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Abstract

Emerging rodent-borne hantaviruses cause severe diseases in humans with no approved vaccines
or therapeutics. We recently isolated a monoclonal broadly neutralizing antibody (nAb) from a
Puumala virus—experienced human donor. Here, we report its structure bound to its target, the
Gn/Gc glycoprotein heterodimer comprising the viral fusion complex. The structure explains the
broad activity of the nAb: It recognizes conserved Gc fusion loop sequences and the main chain
of variable Gn sequences, thereby straddling the Gn/Gc heterodimer and locking it in its prefusion
conformation. We show that the nAb’s accelerated dissociation from the divergent Andes virus
Gn/Gc at endosomal acidic pH limits its potency against this highly lethal virus and correct this
liability by engineering an optimized variant that sets a benchmark as a candidate pan-hantavirus
therapeutic.

INTRODUCTION

Infections by rodent-borne hantaviruses are associated with more than 50,000 annually
diagnosed cases of zoonotic disease worldwide. At least 50 distinct hantaviruses are

known (1) and are classified into two clades on the basis of their sequence, geographic
distribution, and natural reservoir (2). “Old World” hantaviruses (OWH), including Hantaan
virus (HTNV), Dobrava-Belgrade virus, and Puumala virus (PUUV), are endemic in regions
of Europe, Asia, or worldwide (Seoul virus) and cause hemorrhagic fever with renal
syndrome (HFRS) with case fatality rates of up to 15% (2). The “New World” hantaviruses
(NWH), including Andes virus (ANDV), Sin Nombre virus (SNV), and Choclo virus, are the
major etiologic agents of hantavirus cardiopulmonary syndrome (HCPS) in the Americas.
Although much less prevalent, HCPS has case fatality rates of up to 40% (3). The capacity
of ANDV to spread through human-to-human contact (4, 5) and the essentially unknown

but growing potential for hantavirus emergence suggest that the public health risks posed by
these agents have been underestimated (6). The lack of Food and Drug Administration
(FDA)-approved, European Medicines Agency-approved, or emergency use—authorized
vaccines and therapeutics constitutes a critical gap in our preparedness for a large hantavirus
outbreak.

Hantaviruses are enveloped viruses with a trisegmented negative-strand RNA genome that
encodes three structural proteins: a polymerase, a nucleocapsid protein, and a membrane-
anchored surface glycoprotein precursor that is proteolytically processed into N-terminal
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(Gn) and C-terminal (Gc) subunits. Gn/Gc complexes associate to form square-shaped
hetero-tetrameric (Gn/Gc), spikes (7, 8) that mediate all steps in viral entry, including
interaction with cellular attachment factors and receptors (9-11), as well as fusion of

viral and endosomal membranes after virion endocytosis (12-14). Structural analyses of
virus particles (10, 11, 15, 16) revealed that Gn/Gc tetramers associate laterally to form
(often incomplete) lattices of spikes at the virion surface. Each tetramer is formed by

four Gn subunits in the center and four Gc subunits at the periphery. The Gn ectodomain
comprises two independently folded regions: the head (GnH), predicted to interact with
cellular receptors, and the base (GnB), which provides tetrameric contacts stabilizing the
spike. As a class-11 fusion protein, Gc folds into three structured § sheet—rich domains

(1, I, and 111), mediates lateral contacts between spike tetramers, induces the membrane
curvature required for budding of nascent virions, and catalyzes viral fusion with an
endosomal membrane during entry (17). Gn interacts cotranslationally with Gc to form a
metastable heterodimeric prefusion complex (15), in which the tip of domain 11 is partially
buried by the “capping loop,” a stretch of 11 to 14 residues projecting from Gn. After
virion internalization, the acidic endosomal milieu triggers conformational changes in the
glycoprotein shell, initiating membrane fusion. As the prefusion complex dissociates, the
tip of domain Il reorganizes to form a hydrophobic surface [target membrane—interacting
region (TMIR)] that inserts into the endosomal membrane, and domain 111 relocates to bring
the transmembrane segment closer to the TMIR. These structural rearrangements lead to the
formation of an energetically favored postfusion trimer while driving the merger of viral
and endosomal membranes (14). Gn/Gc spikes are thus the primary target for neutralizing
antibodies (nAbs) capable of blocking one or more steps in hantavirus entry.

Monoclonal nAbs isolated from convalescent individuals (18-20) and immunized animals
(21, 22) hold promise as anti-hantavirus therapeutics. However, most highly potent nAbs
identified to date recognize variable surface-exposed epitopes in Gn and display a narrow
spectrum of activity against evolutionarily divergent hantaviruses. Conversely, Ge-specific
nAbs recognize more conserved (but cryptic) epitopes and exhibit greater antiviral breadth
but at the expense of potency. We recently described ADI-42898, a rare nAb isolated from
a PUUV-convalescent donor that bridges this gap between breadth and potency, likely by
recognizing a quaternary epitope spanning Gn and Gc (20). ADI-42898 neutralized a large
panel of divergent OWHs and NWHSs and protected against viral infection in a bank vole
reservoir model of PUUV challenge and against infection and lethal disease in an ANDV
Syrian hamster model (20). Given that ADI-42898 is a promising candidate for broad
anti-hantavirus prophylaxis and therapy, understanding its molecular mechanism of action is
a high priority and may inform the design of universal hantavirus vaccines.

