therapeutic efficacy of MARV16.i.p., intraperitoneal.  andthe dotted line denotes the limit of detection (viral load of <2 x 10° GE per

b, Survival curves for guinea pigs (n = 6 per group) challenged with1,000 PFU ml). Statistical differencesinviralloads between groups were assessed using
of MARV/Angolaand treated with MARV16 or anisotype control antibody. the Kruskal-Wallis test with Dunn’s post-test comparing the isotype control
Animals were monitored for 29 d.p.i. Survival curves for the groups administered  antibody-treated guinea pigs to the MARV16-treated groups (excluding
withMARV161d.p.i.and 4 d.p.i. excluding the animals with undetectable animals withundetectable plasma concentrations of MARV16). d-f, Daily
plasma MARV16 concentration1day after treatment are shown as boxes with body weights (d), body temperatures (e) and clinical scores (f) for guinea pigs

dashed lines. Statistical differencesin survival between groups were assessed for the duration of the challenge study. Animals with undetectable plasma
using Kaplan-Meier survival analysis and excluding animals with undetectable concentrations of MARV161day after treatment are denoted with triangles,

plasma concentrations of MARV16. A two-sided log-rank test was used and whichindicatesthatinthese animals, MARV16 was sequestered at the injection
Holm-Sidak correction was applied for multiple comparisons between the site and cleared or ‘soaked up’ by the challenge virusimmediately before
isotype control antibody-treated guinea pigs and MARV16-treated groups. reachingtheblood stream.

¢, MARV/Angolaviralloads measuredin the plasmaof infected guinea pigs at
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of protein. b,c, Representative 2D class averages and 3D reconstruction of
negatively stained MARV GPAMucy; ectodomainbound to MR78 and MARV16
Fab fragments (b) or MR191and MARV16 Fab fragments (c). The position of the
MR78 (pink) or MR191 (blue) Fab fragments were determined by superimposing
the RAVV GP-MR78 Fab (PDB: 5UQY) or RAVV GP-MR191 Fab (PDB: 6BP2)
structures with our MARV GP-MARV16 Fab structure. Scale bar, 400 A.

d-f, Escape mutations identified for MARV16 alone (d), the MARV16-MR78
antibody cocktail (e) and the MARV16-MR191 antibody cocktail (f) using
replication-competent VSV encoding the MARV/Musoke GP instead of the

VSV G protein. Two selection experiments were performed using the separately

plaque-purified VSV-MARV/Musoke GP isolates 2B2 and 2B4. The virus was
passaged inthe presence of increasing concentrations of antibody until
observation of obvious cytopathiceffects (>20% of the field of views) in the
presence of 100 pg ml™ of antibody. Mutations were identified by deep
sequencing of the viral supernatant, and those that reached a frequency of
atleast10%aredisplayedinthe plotsand coloured accordingto theisolate
they were identified from. The V547G mutation that was also identified in 2B2
passaged without antibody is displayed ingrey. g, Escape mutations (red)
identified during the antibody-selection experiments mapped on the surface
of MARV GPAMuc, (grey). The MR78 position (pink) was determined by
superimposing the RAVV GP-MR78 Fab (PDB: 5UQY) structure withour
structure of MARV GPin complex with the MARV16 Fab (green). C226,F447S
and L448P werenot resolvedin our structure and are not displayed on the
MARV GP.
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Discussion

Theidentification of stabilizing mutations is a key goal of vaccine design
asthe use of such mutations can markedly improve the immunogenicity
ofviral antigens by preferentially eliciting antibodies directed towards
the desired conformation of a GP. Such success has been achieved
for SARS-CoV-2 S and respiratory syncytial virus F vaccines, which
incorporate prefusion-stabilizing mutations®*, The stabilizing muta-
tions identified here improved the expression, thermostability and
immunogenicity of MARV GPAMuc. However, as the serum-neutralizing
antibody titres were modest in miceimmunized with MARV GPAMuc,
or MARV GPAMuc,,, strategies such as multimeric presentation of the
stabilized MARV GP on nanoparticles* * or inclusion of the stabiliz-
ing mutationsinto mRNA vaccines encoding for the full-length MARV
GP***°will probably be necessary for inducing more potent neutralizing
antibody titres. We also used ProteinMPNN® to identify stabilizing
mutations in the MARV GPAMuc, similar to approaches recently used
forthe Langya virus Gand Epstein-Barr virus gB proteins***¢, thereby
further demonstrating the utility of machine-learning-enabled vac-
cine design.

Previous studies have suggested that the MARV GP equator and base
areshielded fromneutralizing antibodies by the GP1 mucin-like domain
and the GP2 wing'*" given that all previously characterized MARV
GP-neutralizing antibodies solely target the RBS®**. As MARV16 binds to
anepitope that spans GP1and GP2, our datashowed that the mucin-like
domain and wing do not fully shield GP2. Instead, the wing is confor-
mationally flexible, thereby enabling antibody binding. As aresult,
we anticipate that future antibody discovery campaigns will identify
neutralizing antibodies that target multiple different GP2 epitopes.
MARV16 recognizes a conserved Marburgvirus epitope and neutralizes
filoviruses as distantly related as DEHV, which only shares 49.9% amino
acid identity with MARV GP. Several Ebolavirus GP-directed antibod-
ies that neutralize EBOV, SUDV and Bundibugyo ebolavirus, but not
MARYV, including ADI-15946, EBOV-515 and EBOV-520, recognize similar
epitopes to MARV16 (refs. 52-55), which indicates that this epitopeis
aprimetarget for broad genus-specific neutralization. Therapeutics
orvaccines that target thisMARV GP antigenic site will therefore prob-
ably provide robust protection against pre-emergent MARV variants
and MARV-related filoviruses, similar to those developed for EBOV*S,

For Ebolaviruses, a structured glycan cap blocks access to the RBS
until GP cleavage mediated by cathepsin B or Lin the endosomes® !,
This characteristic limits the elicitation of and potency of RBS-directed
antibodies®™°. By contrast, the glycan cap had not been visualized for
MARYV GP, and RBS-directed antibodies mediate weak but detectable
MARYV neutralization, which suggested that the MARV GP RBS is more
exposed than that of Ebolavirus GPs® %, Our structure revealed that
the MARV glycan cap shields the RBS in a similar manner to the glycan
cap of Ebolaviruses. However, the increased conformational heteroge-
neity or looser tethering of the MARV GP glycan cap to the RBS might
enable easier displacement, which explains why MR78 and MR191
neutralize MARV, but not Ebolaviruses. Accordingly, we observed an
increase in binding for the RBS-directed antibodies MR78 and MR191
to the MARV GPAMuc,,; ectodomain in acidic conditions. These data
suggest that the glycan cap is less likely to mask the RBS in the acidic
conditions of late endosomes.

Asdiagnosis and treatment of MVD is often delayed in humans, mono-
clonal antibodies have been evaluated on the basis of their capacity
to provide therapeutic benefits in animal models when administered
several days after MARV exposure®#°, We showed here that MARV16
provides significant protection against MARV infection in guinea pigs
when administered as late as 96 h after infection, which indicates that
MARV16 is a promising candidate for treating MVD. Moreover, thera-
peutic antibody cocktails consisting of multiple antibodies that target
distinct epitopesonan antigen are favoured for viral pathogens as the
targeted viral protein would typically need to accumulate multiple
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mutations to evade all the antibodies in the cocktail®’. All previous
neutralizing antibodies identified against the MARV GP target the RBS,
which limited the development of an antibody cocktail for MARV®3¢-38,
Our demonstration that MARV16 can bind to the MARV GP concurrently
with RBS-directed antibodies indicates that a therapeutic antibody
cocktail against MARYV, similar to ZMapp for EBOV?, can be developed.
We showed here that such cocktails require multiple GP amino acid sub-
stitutions to escape neutralization by both antibodies in the cocktail.
These dataindicate that antibody cocktails composed of MARV16 and
aRBS-directed antibody can be used as MARV therapeutics to provide
increased resistance to mutations. Indeed, such combination should
retain efficacy during treatment even if the virus evolves.

In summary, our results will inform both vaccine and therapeutic
development against MARYV, providing improved treatment and pre-
vention options for future MARV outbreaks.
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Methods

Cells

HEK-293T (ATCC), Vero E6 (ATCC), BHK-21/WI-2 (Kerafast) and BS-C-1
cells (ATCC) were grownin DMEM supplemented with10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin-L-glutamine (PS) at
37 °Cand 5% CO,. Expi293 (ThermoFisher) and ExpiCHO-S (Thermo-
Fisher) were grown in Expi293 or ExpiCHO medium, respectively, at
37 °Cand 8% CO,rotating at130 rpm. Cell lines were not authenticated
or tested for mycoplasma contamination.