X-ray structure of ADI-42898 bound to the Gn/Gc fusion complex

To uncover the structural basis of ADI-42898:Gn/Gc recognition, we crystallized a complex
formed by a single-chain, variable domain fragment (scFv) of the antibody and the PUUV
glycoprotein complex (table S1). We generated the latter by joining the Gn™ (amino acid
residues 20 to 381) and the Gc ectodomain (residues 659 to 1093) with a linker as previously
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reported for ANDV and Maporal virus (MPRLV) (15). In the crystal structure, PUUV
GnH/Gc forms a prefusion heterodimer resembling those of ANDV and MPRLYV, with GnH
making extensive contacts with Gc at the tip of domain Il (Fig. 1, A and B). ADI-42898
simultaneously binds both glycoprotein subunits and engages three discontinuous regions:
the capping loop in GnH and the Acand cd'loops in Ge domain 1 (Fig. 1C and fig.

S1). The total surface area buried by the antibody is 745 A2, distributed in a 40:60 ratio
between Gn and Gc (Fig. 1D). In line with the quaternary nature of the epitope, dissociation
of the GnH/Gc complex at acidic pH abrogated binding by ADI-42898, but not by a Gc
binding nAb ADI-42885 (Fig. 1E). The Gc and Gn portions of the ADI-42898 epitope are
framed by the complementarity-determining regions (CDRs) H1 and H3 of the antibody’s
heavy chain (HC) and by CDRs L1 and L2 of its light chain (LC), such that (i) T28H!

and S30M1 are hydrogen-bonded with side chain atoms of the Gc bc loop; (ii) R983 and
Y99H3 interact with a cleft between the Gc bcand cd'loops; and (iii) Y30-! and Y5312
contact main chain atoms in the Gn capping loop (Fig. 1C and fig. S2). We exchanged
each of these contact residues for alanine (A) and measured the variants’ binding activities
to recombinant vesicular stomatitis virus (rVSV) pseudotypes bearing PUUV or ANDV
Gn/Gc using enzyme-linked immunosorbent assays (ELISA) (fig. S3). Whereas substitution
of T28H1 and S30M1 had no effect on Gn/Gc engagement, exchanges of Y53-2, R98H3,
and Y301 each substantially reduced binding, with Y301 having the strongest impact
[reduction by about 70-fold (ANDV) and about 90-fold (PUUV)]. Exchange of Y99H3 to
A rendered the antibody completely inactive. We conclude that contacts between CDR-H3
and the cdloop in Gc and between CDR-L1 and CDR-L2 and the Gn capping loop drive
ADI-42898:Gn/Gc recognition.

Of the above six contact residues in the ADI-42898 paratope, only Y5312 resulted from a
somatic hypermutation (SHM) (fig. S4A). To determine whether any other SHMs contribute
to ADI-42898 activity, we reverted the HC and LC chains to their inferred germline (IGL)
ancestors (fig. S4) but retained the mature CDR-H3, because its germline sequence could
not be predicted with confidence. We generated three germline-reverted antibodies, the IGL
ancestor (HC'GL:LC!CL) and two chimeras containing the IGL of one chain and the mature
[wild-type (WT)] version of the other (HC!CL:LCWT and HCWT:LCICL), and assessed their
binding properties as above (fig. S4, B, C, and E). Concordant with our findings above
indicating a key role for the LC in Gn/Gc binding, only the chimera containing the mature
LC (HC'CL:LCWT) and CDR-H3 retained partial binding activity. A closer examination

of the structure suggests that the SHM Y49S (fig. S4D) located in the framework region

2 of the LC might be required to preorganize H3 into a conformation favorable for

epitope recognition. Consistent with this hypothesis, introduction of the SHM Y49S into
HCWT:LC!CL rescued ADI-42898’s binding activity (fig. S4, C to E).

To identify critical binding determinants in ADI-42898’s quaternary Gn/Gc-spanning
epitope, we assessed the effects of natural sequence variations in Gn/Gc on antibody
neutralization activity. Specifically, we surveyed rVSVs bearing Gn/Gc derived from eight
divergent, rodent-borne hantaviruses (fig. S5). Although rVVSVs bearing NWH Gn/Gc were
generally less susceptible to ADI-42898 neutralization than their OWH counterparts, rvVSV
bearing the Laguna Negra virus (LANV) Gn/Gc was a notable exception to this trend. The
enhanced susceptibility of r'VSV-LANV-Gn/Gc can be tentatively attributed to residue 98G"
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(Q/S in OWH and LANV, N in NWH), the only residue in the capping loop whose side
chain is directly contacted by ADI-42898 (figs. S1, S2, and S5). The key role for 986" in
susceptibility to ADI-42898 neutralization, regardless of viral clade and the length of the
capping loop, is also supported by our previous observation that rVSV-PUUV-Gn/G¢Q98R
escapes ADI-42898 neutralization (20).