Invivo animal studies

Sixty (30 male and 30 female) 6-8-week-old BALB/c mice (Mus mus-
culus) were obtained from Inotiv. Mice were housed at the Bioqual
vivarium facility (12-h light-dark cycle, temperature of 20-26.1°C
and relative humidity of 30-70%) with free access to sterilized water
and chow. Mice were handled in accordance with the standards of the
Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) International’s reference resource: the eighth edition of
the ‘Guide for the Care and Use of Laboratory Animals’, Animal Welfare
Actasamended, and the 2015 reprint of the Public Health Service (PHS)
Policy on Human Care and Use of Laboratory Animals. All experiments
were performed under the Bioqual Institutional Animal Care and Use
Committee (IACUC)-approved protocol number 23-054P. Animals were
inspected before inclusionin experiments and monitored throughout
the study by a veterinarian.

ATX-GK and ATX-GL female mice, 6-7 weeks old, were obtained from
Alloy Therapeutics and housed for the immunization experiment at
the Institute for Research in Biomedicine, Bellinzona, Switzerland.
Allanimal experiments were performed in accordance with the Swiss
Federal Veterinary Office guidelines and authorized by the Cantonal
Veterinary (approval number 35554 T1-39/2023/2023). Animals were
supervised by alicensed veterinarian, and proper steps were taken to
ensure the welfare and to minimize the suffering of all animals in the
studies. Animals were housed in ventilated cages in a 12-h light-dark
cycleat20 +2 °Cand arelative humidity of 55 + 8%, with free access to
water and standard sterilized chow.

Twenty-four female, 4-8-week-old Hartley guinea pigs (Cavia porcel-
lus) were obtained from Charles River Laboratories and housed in the
Centers for Disease Control and Prevention (CDC)-accredited Biosafety
Level 4 (BSL-4)/Animal Biosafety Level 4 (ABSL-4) containment facil-
ity at Texas Biomed (temperature of 18-28 °C and relative humidity
of 25-75%) with free access to water and chow. All experiments were
approved by Texas Biomed’s IACUC under protocol 1915C before the
initiation of the study and performed in accordance with the Animal
Welfare Act and the Guide for the Care and Use of Laboratory Animals.
Animals were observed by aveterinarian at least once daily before expo-
suretothe challenge virus and at least twice daily after administration
of the challenge virus. Moribund animals were euthanized with the
approval of a veterinarian.

Constructs

The construct encoding the MARV GPAMuc,,; ectodomain (resi-
dues 1-256 and 426-637) with a carboxy-terminal 8x His tag was
codon-optimized, synthesized and inserted into pcDNA3.1(+) by
Genscript. Mutations neighbouring the furin-cleavage site (W439A,
F445G and F447N) and the stabilizing mutation (H589I) were intro-
duced using In-Fusion Cloning with overlapping mutagenesis primers.
The HR1 -stabilizing mutations (T582P and F583V) were also intro-
duced through In-Fusion Cloning using overlapping mutagenesis
primers. Constructs encoding the EBOV GPAMuc domain (residues
1-312 and 463-637) and the SUDV GPAMuc domain (residues 1-313
and 474-637) both with a C-terminal T4 foldon and 8x His tag were
codon-optimized, synthesized and inserted into pcDNA3.4 by Gen-
script. The constructs encoding the full-length MARV/Musoke GP

(GenBank accession number: NC_001608) with a C-terminal Flag tag
was codon-optimized, synthesized and inserted into pcDNA3.1(+) by
Genscript. Constructs encoding the full-length MARV/Ci67 (GenBank
accession: EF446132), MARV/Ozolin (GenBank accession: AY358025),
MARV/Angola (GenBank accession: KY047763), MARV/Kakbat-SL-2017
(GenBank accession: MN258361), MARV/Kasbat-SL-2018 (GenBank
accession: MN187403), MARV/Ghana-2022 (GenBank accession:
0Q672470) and MARV/Equatorial Guinea-2023 (HS415030) were
codon-optimized, synthesized and inserted into pHDM by Genscript.
Constructs encoding furin and the MR78, MR191 and EBOVS515 heavy
and light chains were codon-optimized, synthesized and inserted into
pcDNA3.1(+) by Genscript. Constructs encoding the MARV4, MARV7,
MARV11, MARV14, MARV16, MARV18, MARV20, MARV21 and MARV23
heavy and light chains were generated by cloning variable regions into
IgGland IgK expression vectors®, VH and VL amino acid sequences for
theten MARV antibodies are presented in Extended Data Table 1. Con-
structs encoding the MARV7, MARV14, MARV18 and MARV20 VH-CH1
sequence with an N-terminal CD5 leader sequence and C-terminal His
tag were codon-optimized, synthesized and inserted into pcDNA3.4
by Genscript. Constructs encoding the MARV7, MARV14, MARV18 and
MARV20 VL-CH1sequence with an N-terminal CD5 leader sequence and
C-terminal 3x Flag tag were codon-optimized, synthesized and inserted
into pcDNA3.4 by Genscript. The native, full-length MARV/Musoke GP
was synthesized and inserted betweenthe VSV Mand L proteinsin pVSV
eGFP dG (agift from C. Cepko; Addgene plasmid 31842) by Genscript.
Helper plasmids encoding the VSV N, P, Land G proteins were obtained
from Kerafast (EH1012).

Recombinant protein expression and purification

To produce the MARV GPAMuc, EBOV GPAMuc and SUDV GPAMuc
ectodomains, Expi293 cells were grown to a density of 3 x 10° cells per
ml and then transfected with constructs encoding the ectodomain
and furin at a 3:1 mass ratio using an Expifectamine293 transfection
kit following the manufacturer’sinstructions. Five days after transfec-
tion, the supernatant was collected, clarified by centrifugation and
incubated with Ni Sepharose Excel resin (Cytiva) for 1 h at room tem-
perature. Theresinwasthen collected in agravity column and washed
with buffer containing 25 mM sodium phosphate pH 8.0,300 mM NaCl
and 50 mMimidazole or100 mM Tris pH 8.0,300 mM NaCland 40 mM
imidazole. The proteins were then eluted using an elution buffer con-
taining 25 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole,
pH 8.0 or 100 mM Tris, 300 mM NaCl, 300 mM imidazole and further
purified into TBS (20 mM Tris pH 7.4 and 100 mM NacCl, or 50 mM Tris
pH 7.4 and 150 mM NaCl) by size-exclusion chromatography using a
Superose 6 Increase 10/300 GL column. The purified proteins were
concentrated using a100 kDa Amicon centrifugal filter, flash frozen
and stored at —80 °C until use.

MARV7,MARV11, MARV14, MARV16, MARV18, MARV20, MARV21 and
MARV23 were expressed recombinantly by transient transfection of
ExpiCHO-S cells (ThermoFisher Scientific) using an ExpiFectamine
CHO transfection kit (Thermo Fisher Scientific). After 8 days, cell cul-
ture supernatant was separated with a Sartoclear Dynamics Lab V kit
(Sartorius) and affinity purified by protein A chromatography using
AKTA Xpress Fast Protein liquid chromatography (Cytiva) with HiTrap
protein A columns (Cytiva) followed by buffer exchange to a buffer
containing 20 mM histidine and 150 mM NaCl, pH 6.0 using HiPrep
26/10 desalting columns (Cytiva). The purified antibody concentrate
was quantified using a Lunatic spectrophotometer (Unchained Labs)
and stored at -80 °C until use.

MR78,MR191and EBOVS515 monoclonal antibodies were produced
by transfecting Expi293 cells grown to a density of 3 x 10° cells per ml
withthe heavy chainand light chain constructs supplied atal:1 mass
ratiousing an Expifectamine293 transfection kit. Four to 5 days after
transfection, the supernatant was collected, clarified by centrifugation
and flowed over aprotein A column. The column was then washed with
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atleast ten column volumes of wash buffer containing 20 mM sodium
phosphate, pH 8.0. The eluted antibodies were then exchanged
into TBS and concentrated using a 100 kDa Amicon centrifugal
filter.

MARV7, MARV14, MARV18 and MARV20 Fab fragments were pro-
duced by transfecting Expi293 cells with the heavy and light chain
constructs at a 1:1 mass ratio using an Expifectamine293 transfection
kit and following the manufacturer’s recommendations. Four to 5 days
after transfection, the supernatant was collected, clarified by cen-
trifugation and incubated with Ni Sepharose Excel resin (Cytiva) for
1hatroom temperature. The resin was collected in a gravity column
and washed with buffer containing 25 mM sodium phosphate pH 8.0,
300 mM NaCl and 20 mM imidazole. The proteins were then eluted
using elution buffer containing 25 mM sodium phosphate, 300 mM
NaCl, 500 mMimidazole, pH 8.0, and further purified into TBS (20 mM
Tris pH 7.4 and 100 mM NaCl) by size-exclusion chromatography using
aSuperdex 75 Increase 10/300 GL column, and concentrated using a
30 kDa Amicon centrifugal filter.

Biotinylation of MARV GPAMuc,,;

The MARV GPAMuc,,; was produced and purified as described above.
After elution from NiSepharose Excel resin, the GP was exchanged into
PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO, and 1.8 mM KH,PO,,
pH 7.4) and concentrated to 1 mg ml™ using a 100 kDa Amicon cen-
trifugal filter. The MARV GPAMuc,,; was biotinylated using an EZ-Link
Sulfo-NHS-SS-Biotinylation kit (ThermoFisher) with a 40-fold molar
excess of Sulfo-NHS-SS-biotin and incubating the reaction mixture
at room temperature for 30 min. The biotinylated MARV GPAMuc,,;
was then purified into TBS by size-exclusion chromatography using a
Superose 6 Increase 10/300 GL column. The purified protein was then
concentrated using a 100 kDa Amicon centrifugal filter, flash frozen
and stored at —80 °C until use.