N-linked glycosylation of the Gn capping loop affords viral escape from ADI-42898
neutralization

To uncover additional Gn/Gc residues important for ADI-42898 recognition, we selected
escape mutants with rvVSV-ANDV- and -SNV-Gn/Gc, both of which bear an asparagine

at residue 98G", Three mutations at distinct sites in the capping loop—A96TE" in ANDV
Gn/Ge and S88NCM and T9ONC" in SNV Gn/Gc—afforded resistance to ADI-42898 (fig.
S6). All variations introduced an N-glycosylation motif (sequon; N-X-S/T) into the capping
loop (fig. S6, A and B). r'VSV-ANDV- and -SNV-Gn/Gc thus appear to “resurface”

their capping loops to sterically occlude antibody recognition. To obtain experimental
evidence for the acquisition of a new Gn glycosylation site by these escape mutants, we
subjected virus-like particles (VLPs) bearing ANDV Gn/Gc or ANDV Gn/GcA%T to liquid
chromatography—coupled tandem mass spectrometry (LC-MS/MS) (fig. S7). Consistent
with our predictions, LC-MS/MS analysis of tryptic glycopeptides revealed near-full N-
glycan occupancy at amino acid residue N94S" but no detectable N-glycosylation at the
same position in its WT Gn/Gc counterpart. These findings reinforce the conclusion that
contacts with the polypeptide backbone of the highly variable Gn capping loop in divergent
hantaviruses drive ADI-42898 recognition. Furthermore, our failure to isolate ADI-42898-
mediated escape mutants located in Gc, which accounts for most of the buried surface area
at the epitope-paratope interface (Fig. 1D), may reflect the viral fitness cost exacted by such
mutations. In addition, N-glycosylation sequons have not been observed previously in the
capping loop sequences of hantavirus strains (23, 24).

ADI-42898 blocks viral membrane fusion by locking Gn/Gc in its prefusion conformation

These structural studies suggested multiple non-mutually exclusive mechanisms by which
ADI-42898 could block hantavirus entry. First, the apical location of its epitope in the
Gn/Gc tetramer raised the possibility that ADI-42898 could affect virus-receptor binding.
Consistent with this hypothesis, ADI-42898 prevented capture of rVSV-ANDV-Gn/Gc by

a soluble form of the NWH clade—specific hantavirus receptor, protocadherin-1 (PCDH1)
(9) in a dose-dependent manner, whereas a broadly neutralizing Ge-targeting monoclonal
antibody (mAb), ADI-42885, had no effect (Fig. 2A). Despite this activity, ADI-42898 could
not prevent viral attachment to PCDH1-bearing endothelial cells, likely because virions can
exploit alternative attachment factors in cultured cells, as observed previously (Fig. 2B) (9).
Thus, the inhibition of virus-receptor interaction cannot fully explain the potent neutralizing
activity of ADI-42898, at least in cell culture.

We next considered a second mechanism of action: inhibition of the acid-induced Gn/Gc
rearrangements required for viral membrane fusion through ADI-42898’s recognition and
stabilization of the Gn/Gc prefusion complex (Fig. 1, A to D). To test this hypothesis, we
measured the impact of ADI-42898 in a “fusion-infection” assay, in which rVSV-Gn/Gc

Sci Transl Med. Author manuscript; available in PMC 2025 January 10.
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particles were forced to infect cells by fusing their viral membranes with the plasma
membranes of endothelial cells (Fig. 2C). ADI-42898 inhibited fusion-infection by rvVSVs
bearing both OWH and NWH Gn/Gc in a dose-dependent manner, suggesting two non-
mutually exclusive mechanisms of action: (i) ADI-42898 directly blocks viral membrane
fusion, or (ii) it elutes bound virions from the cell surface. We found no evidence that
ADI-42898 enhanced viral elution from cells in a quantitative polymerase chain reaction
(gPCR) assay for viral genomes (fig. S8). Therefore, we conclude that viral neutralization
by ADI-42898 is primarily driven by its capacity to lock the Gn/Gc complex in a prefusion
conformation, thereby preventing its acid-triggered dissociation, formation of the TMIR, and
insertion of the TMIR into the endosomal membrane (Fig. 1A and fig. S9).