Cleavage of EBOV and SUDV GPAMuc

The EBOV and SUDV GPAMuc ectodomains were produced and puri-
fied as described above. After elution from NiSepharose Excel resin,
the GP was exchanged into TBS and concentrated to 1 mg ml™ using
a100 kDa Amicon centrifugal filter. Thermolysin (Sigma-Aldrich),
resuspended in TBS, was added to a final concentration of 0.2 mg ml ™.
Thereaction mixture was incubated at 37 °Cfor 1 h, after which phos-
phoramidon (Sigma-Aldrich) was added to a final concentration of
500 pM to stop thermolysin. The cleaved GP was purified into TBS
by size-exclusion chromatography using a Superdex 200 Increase
10/300 GL column.

Generation of Fab fragments

To generate Fab fragments from the purified monoclonal antibodies,
LysC, resuspended in TBS, was added to 1 mg of MARV16, MR78 or
MR1911gG at 1:4,000 to 1:8,000 mass ratios and incubated at 37 °C
overnight. The following day, Cytiva MabSelect resin was added to
the digested IgG solution and incubated for 1 h at room temperature.
The flow through was collected and run over a Superdex 75 Increase
10/300 GL column equilibrated into TBS. Fractions containing the
Fab fragment were pooled and concentrated using a 30 kDa Amicon
centrifugal filter.

Immunogenicity study with BALB/c mice

Mice were randomized to form six groups (n = 10 mice per group) with
equal numbers of male and female mice. On study days 0, 28 and 56,
0.1pug,1pgor10 pgof MARV GPAMuc,,; or MARV GPAMuc;, dilutedin
TBS was mixed with InvivoGen Addavax ata1:1volumeratio for a total
injection volume of 100 pl. The mice were intramuscularly immunized
inboth quadriceps (50 pl per quadricep). On study days 7,14, 42 and
70, blood was collected from each animal in serum-separator tubes.
The resulting serum was stored at —80 °C until use.

MARYV GPAMuc immunizations and antibody discovery from
Alloy mice

Pre-immune serum was obtained from each mouse 1 week beforeimmu-
nization. ATX mice wereimmunized withrecombinant MARV GPAMuc,;
diluted (1:1) in Magic Mouse adjuvant (CDN-AOO1E; CD Creative Diag-
nostics) and subcutaneously and intraperitoneally injected. Onday O,
micereceived primeimmunization with 20 pg of MARV GPAMuc,and
were boosted on day 13 and day 64 with the same amount of antigen.
Onday 70, the mice werekilled and peripheral blood, spleen and lymph
nodes were collected and cells were freshly isolated. B cells from either
freshlyisolated or frozen splenocytes were enriched by positive selec-
tionusing mouse CD19 microbeads and LS columns (Miltenyi) and sub-
sequently stained with mouse anti-lgM (BioLegend, 406508; 2 ug ml™),
anti-lgD (BioLegend, 405706; 2 ug ml™), anti-IgA (Fisher Scientific,
15208769; 2 ng ml™) and biotinylated MARV GPAMuc, labelled with
both streptavidin-Alexa-Fluor 488 and streptavidin-Alexa-Fluor 647
(Life Technologies). MARV GPAMuc,,-specific IgG" memory B cells were
sorted by flow cytometry by gating out IgM*IgD*IgA"* B cells and posi-
tively baiting B cells with dual-labelled (Alexa-Fluor 488 and Alexa-Fluor
647) antigen using a SH80OSFP cell sorter (Sony). Sorted IgG" memory
B cellswere seeded at clonal dilutionin 384-well plates on amonolayer
of feeder mesenchymal cellsin the presence of B cell survival factors.
Clones positive for antigen binding were then isolated and cDNA was
synthesized. Monoclonal antibody VH and VL sequences were obtained
by RT-PCR. Genes encoding V, D and ] of the IgH DNA sequences were
identified using the IMGT database as aref. 59. Monoclonal antibodies
were then produced recombinantly ashuman IgGl (IgGlm3allotype) in
ExpiCHO cells and transiently transfected with heavy and light expres-
sion vectors as previously described™.

ELISA

The MARV GPAMuc,,; or MARV GPAMuc,, ectodomain was diluted to
0.003 mg ml™in TBS, added to Maxisorp 384-well plates (Thermo-
Fisher) and incubated overnight at room temperature. The following
day, the plates were tapped until dry and blocked with blocker casein
for1hat37°C.The plates were tapped dry, and serum samples (starting
concentration of 1:40) or monoclonal antibodies (starting concen-
tration of 0.1 mg ml ™) were diluted in TBS supplemented with 0.1%
Tween 20 (TBST) and serially diluted 1:3 in TBST, added to plates and
incubatedat37 °Cfor1h. The plateswere tapped dryand washed 4 times
with TBST, after which a goat anti-mouse IgG (H+L) HRP-conjugated
antibody (ThermoFisher) diluted 1:5,000 in TBST or agoat anti-human
IgG (H+L) HRP-conjugated antibody (ThermoFisher) diluted 1:5,000
in TBST was added to each well. The plates were incubated for 1 h at
37 °C, tapped dry and washed 4 times with TBST. SureBlue Reserve
TMB 1-Component Microwell Peroxidase substrate (SeraCare) was
added to each well and developed for 90 s at room temperature. An
equal volume of 1 NHClwas added to each well to quench the reaction,
after which the absorbance at 450 nm was measured using a BioTek
Synergy Neo2 plate reader. The resulting data were analysed using
GraphPad Prism 10, using a four-parameter logistic curve to deter-
mine the EDs, for each antibody. Two biological replicates performed
in technical duplicate were performed using two distinct batches
of protein.

Pseudotyped virus production

VSV pseudotyped with the full-length MARV, RAVV, DEHV, MLAV,
EBOV or SUDV GP was produced as previously described® ¢, In brief,
HEK-293T cells were split into 10-cm poly-lysine-coated dishes and
grown overnight at 37 °C and 5% CO, until they reach approximately
90-95% confluency. The cells were washed once with DMEM and left
in DMEM supplemented with10% FBS. The cells were transfected with
16-24 pg full-length GP construct using Lipofectamine 2000 follow-
ing the manufacturer’s recommendations, after which the cells were
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incubated for20-24 h at37 °Cand 5% CO,. The cells were then washed
3 times with DMEM, infected with VSVAG/luc and incubated at 37 °C
and 5% CO,. After 2 h, the cells were washed 5 times with DMEM and
left in DMEM supplemented with an anti-VSV-G antibody (I1-mouse
hybridoma supernatant diluted 1:25 for CRL-2700, American Type
Culture Collection) for 20-24 h at 37 °C and 5% CO,. Following this
incubation, the supernatant was collected, clarified by centrifuga-
tion, filtered using a 0.45 uM filter and concentrated with a100 kDa
centrifugal filter (Amicon). The resulting pseudovirus was stored at
—-80 °C until use.

Pseudovirus neutralization assay

Neutralization assays were performed as previously described®® . In
brief, Vero E6 cells were split into white-walled, clear-bottom 96-well
plates at a density of 18,000 cells per well. The cells were grown over-
night at 37 °C and 5% CO, until they reached approximately 80-90%
confluency. The serum samples (starting concentration of 1:10) or mon-
oclonalantibodies (starting concentration of 200 pg ml™) were diluted
in DMEM and serially diluted 1:3 in DMEM. VSV pseudotyped with the
GP was diluted 1:5 to 1:250 in DMEM, after which an equal volume of
diluted pseudovirus was added to the diluted monoclonal antibody
or serum. The pseudovirus-antibody mixture was incubated at room
temperature for 30 min. Following this incubation, growth medium
was removed from the Vero E6 cells and the pseudovirus—antibody
mixture was added to cells. The cells were incubated for2 hat 37 °Cand
5% CO,, after which an equal volume of DMEM supplemented with 20%
FBS and 2% PS was added to each well and the cells were incubated for
another 20-24 h at 37 °C and 5% CO,. An equal volume of ONE-Glo EX
(Promega) was added to each well and the cells were incubated 37 °C
for 5 min with constant shaking. The luminescence values from each
well were measured using a BioTek Synergy Neo2 plate reader.

Data were normalized using GraphPad Prism 10 using the relative
light unit (RLU) values obtained from uninfected cells to define 100%
neutralization and the RLU values obtained from cells infected with
pseudovirusin the absence of antibody to define 0% neutralization. EDs,
values were determined from the normalized data using an [inhibitor]
versus normalized response-variable slope model. At least two biologi-
calreplicates using distinct batches of pseudoviruses and monoclonal
antibodies were performed.