Cross-linking of neighboring Gn/Gc tetramers contributes to ADI-42898’s neutralization

activity

Although ADI-42898 was broadly active against hantavirus Gn/Gc in the fusion-infection
experiments, it was much more potent against PUUV than against ANDV Gn/Gc—initiated
fusion (Fig. 2C), consistent with its relative neutralizing activities against viruses bearing
these glycoproteins (fig. S5). We surmised that these differences arise from the reduced
binding affinity of ADI-42898 for ANDV Gn/Gc. Consistent with this hypothesis, an
ADI-42898 monovalent antibody-binding fragment (Fab) bound much less well to ANDV
GnH/Ge and ANDV VLPs than to its PUUV counterparts in biolayer interferometry (BLI)
(fig. S10) and ELISA-based assays, and it suffered greater losses in neutralizing activity
against ANDV than against PUUV (Fig. 2D and fig. S11). Comparisons of Fabs with
immunoglobulin Gs (IgGs) in these experiments reinforced the conclusion that bivalent
binding is critical to the activity of ADI-42898 against both PUUV and ANDV, but
especially against the latter. Modeling of ADI-42898 1gG molecules bound to Gn/Gc
tetramers [Protein Data Bank: 62JM, (15)] and to lattices of tetramers [Electron Microscopy
Data Bank: 11236, (15)] suggested that ADI-42898 cannot bind bivalently to a single
tetramer and must instead cross-link neighboring tetramers in the virion lattice (Fig. 2E).

PUUV and ANDV Gn/Gc:ADI-42898 complexes are differentially labile to endosomal acid

pH

Our above observations that ADI-42898’s reduced binding affinity for ANDV Gn/Gc could
be largely overcome through IgG-dependent avidity suggested that binding differences

at the neutral pH of the extracellular milieu may not alone explain ADI-42898’s

reduced neutralization potency against ANDV. Accordingly, we next considered that
ADI-42898:Gn/Gc immunocomplexes might be differentially labile at the acidic pH of late
endosomes (pH 5.5), where hantavirus membrane fusion is triggered and where ADI-42898
presumably deploys its fusion-blocking activity. To investigate this possibility, we dipped
ADI-42898—coated BLI sensors into PUUV or ANDV GnH/Gc solutions at pH 7.0 to form
immunocomplexes and then monitored their dissociation at pH 5.5 (Fig. 2F). Although both
PUUV and ANDV GnH/Gc dissociated more rapidly from ADI-42898 at pH 5.5 than at

pH 7.0, the ANDV GnH/Gc:ADI-42898 complex was markedly less stable at acidic pH
than its PUUV counterpart, with a half-life (#,,) of 519 s versus 1083 s for ANDV and
PUUV GnH/Ge, respectively (Fig. 2F), possibly as a function of its lower binding affinity
for ANDV Gn/Gc. Qualitatively similar results were obtained in a distinct assay format
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in which we assessed the pH-dependent release of ADI-42898 from immobilized ANDV
and PUUV VLPs by ELISA (Fig. 2G). Together, these findings support the following
model for ADI-42898’s mechanism of action: 1gGs engage PUUV and ANDV virions
efficiently in the extracellular space and transit with them into late endosomes. 1gGs that
remain bound to Gn/Gc upon endosomal acidification affect virus neutralization by locking
the viral glycoprotein spikes in their prefusion conformation. The potency of ADI-42898
against ANDV is greatly diminished relative to PUUV because a larger proportion of

the antibody molecules bound to ANDV virions are released from their Gn/Gc targets in
endosomes, thereby allowing more Gn/Gc spikes to undergo acid-triggered, fusion-driving
conformational changes.

Affinity maturation of ADI-42898 enhances cross-clade neutralization potency by
increasing immunocomplex stability at acid pH

To enhance ADI-42898’s potency against ANDV without compromising its cross-hantavirus
clade breadth, we affinity-matured ADI-42898 against ANDV Gn/Gc in vitro (see Materials
and Methods and fig. S12). We generated a panel of 1020 Fabs bearing single CDR
mutations, screened for improved binding to ANDV GnH/Gc, and counterscreened for
retention of binding to PUUV GnH/Gc. Twelve clones bearing eight distinct amino acid
exchanges showed improved off-rates to ANDV GnH/Gc and improved or similar off-rates
to PUUV GnH/Ge (fig. S12A). These variants were then screened in combination, yielding
26 progeny Fabs with improved and parent-like binding affinity for ANDV and PUUV
GnH/Ge, respectively (fig. S12B and data file S1). Of these, two affinity-matured antibodies,
ADI-65533 and ADI-65534, were prioritized because they displayed great enhancements
over ADI-42898 in neutralization potency against VSVs bearing NWH Gn/Gc (ANDV)
with no attendant loss in neutralization against their OWH counterparts (PUUV and HTNV)
(fig. S12C). Last, because in vitro engineering can lead to polyreactivity with potential

risks of off-target binding and accelerated clearance in vivo (25), we evaluated ADI-65533
and ADI-65534 in a polyreactivity assay that is predictive of serum half-life in humans

(26, 27). Both mAbs lacked polyreactivity in this assay, indicating a low risk for poor
pharmacokinetic behavior (fig. S12D). Accordingly, we selected these affinity-matured
variants of ADI-42898 for further analysis.