Plaque reduction neutralization assay with authentic MARV

Vero E6 cells were split into 6-well plates at a density of 3 x 10° cells
per well and grown overnight in high-glucose DMEM supplemented
with10% FBS and 1% PS at 37 °C and 5% CO, until they reached 75-95%
confluency. The following day, monoclonal antibodies were diluted in
high-glucose DMEM with 2% FBS and 1% PS (DMEM-2) to a starting con-
centration of 100 pg ml™and serially diluted 1:4 in DMEM-2. Next, 100 pl
of MARV/Musoke dilutedin DMEM-2t01,000 PFU per mlwas added to
100 pl of the diluted antibodies and the virus-antibody mixture was
incubated for 60 min at 37 °C. Following this incubation, an additional
300 pl of DMEM was added to the virus-antibody mixture and 400 pl
of this mixture was added to the Vero E6 cells. The cells were incubated
with the virus-antibody mixture for 60 minat 37 °C with gentle rocking,
after which the mixture was removed and the primary overlay consisting
of 1% agarose mixed 1:1with2x MEM containing 2 mM sodium pyruvate,
1% PS and 4% FBS was added. The cells were incubated for 7 days at 37 °C
with 5% CO,. Next, the cells were stained with an overlay containing 1%
agarose mixed 1:1with 2x MEM containing 2 mM sodium pyruvate, 4%
FBS and 8% neutral red solution and incubated for 1 day at 37 °C and
5% CO,, after which the number of plaques were manually counted.
The per cent infectivity for each well was determined by dividing the
number of plaques in the well by the number of plaques counted in
the well with 24 pg ml™” of antibody. Two biological replicates with
one to three technical replicates were conducted for each antibody,
and the PRNT,, values were determined from the averaged data from

the two biological replicates using an [inhibitor] versus normalized
response-variable slope model in GraphPad Prism 10.

BLI

Binding of the stabilized MARV GPAMuc,,; ectodomains to MR191 was
assessed by first dipping pre-hydrated AHC2 biosensors into MR191
1gG diluted to 10 ng pl™ in 10x kinetics buffer to a 1 nm shift. The
MR191-coated biosensors were then dipped into each MARV GPAMuc
constructdiluted to10 nMin10x kinetics buffer for 300 s, after which
the biosensors were dipped into 10x kinetics buffer. All steps were
conducted at 30 °C. Data were baseline subtracted using Octet Data
Analysis HT software (v.12.0) and visualized using GraphPad Prism 10.

To measure the affinity of the MARV16 Fab for MARV GPAMuc,,, bioti-
nylated MARV GPAMuc,,; was diluted to a concentration of 10 ng plin
10x kinetics buffers and loaded onto pre-hydrated streptavidin biosen-
sor to al nmshift. The MARV GPAMucy-coated biosensors were then
dipped for 300 s into MARV16 Fab diluted in 10x kinetics buffer at a
starting concentration of 100 nM and serially diluted 1:3. The biosen-
sorswere then dipped into 10x kinetics buffer for an additional 300 s.
All steps were conducted at 30 °C. The resulting data were baseline
subtracted and fit using Octet Data Analysis HT software (v.12.0) and
visualized using GraphPad Prism 10.

Binding comparisons betweenthe MARV16, MR78 and MR191 Fab and
IgG fragments were conducted as described above. Following immo-
bilization of the biotinylated MARV GPAMuc,,; on the streptavidin
biosensors, the tips were dipped for 300 s into 100 nM of Fab or IgG
diluted in10x buffer, after which the tips were dipped into 10x kinetics
buffer for300 s. All steps were conducted at 30 °C. Datawere baseline
subtracted using Octet Data Analysis HT software (v.12.0) and visual-
ized using GraphPad Prism 10.

Binding of MARV GPAMuc to MARV16, MR78 or MR1911gG at variable
pH values were conducted by loading biotinylated MARV GPAMuc,,;
diluted in10x kinetics buffer, pH 7.4 onto streptavidin biosensors toa
1nmshift. The loaded biosensors were then dipped for 300 sinto IgG
dilutedin10x kinetics buffer at pH 7.4, 6.5,5.50or 4.5. The resulting data
were baseline subtracted using Octet Data Analysis HT software (v.12.0)
and visualized using GraphPad Prism 10.

Binding of the MARV GPAMuc,;, EBOV GPAMuc, cleaved EBOV
GP, SUDV GPAMuc and SUDV GPAMuc to MARV16, MR78, MR191 and
EBOV515IgG was assessed as described above. IgG diluted to 10 ng plin
10x kinetics buffer wasloaded on AHC2 biosensors to al nmshift, after
which the loaded biosensors were dipped for 300 s into GP diluted to
approximately 10 nM in 10x kinetics buffer. All steps were conducted
at 30 °C. Data were baseline subtracted using Octet Data Analysis HT
software (v.12.0) and visualized using GraphPad Prism 10.

Competitive binding of MARV16 versus MR78 or MR191to the MARV
GPAMuc,,; was assessed by loading biotinylated MARV GPAMuc,,;
diluted to 10 ng pl ™ onto pre-hydrated streptavidin biosensor, after
which the loaded biosensors were dipped for 300 s into 200 nM of
MARV16 IgG diluted 10x kinetics buffer. The biosensors were then
dipped into 100 nM of MR78, MR191 or MARV16 IgG diluted in 10x
kinetics buffer for 300 s and finally dipped into 10x kinetics buffer
for 300 s. All steps were conducted at 30 °C. The resulting data were
baseline subtracted using Octet Data Analysis HT software (v.12.0) and
visualized using GraphPad Prism 10.

For epitope binding of the MARV antibodies discovered from Alloy
ATX mice, biotinylated MARV GPAMuc,,; was diluted to 10 ng pl ™ and
loaded onto pre-hydrated streptavidin biosensors to al nmshift. The
loaded biosensors were dipped into 200 nM of the saturating antibody
diluted in10x kinetics buffer for 900 s and then dipped into100 nM of
the competing antibody and 25 nM of the saturating antibody diluted
in10x kinetics buffer for 300 s. All steps were conducted at 30 °C. The
resulting data were analysed with Octet Data Analysis HT software
(v.12.0), in which the response for the saturating antibody was calcu-
lated by subtracting the average response measured for the last 30 s



of the association step of the saturating antibody from the average
response measured for the last 90 s of association step of the compet-
ing antibody. The resulting data were corrected by subtracting the
response measured for self-blocking and the per cent binding was
calculated by dividing the response for each competing-saturating
antibody pair by the response measured for the saturating antibody
binding to the MARV GPAMuc,; alone. Antibody pairs displaying recip-
rocal blocking relationships were considered to be a part of the same
binding group.

Invivo challenge study

Twenty-four guinea pigs were randomly assigned to four groups (n=6
animals per group). The animals were intraperitoneally infected with
1,000 PFU of guinea pig-adapted MARV/Angola diluted in 100 pl PBS.
Twenty-four, 48 or 96 h after infection, the animals were intraperito-
neally treated with 10 mg (approximately 20 mg kg™) of MARV16 or an
isotype control monoclonal antibody (MGH2). Blood samples were
collected 24 h after administration of the antibody and 5 d.p.i. Body
weights, body temperatures and clinical illness scores were recorded
daily until the end of the study (29 d.p.i.). Clinical iliness scores were
assigned as follows. Weight loss: 0, decrease from baseline body weight
between 0 and 4.99%; 1, decrease from baseline body weight equal
or higher than 5 and less than 10.9%; 2, decrease from baseline body
weight equal or higher than11and less than19.9%; and 3, decrease from
baseline body weightequal or higher than 20%. Temperature changes:
0,no change frombaseline; 1, achange equal or higher than1.1 °F; and
3, achange equal or higher than 2.2 °C. Dyspnoea: 0, normal respi-
ration; 3, rapid respiration; and 12, laboured or agonal respiration.
Responsiveness: 0, active; 2, mild unresponsiveness, becomes active
when approached; 8, moderate unresponsiveness, lethargic, weak-
ness; and 15, moribund or prostrate. Discoordination: O, none; or 2,
noticeable. Appearance: O, active and alert; 1, rough hair coat; and 3,
rough hair coat and hunched. Eye appearance: 0, normal; 1, discharge
fromeye; 2, squinty eye (or eyes); and 3, closed eyes. The total clinical
iliness scores were determined by adding up all clinical scores from
the aforementioned categories. When animals reached euthanasia
criteria (total clinical illness scores of 12-35), they were euthanized
with the approval by the study’s veterinarian.

To measure MARV viral loads at 5 d.p.i., 100 pl of plasma collected
from each animal was mixed with 150 pl PBS and inactivated with 750 pl
TRIzol LS reagent. Next, 10 pg yeast tRNA and 10° PFU of MS2 bacterio-
phage were added to the sample. Next, 200 pl chloroform was added
to each sample and the samples were centrifuged at12,000g for 15 min
at2-8 °C. The aqueous phase was transferred to a Microtiter Deep-
well 96 plate and RNA was extracted using a NucleoMag Pathogen kit
(Macherey-Nagel) with aKingFisher Flex instrument. The extracted
RNA was stored at —80 °C until use. RT-qPCR was performed using
TaqPath 1-Step RT-qPCR master mix (ThermoFisher) using primers
and a probe targeting the GP gene of MARV/Angola (MAGP forward
primer: CCAAACGATGGGCCTTCA; MAGP reverse primer: TCCT
CCCCTTCTGTATACTCAACAT; MAGP FAM/MGB probe: CAGGTGTA
CCTCCC).Astandard curve was generated using al:10 serially diluted
ssRNA standard (107 to 10' copies per 5 ul) and a MS2 phage assay was
conducted asaninternal extraction and detection control. Two techni-
calreplicates were conducted for each sample. Results are expressed
as GE per ml of plasma.