ADI-65533 and ADI-65534 share two amino acid exchanges, G100a73V and C32L1V (Fig.
3A). The main chain of G100a forms a hydrogen bond with the side chain of E768 in
PUUV Gc (Q768 in ANDV Gc). The introduction of a V at this position might allow the
formation of additional van der Waals interactions with residue Q768 in ANDV Gn/Gc
(represented as lines in Fig. 3B, right). Residue C32 does not contact Gn/Gc but is part of a
cluster of hydrophobic amino acids that includes F100d in CDR-H3 and thus may indirectly
stabilize the conformation of that loop. ADI-65534 contains one additional substitution,
T28E in the CDR-H1. The side chains of T28 and E750 in PUUV Gc (Q750 in ANDV

Gc) form a hydrogen bond; therefore, the mutation of T28 to the negatively charged E may
afford the formation of two hydrogen bonds with Q750 and thereby strengthen ADI-65534’s
interaction with ANDV Gn/Gc. However, this may come at the expense of charge repulsion
between ADI-65534 (E28) and PUUV Gn/Gc (E750) (Fig. 3B, middle).

Sci Transl Med. Author manuscript; available in PMC 2025 January 10.
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To investigate the impact of these amino acid substitutions on the antibodies” mechanisms
of action, we generated a kinetic map for mAb:GnH/Gc binding by plotting association

(kon at pH 7.0) and dissociation (kyff at pH 5.5) rates measured by BLI (Fig. 3C and fig.
S13). Both affinity-matured mAbs bound better to ANDV GnH/Gc than did their ADI-42898
parent by virtue of their enhanced association at neutral pH and a 10-fold reduction in their
dissociation at acidic pH (Fig. 3C, right). ADI-65533 bound to PUUV GnH/Gc as well as
ADI-42898, but ADI-65534 bound less well at neutral pH, likely because of the repulsive
effect of the E28/E750 pair discussed above (Fig. 3C, left).

These findings were recapitulated in assays with viral particles: Both affinity-matured
variants bound better to ANDV VLPs than their ADI-42898 parent in a direct-binding
ELISA at neutral pH and outcompeted ADI-42898 for rVSV-ANDV-Gn/Gc binding in

a competition ELISA with PCDHL1 (Fig. 3, D to F). ADI-65534 also showed reduced

acid pH-dependent release from immobilized ANDV VLPs (Fig. 3E). However, despite
its slower dissociation from ANDV GnH/Gc in the BLI assay, ADI-65533 resembled
ADI-42898 in its capacity to remain bound to ANDV VLPs at acidic pH, suggesting

that additional variables associated with membrane-bound tetramers and tetramer lattices
in viral particles influence the binding and dissociation of ADI-42898 and its variants.

In line with its increased stability at neutral and low pH, ADI-65534 was superior

to both ADI-65533 and ADI-42898 in its capacity to block ANDV Gn/Gc—mediated
fusion-infection [half-maximal inhibitory concentration (ICsg): 15.4 nM versus 2.3 nM for
ADI-42898 and ADI-65534, respectively; Fig. 3G], whereas the affinity-matured mAbs had
no advantage over ADI-42898 in blocking PUUV Gn/Gc-mediated fusion-infection (fig.
S14). Concordant with their enhanced capacity to block viral membrane fusion by ANDV
but not PUUV Gn/Gc, both affinity-matured mAbs selectively increased neutralization
potency against authentic ANDV relative to their parent mAb (Fig. 4 and fig. S15). Together,
these findings support the hypothesis that the mutations in the ADI-65534 variant increase
its propensity to stay bound to and lock ANDV Gn/Gc in its prefusion conformation after
viral internalization and endosomal acidification, thereby allowing for more efficient viral
neutralization in endosomal compartments.

ADI-65534 protects Syrian hamsters from lethal ANDV challenge when administered after
the onset of viremia