To measure plasma concentrations of MARV16, plasma was col-
lected from guinea pigs 1 day after antibody administration. MARV
GPAMuc,,; was diluted in PBS to 2 pg ml™, added to Immulon 2 HB
96-well flat-bottom plates (ThermoFisher) and incubated overnight
at 4 °C. The following day, the plates were washed 3 times with PBST,
blocked for 1 h at 2-8 °C using Pierce Protein-Free (PBS) blocking
buffer (ThermoFisher) and then washed 3 more times with PBST. Next,
plasmasamples diluted1:10,1:400 and 1:2,000 in PBS with 1% FBS and
0.2% Tween 20 were added to the wells and the plates were incubated

for1hat 37 °C. The plates were washed 3 times with PBST and a goat
anti-human IgG-HRP-conjugated secondary antibody (Millipore Sigma)
diluted 1:6,000 in PBS with 1% FBS and 0.2% Tween 20 was added to
each well. The plates were incubated 1 h at 37 °C and washed 3 times
with PBST. TMB substrate (ThermoFisher) was added to each well,
developed for 12 min and stopped with an equal volume of 2 N H,SO,.
Optical densities at 450 nm were measured using a BioTek 800 TS
spectrophotometer. A standard curve was generated using MARV16
diluted in PBS to 200 ng mland 1:2 serially diluted 7 times. The stand-
ard curve was fitted with a four-parameter logistic curve and used to
calculate plasma concentrations of MARV16. Two technical replicates
were conducted for each sample.

FcyRlla or FcyRIlla activation assays
Antibody-dependentactivation of human FcyRIllaand FcyRIla was per-
formed with abioluminescent reporter assay. ExpiCHO cells transiently
expressing membrane-anchored wild-type MARV/Musoke GP (target
cells) were incubated with different amounts of monoclonal antibod-
ies. After 25 min, Jurkat cells stably expressing FcyRIllareceptor (V158
variant) or FcyRIlareceptor (H131variant) and NFAT-driven luciferase
gene (effector cells) were added at an effector to target ratio of 6:1 for
FcyRIllaassays and 5:1for FcyRIla assays. Signalling was quantified by
the luciferase signal produced as aresult of NFAT pathway activation.
Luminescence was measured after 22 h of incubation at 37 °C with 5%
CO, with aluminometer using Bio-Glo-TM luciferase assay reagent
according to the manufacturer’s instructions (Promega).

Cryo-EM sample preparation and data collection

To generate MARV GPAMuc,;~MARV16 Fab complexes, 100 pg of
MARV GPAMucy;and 150 pg MARV16 Fab were incubated together at
37 °C for 30 min, after which the complexes were added to a100 kDa
centrifugal filter, washed 5 times with TBS and concentrated to
5.5 mg ml™'. Immediately before freezing, CHAPSO was added to the
MARYV GPAMuc,;~MARV16 Fab complexes to a final concentration
of 5.45 mM. The complexes were added to freshly glow-discharged
2.0/2.0 UltraFoil grids (200 mesh)®*, after which the grids were plunge
frozen usinga Vitrobot MarkIV (ThermoFisher) with awaittime of10 s,
ablotforce of 0and ablot time of 5 sat100% humidity and 23 °C. Data
were acquired on a FEI Titan Krios transmission electron microscope
operated at 300 kV and equipped with a Gatan K3 direct detector and
Gatan Quantum GIF energy filter, operated in zero-loss mode with a
slit width of 20 eV. Automated data acquisition was carried out using
Leginon® at a nominal magnification of 105,000 with a pixel size of
0.829 A, adefocus range between—0.4 to—3.0 um and a stage tilt of 0°
or25°. The dose rate was adjusted to 15 counts per pixel per sand each
videowas acquired in 75 frames of 40 s.

Cryo-EM data processing

Video frame alignment with a downsampled pixel size of 1.658 A was
carried outin WARP®®, Estimation of microscope CTF parameters, par-
ticle picking and extraction (box size of 256 pixels?) was conducted
using cryoSPARC (v.4.6.2). Reference-free 2D classification to select
well-defined particle images was performed in cryoSPARC?’. Next,
ab initio 3D reconstruction and heterogeneous refinement to select
well-defined particle classes were performed in cryoSPARC. 3D refine-
ments were then conducted using nonuniform refinement®® with C3
symmetry and per-particle defocus refinementin cryoSPARC®. The par-
ticleimages were then subjected to Bayesian polishing using Relion®’,
during which the box size was adjusted to 512 pixels?and the pixel size
was adjusted to 0.829 A. Another round of nonuniform refinement
with global and per-particle defocus refinement was performed in
cryoSPARC. Next, focused 3D classification without particle alignment
was conducted using amask comprising GP residues 171-219 using a tau
factor of10in Relion’®”%. The particles with the best resolved local den-
sity were selected and subjected to local refinement with C3 symmetry
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in cryoSPARC using a mask comprising MARV GP and the Fab variable
domains. Reported resolutions are based on the gold-standard Fourier
shell correlation of 0.143 criterion, and Fourier shell correlation curves
were corrected for the effects of soft masking by high-resolution noise
substitution”7,

Model building and refinement

USCF ChimeraX™and Coot” were used to fitinto the map initial models
of the MARV GP (PDB identifier: 6BP2) and MARV16 Fab, which was
predicted using AlphaFold2 (ref. 76). The model was then built and
refined into the map using Coot, Rosetta’””’®, ISOLDE”® and Phenix®°.
Figures were generated using UCSF ChimeraX.

Differential scanning fluorimetry

The original and stabilized MARV GPAMuc ectodomains were diluted
in TBS and mixed with protein thermal shift buffer and dye (Thermo-
Fisher) following the manufacturer’s recommendation such that the
final concentration of protein in the reaction mix was 0.25 pg ml™.
The reaction mix was added to a 96-well qPCR plate (ThermoFisher)
and sealed with MicroAmp optical adhesive film (ThermoFisher). The
fluorescence intensity (A cication: 470 + 15 NM; Apission: 586 + 10 nm) was
measured from 25 °C to 99 °C using a QuantStudio 5 Real-Time PCR
system (ThermoFisher). The data were analysed and visualized using
QuantStudio Design and Analysis Desktop software (ThermoFisher)
and GraphPad Prism 10. Data are presented as the negative first deriva-
tive of fluorescence intensity with respect to temperature. The T,, was
identified by taking the second derivative of the fluorescence intensity
with respect to temperature and smoothing the resulting function
across four neighbours points. Four biological replicates each with six
technical replicates were performed using distinct batches of protein.

Negative-stain electron microscopy

Complexes of the MARV GPAMuc,,;—~MARV16 Fab-MR78 Fab, MARV
GPAMucy;-MARV16 Fab-MR191 Fab, MARV GPAMuc,,,~MARV7 Fab,
MARV GPAMuc,;—~MARV14 Fab, MARV GPAMuc,,;~MARV18 Fab and
MARYV GPAMuc,,;~MARV20 Fab were generated as described above.
Purified MARV GPAMuc mutants or MARV GPAMuc,,;—Fab complexes
were diluted to 0.01 mg mIin TBS, added to freshly glow-discharged
carbon-coated copper grids and stained with 2% uranyl formate. Data
were acquired with a 120 kV FEI Tecnai G2 Spirit with a Gatan Ultras-
can 4000 4k x 4k CCD camera at a nominal magnification of x67,000
using Leginon®. The defocus ranged from -3.0 to -1.0 pm and the pixel
sizewas 1.6 A. Micrographs were then processed in cryoSPARCY using
PatchCTF to estimate microscope CTF parameters and Blob picker to
pick particles. Following particle extraction, reference-free 2D classifi-
cationwas performed to select well-defined particleimages. Ab initio
3Dreconstructionand homogenous refinement were then performed
with the selected particleimages applying C3 symmetry. Figures were
generated using UCSF ChimeraX™,