Last, we examined the capacity of ADI-42898 and both affinity-matured variants,
ADI-65533 and ADI-65534, to protect Syrian hamsters against lethal ANDV challenge (Fig.
5). We previously showed that a single 6-mg/kg dose of ADI-42898 was highly protective
when administered 3 days after virus challenge (20). Here, we found that all three antibodies
were fully protective even at a lower 2-mg/kg dose, a testament to their cross-clade potency
(Fig. 5A). However, by dosing down further, we could identify a breakthrough condition—
0.5 mg/kg per animal—at which ADI-42898 provided only 50% protection but ADI-65534
afforded about 85% protection. Affinity maturation of ADI-42898 to ADI-65534 did not
compromise efficacy against PUUV, because both antibodies afforded equivalent protection
in a pre-exposure setting in a bank vole model of PUUV challenge (fig. S16).
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A limitation of the preceding mAb protection experiments in the Syrian hamster model

of ANDV challenge—one shared by nearly all such previously published studies—is

that most animals were likely not yet viremic at the time of mAb treatment (3 days

after virus challenge). To evaluate the protective efficacy of our lead mAb, ADI-65534,
when administered after the onset of viral replication, we first performed a longitudinal
study to establish the time course of ANDV replication in vivo. We inoculated hamsters
intramuscularly with 200 plaque-forming units (PFU) of ANDV and measured viral titers in
lung tissue and serum daily (Fig. 5B). Viral infectivity was first consistently detectable on
day 5 in lung tissue (day 6 in serum) and peaked at about 10% and about 10° PFU/ml on
day 8 after challenge in lung tissue and serum, respectively, with a sharp decline thereafter.
Substantial viral replication could not be measured on day 3 after challenge. In a follow-up
study, we treated hamsters with a single 25-mg/kg dose of ADI-65534 on day 6 or 7

after ANDV exposure, when viral replication was approaching its peak (Fig. 5, B and

C). Although all animals in the vehicle group succumbed to viral challenge, ADI-65534
protected more than 80% of the hamsters treated on day 6 or 7 (Fig. 5C).

DISCUSSION

In sum, we have determined the structure of a unique hantavirus cross-clade nAb from

a PUUV-experienced human donor, ADI-42898, bound to its quaternary epitope in the
prefusion conformation of the viral spike complex. This structure explains the broad cross-
clade neutralizing activity of ADI-42898, despite its recognition of a highly variable loop
sequence in Gn. Mechanistic studies showed that ADI-42898 blocks viral membrane fusion
by stapling together the spike’s Gn and Gc subunits, which must rearrange for Gc to insert
into the target membrane at acidic pH. These experiments also uncovered a key property

of ADI-42898 that limits its activity against ANDV: its rapid dissociation from the viral
spike at the acidic pH of late endosomes where membrane fusion takes place. Correcting
this liability through high-throughput antibody engineering yielded an affinity-optimized
antibody variant, ADI-65534, with enhanced cross-clade neutralization potency. ADI-65534
demonstrated substantial in vivo efficacy, including in stringent post-exposure protection
studies. This antibody is a promising candidate for prophylaxis and therapy of HFRS and
HCPS and represents an important step toward preparedness for future hantavirus outbreaks
caused by known and novel hantaviruses.

Other recent work has identified a human nAb, SNV-53, elicited by infection with an

NWH (SNV), which selectively targets Gn/Gc complexes but not either subunit alone (28).
Genetic and low-resolution structural evidence are consistent with the hypothesis that the
nAb SNV-53 recognizes an antigenic site resembling that of ADI-42898 in comprising the
GnH capping loop and the adjacent Ge fusion loops. These two hantavirus-specific nAbs
also share functional properties, including their primary mechanism of action (membrane
fusion blockade) and their requirement for bivalent binding to effect potent neutralization.
Despite these similarities, however, ADI-42898 and SNV-53 appear to differ in their relative
angle of approach to their epitopes. Specifically, SNV-53 engages its epitope from a steeper
angle relative to the central axis of the spike than does ADI-42898, projecting its constant
regions laterally and causing them to clash with adjacent Gn/Gc spikes in the higher-order
surface lattice on viral particles (28). SNV-53’s lateral angle of attack, which resembles
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that of previously described Ge-targeting antibodies (23), raises the possibility that it can
only engage lattice-free sites on virions, whereas ADI-42898’s more vertical angle of
attack may allow it to bind Gn/Gc tetramers in both continuous and incomplete lattices.
Although a high-resolution structure of an SNV-53:Gn/Gc complex is not yet available,
current evidence also suggests that ADI-42898 contacts sequences in Gc with overall higher
sequence conservation across hantaviruses than does SNV-53 (18, 28).

The mode of viral recognition used by ADI-42898 and SNV-53 places them in a class

of nAbs elicited by divergent viruses bearing class-11 membrane fusion glycoproteins,
including phleboviruses and alphaviruses, which recognize a conserved interface spanning
the membrane-interacting fusion loops of the fusion subunit and sequences in its companion
protein that partially shield the fusion loops and regulate their exposure during viral entry
(29, 30). Consequently, these nAbs appear to block infection primarily by preventing
dissociation of the intersubunit interface and membrane insertion of the fusion loops
triggered by endosomal acidic pH (with secondary effects on virus-receptor recognition or
viral attachment, in some cases). Implicit in this mechanism is the requirement that antibody
molecules stay bound to virions during viral internalization and endocytic trafficking

for long enough and at high enough occupancies to prevent viral membrane fusion.