Antibody escape studies using replication-competent
VSV-MARV/Musoke GP

These experiments underwent evaluation by the biosafety commit-
tee of the University of Washington before approval. Replication-
competent VSV-MARV/Musoke GP (lacking VSV G) was generated as
previously described® but with several modifications. BHK-21/WI-2
cells were split into a 6-well plate and grown overnight at 37 °C and
5% CO, until they reached approximately 90% confluency. The cells
were then infected with vaccinia virus strain vTF7-3 (American Type
Culture Collection, VR-2153) at a multiplicity of infection of about 3
for 45 min, after which the virus was removed from the cells and fresh
growth medium (DMEM, 10% FBS and 1% PS) was added. The cells
were transfected with the VSV-MARV/Musoke GP anti-genome, VSV N,
VSV P, VSV Land VSV G constructs at a1:3:5:1:8 mass ratio using Lipo-
fectamine 2000. After 4 days, the supernatant was collected, clarified

by centrifugation and filtered using a 0.22 pm filter. The resulting
supernatant was added to Vero E6 cells grown overnight to 90-95%
confluency in a 6-well plate. Cytosine arabinoside was added to the
viralgrowth medium (DMEM, 5% FBS and 1% PS) at a concentration of
25 ug ml™ to inhibit growth of residual vaccinia virus. After 72 h, the
wells were examined for evidence of VSV-MARV/Musoke GP replication
by screening for GFP expression and viral cytopathic effect (CPE). The
supernatant from a well showing GFP expression and viral CPE was col-
lected, clarified by centrifugation, filtered using a 0.22 um filter and
stored at-80 °Cuntil use. To increase the infectious titre of the rescued
virus, the virus was serially passaged on Vero E6 cells as follows. Four
million Vero E6 cells were splitinto al0 cm plate and grown overnight
at37 °Cand 5% CO, until they reached approximately 90-95% conflu-
ency. Therescued virus was added to the cells and incubated at 37 °C
and 5% CO, for 2 h, after which the virus was removed and replaced
with fresh viral growth medium. The cells were incubated for 72 h at
37 °C and 5% CO,, after which the cells were examined for viral CPE
and the supernatant was collected, clarified by centrifugation and
filtered using a 0.45 pm filter. One-tenth of the resulting supernatant
was added to new Vero E6 cells. The virus was passaged 5 times until
significant viral CPEwas observed, whichindicated that the virus was
efficiently replicating in the Vero E6 cells.

To isolate individual VSV-MARV/Musoke GP clones, the passaged
viruswas added to Vero E6 cells splitinto 6-well plates and grown over-
night to 90-95% confluency. After 2 h, the virus was removed and an
agarose overlay consisting of MEM, 5% FBS, 1% PS and 1% SeaPlaque
agarose wasaddedtothecells. The cellswereincubated for 72 h, after
which individual plaques were selected and the resulting virus was
expanded on Vero E6 cells grown in 12-well plates to a confluency of
90-95%. Two individual clones, 2B2 and 2B4, were then further pas-
saged twice on Vero E6 cellsgrown to 90-95% confluencyin15 cm plates
as described above. After 2 passages, the resulting viral supernatant
was collected, clarified by centrifugation, filtered using an 0.45 pm
filter, concentrated 10-fold using a 100 kDa Amicon filter and stored
at—-80 °Cuntil use. Infectious titre for the viral stocks were determined
using plaque assays as follows. Vero E6 cells were split into 6-well plates
and grown overnight to a confluency of 90-95%. The passaged virus
was serially diluted in DMEM and added to the Vero E6 cells. The cells
were incubated at 37 °C and 5% CO, for 2 h, after which the virus was
removed and replaced with an agarose overlay. The cells were incubated
for72 hat37 °Cand 5% CO,. Next, the cells were fixed with 2% paraform-
aldehyde for 15 min at room temperature and the agarose overlay was
then removed. Cells were stained with an 0.1% crystal violet solution
and subsequently washed 3 times with PBS, after which plaques were
manually counted.

To select for escape mutations, Vero E6 cells were split into 12-well
platesand grown overnight at 37 °Cand 5% CO, until they reach 90-95%
confluency. MARV16 alone, MARV16 and MR78, or MARV16 and MR191
were diluted to a starting concentration of 100 pg ml™ total antibody
in DMEM and serially diluted 1:5 to a final concentration of 1.28 ng pl ™.
Approximately 10° PFU of VSV-MARV/Musoke GP isolate 2B2 or 2B4
were added to the serial diluted antibodies and the virus-antibody
mixtureswereincubated for1hat37 °C.The virus-antibody mixtures
were thenadded to the Vero E6 cellsand incubated for 72 hat 37 °C and
5% CO,. The cells were examined for CPE and the supernatant from the
well with the highest antibody concentration that showed >20% CPE
was collected, clarified by centrifugation and filtered usinga 0.45 pm
filter. The process was repeated using the collected viral supernatant
until the well containing 100 pg ml™ of antibody showed >20% CPE,
after whichthe supernatant was collected, clarified by centrifugation,
filtered using a 0.45 pm filter and stored at —80 °C until use.

Toidentify escape mutations, viral RNA was extracted from the stored
viral supernatant using a Zymo Quick-Viral RNA kit. cDNA was gener-
ated as previously described®*®* using Turbo DNase to remove gDNA,
Superscript IV with random hexamers to generate single-stranded
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cDNA, Sequenase 2.0 polymerase to generate double-stranded cDNA
and AMPure XP beads to purify the resulting cDNA. Sequencing librar-
ies were generated using an Illumina DNA prep kit and sequenced
on a2 x150 bp run on an Element Aviti. Sequencing reads were
adapter-trimmed and quality-trimmed using Trimmomatic (v.0.39)%*
and mapped to the VSV-MARV/Musoke GP genome using Geneious
Prime®. Variants present at a frequency of 10% or greater were identi-
fied using Geneious Prime.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The cryo-EM maps and atomic coordinates were deposited to the Elec-
tron Microscopy Data Bank and the PDB with accession numbers and
EMD-49486 and 9NJL, respectively. Sequencing reads are available
under NCBIBioProject PRINA1336301. Other dataand materials gener-
atedin thisstudy are available on request and may require amaterials
transfer agreement.
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Extended DataFig.1|Analysis of serum binding and neutralization titres
for MARV GPAMucy,;- and GPAMuc,,-immunized mice. a,b, Dose-response
curves forthe ELISAs against the MARV GPAMuc;, ectodomain (a) and for the
neutralization assays against VSV pseudotyped with MARV/Musoke GP (b)
fortheseracollected from MARV GPAMuc,,;- or GPAMuc,,-immunized mice.
Serumwasunabletobe collected at bleed 2 for mouse D5120. Two biological
replicates were performed for the ELISAs using distinct batches of proteins.

Two technical replicates were performed per biological replicate. Data
presented are fromone representative biological replicate and presented as
mean + standard error from the two technical replicates. Two to six biological
replicates were performed for the neutralization assays using distinct batches
ofantibodies and pseudoviruses. Three technical replicates were performed
perbiological replicate. Datafromall biological replicates are shown and
presented as mean + standard error from the three technical replicates.



Article

a

<
S| -
%,
O =

FSC-A

b MARVGPAMuc,; ELISA

MARV4 MARV7
4 ° 4
3 3
3 3
<v 2 <v 2
1 1
0 0
D2 4 N QAT D Ao D 4 N QS A 9 > o
RIS IRIRURSRORY S8 3388
Concentration (ng/mL) Concentration (ng/mL)
MARV16 MARV18
4 4 o
o ]
3 3
) )
é? 2 (53 2
1 1
0 0
S 4 N QA S5 > o S5 4 N QA S > o
SIS II 888 R IRRURRIRY

Concentration (ng/mL) Concentration (ng/mL)

C VSV-MARV/Musoke GP Neutralization

MARV4 MARV7

~ 150 ~— 150

£, s, &

goo sl B negentndl
& 5 0*8%%5%88,
£ 50 € 50

g g

& & °7

S —
10° 10" 10?2 10° 10* 10°
Concentration (ng/mL)

. e s——
10° 10" 10 10° 10* 10°
Concentration (ng/mL)

MARV16 MARV18
~ 150 ~ 150
e e i
l%100— ‘%100— H‘E!H' i
€ 509 £ 50
g g
o 0 o
o o

T et —
10° 10" 10?2 10° 10* 10°
Concentration (ng/mL)

S —
10 10" 10?2 10° 10* 10°
Concentration (ng/mL)

d Authentic MARV/Musoke Neutralization

MARV11

MARV GPAMuc,

biotin-SA AF488

5
S
o
O &
<
< S
2 o]
IgM/IgD/IgA-PE
MARV12
3
5o

Asso
o - n w »
" 1
o

DA ANIAA R L
ANESRORNENENENENEN

Concentration (ng/mL)

MARV20

0
I NI\ S
NN INESESENERNN

Concentration (ng/mL)

MARV11
= 150
X
< ]
2 100 | 1
5 o
£ 509
8
=7 OT——
a At enati annii snati ennaiis ]
10° 10" 10% 10° 10* 10°
Concentration (ng/mL)
MARV20
= 150
X
2 100
£ r‘;w
]
£ 509
g
R 1 R —
o

e SR
10° 10" 10% 10° 10* 10°
Concentration (ng/mL)

D U N AR O
RSN IS

Concentration (ng/mL)
MARV21
4
3
)
<‘3 2
1
0
D 2 NS S b o
SIS II 888

Concentration (ng/mL)

MARV12
~ 150+
=
o
w [+
€ 50
g
<0 NN—
a [ ERai enati enni enati annsii]
10° 10" 10?2 10° 10* 10°
Concentration (ng/mL)
MARV21
= 150+
3 i g2
2 100 ‘THT‘_;_i! o
E
€ 50
g
0 1 SRR
a

o a——
100 10" 10?2 10° 10* 10°
Concentration (ng/mL)

_ MARV16 _ MR191 s s 4C2

& 200 & 200 & & 200

§ 150 ‘; 150 . ‘§ ‘; 150

B 100 33‘.’ 100 B B 100 e %i

c c c c

£ 50 £ 50 £ 5 50

8 8 8 8

& o & o & & o

\Qb \Q) \g’ \Qﬂ/ \6\ '\8 ’\S '\& \Q” \Q) \Qb \Qn, \Q'\ \§ '\S '\& \é’ \Qy \st \Qﬂ/ \9\ \8 '\S ’\& \Q” \QP \g \be \Q'\ '\8 \S \&
Concentration [ug/mL] Concentration [ug/mL] Concentration [ug/mL] Concentration [ug/mL]

@ Replicate 1 O Replicate?2 @ Replicate 3
@ Replicate 4 O Replicate 5 @ Replicate 6

Extended DataFig.2|See next page for caption.

Asso

Asso

Percent Entry (%)

Percent Entry (%)

MARV14

1
0
D L A AR YL
ANESRESRNENENENENENY

Concentration (ng/mL)

MARV23
4
3
2
1
0
\éb .99' .\g \S \S \& \8 \S \8

Concentration (ng/mL)

MARV14
150
100-]
Eggigdava”
50
04
e MR B Bl L |
10° 10' 10?2 10° 10* 10°
Concentration (ng/mL)
MARV23
150
100 &g—i—i—w
¢ %%
50
0

o ro—rr,
10° 10" 10?2 10° 10* 10°
Concentration (ng/mL)



Extended DataFig. 2| Analysis of binding and neutralization titres for the
monoclonal antibodies discovered from ATX-Gx mice. a, Flow cytometry
gatingstrategy used for sorting MARV GPAMucy-reactive memory B cells.
b,c, Dose-response curves for the ELISAs against the MARV GPAMucy ¢
ectodomain (b) and neutralization assays against VSV pseudotyped with
MARV/Musoke GP (c) for the 10 antibodies discovered from theimmunization
study using the ATX-Gx mice. Two biological replicates were performed for
the ELISAs using distinct batches of proteins and antibodies. Two technical
replicates were performed per biological replicate. Data presented are from
onerepresentative biological replicate and presented as mean + standard

error from the two technical replicates. Two to six biological replicates were
performed for the neutralization assays using distinct batches of antibodies
and pseudoviruses. Three technical replicates were performed per biological
replicate. Data fromall biological replicates are shown and presented as
mean + standard error from the three technical replicates. d, Dose-response
curves for plaquereduction neutralization tests for MARV16, MR78, MR191,
and the MERS-CoV 4C21gG, conducted using authentic MARV/Musoke. Two
biological replicates were performed with one to three technical replicates
using distinct batches of monoclonal antibodies. Data are shown as the
mean * standard error of the technical replicates.
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Extended DataFig.3|MR78 and MR191 binding to MARV GPAMuc,,; at
different pHs. a,b, Binding of MR78 (a) and MR191 (b) IgGs at a concentration
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by biolayer interferometry. Datashown are onerepresentative out of two
biological replicates using distinct batches of protein and antibodies.
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Extended DataFig.4|Analysis of neutralization breadth of MARV monoclonal
antibodies.a-m, Neutralization dose-response curves for MARV16, MR78,
MR191, and EBOV515 against VSV pseudotyped with the MARV/Musoke GP (a),
MARV/Angola GP (b), MARV/Ci67 GP (c), MARV/Equatorial Guinea-2023 GP (d),
MARV/Kakbat-SL-2017 GP (e), MARV/Kasbat-SL-2018 GP (f), MARV/Ozolin GP (g),

MARV/Ghana-2022 GP (h), RAVV GP (i), DEHV GP (j), MLAV GP (k), EBOV GP (1), or
SUDV GP (m). Each of the two to six biological replicates used distinct batches of
pseudoviruses and antibodies and dataare shown as the mean + standard error
oftechnical triplicates.
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Extended DataFig. 5| Cryo-EM dataprocessing ofthe MARV GPAMucy,-
MARV16 Fab complex. a,b, Representative cryo-EM micrograph (a) and 2D

class averages (b) obtained for MARV GPAMucy,;in complex with MARV16 Fabs.

Scalebar:100 nm. ¢, Cryo-EM data processing workflow. NUR (per-particle
defocus): non-uniform refinement with per-particle defocus refinement.
d, Gold-standard fourier shell correlation curves for the locally refined MARV

GPAMucy,-MARV16 Fab complex (using a mask comprising the GP trimer and
MARV16 Fab variable domains). e, Local resolution calculated with cryoSPARC
forthelocally refined MARV GPAMuc,,-MARV16 Fab complex. f, Heat map of
angular distribution for the particles contributing to the final reconstruction.
g, Conical fourier shell correlation plot®.
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Extended DataFig. 6 | Analysis ofthe MARV16-bound MARV GPAMuc,,;
complex. a, Sequence conservation of MARV GP residues comprising the
MARV16 epitope across the Marburgvirusisolates (MARV variants and RAVV)
assessed in this study. Conservation scores were assigned using ConSurf®.

b, Superimposition of the MR191 Fab-bound RAVV GP (PBD: 6BP2; orange) and
MARV16 Fab-bound MARV GP (blue) comparing the N-terminus of the GP2
coredomain of the two models. The arrow indicates the shift of the equivalent
residuesineach model. The MR191and MARV16 Fabs are not shown for clarity.
¢, MARV GP2residues 504-510 modelled into the cryo-EM map (semi-transparent
greysurface).d, Comparison of the binding modes of MARV16 (green) and the

MARV GP1

N-linked

EBOV antibody EBOV-515 (orange). The EBOV GP trimer from the EBOV
GP-EBOV-442-EBOV-515 complex structure (PDB: 7M8L) was superimposed with
the MARV GP trimer from the MARV GPAMuc,,-MARV16 structure to compare
the EBOV-515and MARV16 binding poses. MARV GP1and GP2 are shownin
differentshades of purple and beige, respectively. N-linked glycans are rendered
aslightbluesurfaces. e, The MARV GP1glycan cap (residues 191-219) modelled
intothe cryo-EM density (semi-transparent grey surface). f, View of the putative
RBSresidues (shownin orange) that are shielded by the MARV glycan cap
(light purple). The rest of GP1lis rendered purple.
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Extended DataFig.7|Identification of MARV GPAMuc, antigenicsites
recognized by non-neutralizing monoclonal antibodies. a,b, Percent
binding (a) to the MARV GPAMucy; and BLI traces (b) for antibody pairs
evaluatedin the epitope binning experiments. Antibody pairs showing
reciprocal blocking relationships were classified as belonging to the same
binding group. Datafrom one biological replicate are shown and representative

oftwo biological replicates. c-e, 3D reconstructions, representative 2D class
averages, and angular distribution plots obtained by single particle electron
microscopy analysis of negatively stained MARV GPAMuc,,; bound to the
MARV18 (c), MARV14 (d), or MARV7 (e) Fabs. f, Representative 2D classes
froman electron microscopy dataset of negatively-stained MARV GPAMucy,-
MARV20 Fab complex.
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Extended DataFig.8| MARV16 doesnot activate FcyRIlaor FcyRlIlla. assay for Fc-mediated effector functions. ExpiCHO cells transfected with

a,b, Invitro evaluation of MARV16 mAb-mediated activation of human FcyRllla MARV/Musoke GP and Jurkat-Fcy cells were used as target and effector cells,
V158 (a) and FcyRI1aH131 (b) using abioluminescentreporter assay asasurrogate  respectively.
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Extended Data Table 1| VH and VL amino acid sequences for the 10 MARV antibodies discovered in this study

VH Sequence

VL Sequence

MARV4

QVQLVESGGGVVQPGRSLRLSCAASGFTFTT
YGIHWVRQAPGKGLEWVAVISFDGNNKYYAD
SVKGRFTISRDNSKNTLYLQMNSLRAEDSAVY
YCAKDQGSRSPGVFDYWGQGTLVTVSS