We show that the potency of ADI-42898 against viruses bearing Gn/Gc from divergent
hantaviruses is inversely correlated with the rates at which the respective ADI-42898:Gn/Gc
complexes dissociate at endosomal acidic pH. Concordantly, the enhanced neutralization
potency of affinity-matured ADI-42898 variants was at least in part associated with reduced
immunocomplex dissociation at acidic pH. This principle may apply not only to other class-
Il glycoprotein-binding antibodies of the same type as ADI-42898 but also to more divergent
classes of endosomal fusion-blocking nAbs. As a case in point, the most potent and broad
Ebola virus—specific nAbs remain bound to their glycoprotein targets at endosomal acidic
pH and after cleavage by endosomal proteases, whereas nAbs with lower neutralization
potencies generally do not (31, 32). The acid-dependent stability of nAb:glycoprotein
complexes may provide one useful metric to assess the potency of nAbs that block one

or more endosomal steps in viral entry.

Neutralization escape from ADI-42898 in a VVSV-based assay occurred through the
acquisition of an N-linked glycan at different locations in the Gn™ capping loop masking
this antigenic site, as also observed for SNV-53 (28). Such sequons in the capping loop
have not been reported previously for rodent-borne hantaviruses (13), raising the possibility
that they are not compatible with the formation of the highly interconnected (Gn/Gc),
surface lattice thought to be required for the budding of hantavirus particles (as opposed

to VSVs bearing hantavirus Gn/Gc, which encode their own budding machinery) (7). If
true, then this would suggest that nAbs of the ADI-42898 class may be relatively resistant
to neutralization escape by authentic hantaviruses. This property, together with the highly
conserved nature of their antigenic site among hantaviruses, suggests that elicitation of
ADI-42898-like antibodies could form the basis of a broadly protective vaccine strategy.
However, such antibodies appear to arise only rarely as part of antibody responses to natural
infection (providing an alternative explanation for the paucity of sequons observed in the
GnH capping loop in available viral sequences). Further, DNA immunization with hantavirus
M segments encoding for Gn/Gc elicits a largely virus- and clade-specific response (33,
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34). Thus, the engineering of glycoprotein variants to stabilize the Gn/Gc interface in its
prefusion conformation and to mask other non-interfacial Gn epitopes might be necessary

to focus humoral recognition onto this class of quaternary epitopes. Similar structure-based
design approaches stabilizing inherently metastable but highly immunogenic viral surface
proteins yielded the generation of FDA-approved respiratory syncytial virus and severe acute
respiratory syndrome coronavirus 2 vaccines (35, 36) as well as a vaccine candidate for
dengue virus (37).

Specific and effective treatment for patients with HCPS and HFRS remains challenging.
Early disease symptoms are largely nonspecific, resulting in delayed diagnosis and hospital
admission of patients presenting with severe late-phase disease symptoms and high viremia.
For patients with HCPS in particular, a sudden progression from early symptoms to shock
and respiratory and cardiac failure has been reported, leaving only a short window for
medical intervention (38). This long prodrome complicates attempts to extrapolate the
results of antibody protection studies in the acute and highly lethal ANDV challenge model
in Syrian hamsters to protective efficacy in humans. This is especially the case for nearly
all of the studies reported to date, in which doses of antibody were administered no later
than 3 days after infection (18, 19, 21, 28). In a single in vivo study, Syrian hamsters were
administered two doses of an antibody cocktail at days 8 and 10 after a lethal intranasal
ANDV challenge; this high-antibody dose treatment at a late stage of disease resulted

in survival of only half of the animals (39). To evaluate ADI-65534 under a similarly
stringent post-exposure treatment regime, we first performed a longitudinal study in ANDV-
challenged Syrian hamsters. The earliest time point at which we could detect viral infection
in lung tissue was day 5 after virus challenge. The capacity of the affinity-matured lead
antibody, ADI-65534, to protect in this model when administered as a single dose at day 6
or 7, close to the peak of viral infection on day 8, thus advances a promising pan-hantavirus
candidate therapeutic and represents an important step toward the development of a more
meaningful animal model to evaluate hantavirus treatments.

One limitation of this study and others on therapeutic counter-measures against hantaviruses
is the incomplete understanding of how protective efficacy in the Syrian hamster model
translates to humans given the very different kinetic trajectories of disease observed in the
two species. By substantially extending the therapeutic window for a single dose of a nAb
in Syrian hamsters, we hope to inform the design of clinical trials aimed at evaluating

mADbs in viremic human patients with HCPS and HFRS. Further, it remains unclear whether
mAb monotherapy for hantavirus disease risks eliciting viral neutralization escape in vivo.
Although more work is needed, it is conceivable that the nature of the intersubunit antigenic
site targeted by ADI-65534 reduces the risk of escape in the context of authentic hantavirus
particles.