DIVMTQSPDSLAVSLGERATINCKSSQSVL
YSSNNKNFLTWYQQKPRQPPKLLINWAST
RESGVPDRFSGSGSGTDFTLTISSLQAEDV
AVYYCQQFYNAPWTFGQGTKVDIK

MARV7

EVQLVESGGGLVKPGGSLRLSCAASGFTFSN

AWMSWVRQAPGKGLEWVGRIKRKTDGGTTD
YAAPVKGRFTISRDDSKNTLYLQMNSLKTEDT
AVYYCTTTGTMWGQGTMVTVSS

DIVMTQTPLSLPVTLGQPASISCRSSQSLVY
SDGNTYLNWFQQRPGQSPRRLIYKVSNRD
SGVPDRFSGSGSGTDFTLKISRVEAEDVG
VYYCMQGTHWPPYTFGQGTKLEIK

MARV11

EVQLVQSGGGLVQPGGSLRLSCAASGFTFSR
FDMHWVRQAPGKGLEWVSSIGTAGETFYSG
SVKGRFTISRENAKNSFYLQMNSLRAGDTAEY
YCSRGLDYWGQGTLVTVSS

DIVMTQSPLSSPVTLGQPASISCRSSQSLL
HSDGNTYLNWLQQRPGQPPGLLIYKISNRF
SGVPDRFSGSGAGTDFTLKISRVEAEDVG
VYYCMQATQFLITFGQGTKVDIK

MARV12

QVQLVESGGGLVQPGGSLRLSCAASGFTFSN
AFMSWVRQAPGKGLEWVGRIKSNTYGGTSV

YAAPVKGRFTISRDDSTNTLYLQMNGLKTEDT
AVYYCEGTSLYFDYWGQGTLVTVSS

DIVMTQSPLSSLVTLGQPASISCRSSQSLV
HSDGNTYLSWLQQRPGQPLRLLIYKISNRF
SGVPDRFSGSGAGTDFTLKISRVEAEDVG
VYYCMQTTQFPTFGGGTKVDIK

MARV14

EVQLVESGGGLVQPGGSLRLSCAASGFTFSR
YDMHWVRQATGKGLEWVSAIGTAGDTYYPG
SVKGRFTISRENAKNSLYLQMNSLRAGDTAVY
YCSRGLDYWGQGTLVTVSS

DIVMTQSPLSSPVTLGQPASISCRSSQSLV
HSDGTTYLNWLQQRPGQPPRLLIYKISNRF
SGVPDRFSGSGAGTDFTLKISRVEAEDVG
VYYCMQATQFPVTFGPGTKVDIK

MARV16

EVQLVESGGGLVKPGGSLRLSCAASGFTFSS
YTMNWVRQAPGKGLEWVSSISSSESYIYYVD
SVQGRFTISRDNAKNSLYLQLNSLRAEDTAVY
YCVRRDNWNYDTLDIWGQGTMVTVSS

DIVMTQSPSSLSASVGDRVIITCRASQSIST
YLNWYQQKPGKAPKLLIYAASSLQSGVPS

RFSGSESGTDFTLTISGLQPEDFATYYCLQ
SYDAPLTFGGGTKVDIK

MARV18

EVQLVESGGAVVQPGRSLRLSCAASGFSFST
YGMHWVRQAPGKGLEWVALISYDGTNKFYA

DSVKGRFTISRDNSNNTLFLQMNSLRPEDTAL
YYCAKDGGFDYYGGWLDPWGQGTLVTVSS

DIVMTQSPDSLAVSLGERATINCKSSQNILY
SSNNKNYLTWYQQKPGQPPKLLIHWASTR
ESGVPDRFSGSGSGTDFTLTISSLQAEDVA
VYYCQQYYRSPLTFGGGTKVDIK

MARV20

EVQLVESGGGLVQPGGSLKLSCAASGFTFSG
SALHWVRQVSGKGLEWVGRLRSKTNNYATA
YAASVKGRFTISRDDSKNTAYLQMNSLKSEDT
AVYYCTSPSIKPAGTDFDYWGQGALVTVSS

DIVMTQSPSSLSASVGDRVTITCRASQGIS
HYLAWFQQKPGKAPKSLIFAASSLQSGVPS
KFSGSGSGTDFTLTISSLQPEDFATYYCQQ
YNSDPLTFGGGTKVDIK

MARV21

QVQLVQSGGGLVQPGGSLRLSCAASGFTFSS
YWMSWVRQAPGKGLEWVANIKQDGSEKYYV
DSVKGRFTISRDNAKNSLYLQMNSLRAEDTAV
YYCASNWGGDYWGQGTLVTVSS

DIVMTQTPDSLAVSLGERATINCKSSQSVL
YSSNNKNYLAWYQQKPGQPPKLLIYWAST
RESGVPDRFSGSGSGTDFTLTISSLQAEDV
AVYYCQQYYSTPYTFGQGTKLEIK

MARV23

EVQLVESGGGVVQPGRSLRLACVASGFTFSR
YGIHWVRQAPGKGLEWVAVISYDGSNKYYTD
SVKGRFTISRDNSKNTVFLQMNSLRTEDTAVY
YCVKDQGSRSPGIFDYWGQGTPVTVSS

DIVMTQSPDSLAVSLGERATINCKSSQSLL
YSSNNKNYLTWFQQKPGQPPKLLIYWAST
RESGVPDRFSGSGSGTDFTLTIGSLQAEDV

AVYYCQQCYHAPYTFGQGTKLEIK




Extended Data Table 2 | Binding kinetics of the MARV16 Fab
to immobilized MARV GPAMuc,,; determined by BLI

Ko(nM) | kon (M's™) | kot ()

1.35+0.10 | 1.27x10° | 1.70x 10*

Values are presented as mean+standard deviation obtained from two biological replicates
using distinct batches of protein.
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Extended Data Table 3 | Cryo-EM data collection, refinement
and validation statistics

MARV GPAMucwr-MARV16

(EMDB-49486)
(PDB 9NJL)

Data collection and processing
Magnification 105,000
Voltage (kV) 300
Electron exposure (e—/A?) 63
Defocus range (um) -0.4t0-3.0
Pixel size (A) 0.829
Symmetry imposed C3
Initial particle images (no.) 1,045,512
Final particle images (no.) 368,509
Map resolution (A) 2.6

FSC threshold 0.143
Refinement
Initial model used (PDB code) 6BP2
Model resolution (A) 2.7

FSC threshold 0.5
Map sharpening B factor (A% -82.9
Model composition

Non-hydrogen atoms 11,307

Protein residues 1,455

Glycans 36
B factors (A?)

Protein 26.45

Ligand 76.9
R.m.s. deviations

Bond lengths (A) 0.005

Bond angles (°) 1.063
Validation

MolProbity score 2.13

Clashscore 9.04

Poor rotamers (%) 2.65
Ramachandran plot

Favored (%) 95.35

Allowed (%) 4.65

Disallowed (%) 0




Extended Data Table 4 | Residue contact table

MARV GP MARV16
Residue Subunit Residue Chain
S55 GP1 G26 Heavy
G56 GP1 F27 Heavy
K58 GP1 T28 Heavy
E87 GP1 S30 Heavy
E88 GP1 S31 Heavy
K90 GP1 Y32 Heavy
K120 GP1 T33 Heavy
S180 GP1 S52 Heavy
Y504 GP2 S53 Heavy
S505 GP2 S54 Heavy
G506 GP2 E55 Heavy
E507 GP2 S56 Heavy
E509 GP2 Y57 Heavy
N510 GP2 Y59 Heavy
C512 GP2 N74 Heavy
D513 GP2 R98 Heavy
A514 GP2 R99 Heavy
E515 GP2 N101 Heavy
L516 GP2 w102 Heavy
R517 GP2 Y104 Heavy
L548 GP2 D105 Heavy
K550 GP2 Y32 Light
N551 GP2 S91 Light
Q552 GP2 Y92 Light
N554 GP2 D93 Light
C557 GP2
R560 GP2
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(generated in-house); MARV16 (generated in-house); MARV18 (generated in-house); MARV20 (generated in-house); MARV21
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and MGH2 binding to the target antigen was validated with multiple binding assays. The binding epitope of MARV16 was further
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The reactivity of the remaining antibodies were validated by the manufacturer. Validation information is available on the
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Only female Hartley Guinea Pigs were used for the challenge study.
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For the antibody discovery work, animal experiments were performed in accordance with the Swiss Federal Veterinary Office
guidelines and authorized by the Cantonal Veterinary (approval no. 35554 TI-39/2023/2023).

For the immunogenicity study, experiments were performed under the BIOQUAL Institutional Animal Care and Use Committee
(IACUC)-approved Protocol no. 23-054P.

For the challenge study, experiments were approved by Texas Biomed’s IACUC under protocol #1915C prior to the initiation of the
study and performed in accordance with the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

As described in the method section,the mice were sacrificed and peripheral blood, spleen and lymph nodes (LN) were
collected and cells freshly isolated. B cellsfrom either freshly isolated or frozen splenocytes were enriched by positive
selection using mouse CD19 microbeads and LS columns (Miltenyi) and subsequently stained with mouse anti-IgM, anti-IgD,
anti-IgA and biotinylated MARV GPAMuc labeled with both streptavidin- Alexa-Fluor 488 and streptavidin-Alexa-Fluor 647
(Life Technologies). MARV GPAMuc -specific 1gG+ memory B cells were sorted by flow cytometry via gating out IgM/IgD/IgA-
positive B cells and positively baiting B cells with dual-labeled (Alexa-Fluor 488 and Alexa-Fluor 647) antigen, using SH800SFP
cell sorter (Sony).

Samples were acquired on FACS Symphony A1l (BD)

Flow cytometry data was generated using FACS DIVA (Version 9.0). The flow cytometry data were analysed using
FlowJo (version 10.8.0).

From Spleen and LNs of ATX mice, we sorted a total of 22'756 memory B cells specific for MARV GPAMuc (See gating
strategy)

Gating strategies for sorting of memory B cells specific for MARV GPAMuc are in the Figure 2b.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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