MATERIALS AND METHODS

Study design

We initiated this study to determine how a protective pan-hantavirus human mAb,
ADI-42898, engages a quaternary epitope in the viral surface glycoprotein inhibiting
viral membrane fusion and infection. We crystallized a complex formed by an scFv of
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ADI-42898 bound to the PUUV glycoprotein complex Gn/Gc and identified critical binding
determinants constituting the Gn/Gc:mAb interface. We performed mechanistic studies

to evaluate ADI-42898’s cross-clade binding and membrane fusion inhibition activity.
Through high-throughput antibody engineering, we yielded antibody variants with optimized
glycoprotein affinity and evaluated their protective efficacy in Syrian hamster ANDV lethal
challenge models for HCPS.

Syrian golden hamster (Mesocricetus auratus) animal experiments were conducted under
Institutional Animal Care and Use Committee—approved protocols in compliance with

the Animal Welfare Act, Public Health Service Policy, and other applicable federal

statutes and regulations relating to animals and experiments involving animals. The animal
biosafety level-4 (BSL-4) facility where these studies were conducted [U.S. Army Medical
Research Institute of Infectious Diseases (USAMRIID)] is accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care, International and adheres

to principles stated in the Guide for the Care and Use of Laboratory Animals, National
Research Council. Further, all studies were performed in accordance with institutional
policies for biosafety and biosecurity. Groups of six 5- to 10-month-old female animals
were challenged per condition to provide greater than 80% power in a one-tailed Fisher’s
exact test. This sample size would allow the experimenter to detect a minimum efficacy
rate of 88% (five of six protected) in the treated group compared with 0% (zero of six not
protected) in the control group at a 95% confidence level. Data randomization and blinding
were not performed. Several hamsters designated as untreated were excluded from the
dataset (see the “Syrian hamster challenge studies” section in the Supplementary Materials).

Statistical analysis

Statistical details for each experiment can be found in the respective figure legends.

These include the number of replicates (17), measures of precision, and the statistical

test used. Dose-response neutralization curves were subjected to nonlinear regression
analysis to derive 1Cgq values (four-parameter, variable slope sigmoidal dose-response
equation constraining bottom parameters to 0 to 100). Dose-response binding curves were
subjected to nonlinear regression analysis to derive ECgq values (variable slope sigmoidal
dose-response equation). Survival curves from the hamster challenge study (Fig. 5C) were
compared by a Mantel-Cox (log-rank) test. Viral RNA load in animal tissue (fig. S16) was
analyzed using a Kruskal-Wallis test with Dunn’s correction for multiple comparisons. All
statistical analyses were carried out in GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ADI-42898 binds a pH-sensitive quaternary epitope at the Gn/Gc interface.
(A) Schematic mechanistic model of hantavirus membrane fusion. Gn, light pink; Gc

domain I, red; Gc domain Il, yellow; Gec domain 111, blue. TMIR, target membrane—
interacting region. (B) Ribbon representation of x-ray structure of PUUV GnH/Gc in
complex with an scFv fragment of ADI-42898. ADI-42898 heavy chain, green; ADI-42898
light chain, gray; Gc domains | to 111 are colored as in (A). ADI-42898’s epitope is shaped
by three loops: Gn capping loop, pink; Gc bc loop, yellow; Gc c¢d'loop, orange. (C) The
ADI-42898:Gn"/Gc contact surface in (B) was enlarged for clarity to depict amino acid
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residues involved in interface formation. ADI-42898 residues are numbered according to
the Kabat scheme. CDR-H and CDR-L, complementarity-determining regions of the heavy
and light chains, respectively. Dashed lines indicate hydrogen bonds. (D) Surface-shaded
representation of the PUUV GnH/Gc complex with the ADI-42898 contact surface indicated
as a green outline. Each amino acid residue was shaded according to the degree of sequence
variability among hantavirus Gn/Gc proteins at that position based on a multiple sequence
alignment (white to purple, 100 to 0% sequence conservation) (left). Amino acid side
chains of GnH/Gc involved in ADI-42898 binding are colored according to their domain
organization (right). (E) GnH/Gc binding to biolayer interferometry (BLI) sensors coated
with ADI-42898 or ADI-42885 at the indicated pH values. Data are presented as averages +
SD, n= 3 from three independent experiments.
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Fig. 2. Mechanistic basis of viral entry blockade by ADI-42898.
(A) Capacity of Gn/Gc-specific mAbs to block rVSV-ANDV-Gn/Gc capture by a soluble

protein comprising the first two extracellular cadherin repeats of the NWH cell surface
receptor PCDH1 (SEC1-2) was measured by ELISA. Competitive inhibition by SEC1-2 was
used as a positive control. Data are presented as averages = SD, /7= 4 to 6 from two or

three independent experiments. (B) Capacity of ADI-42898 to block rVSV-ANDV-Gn/Gc
attachment to human umbilical vein endothelial cells (HUVECS). Bound viral particles
were enumerated by quantitative reverse transcription PCR (RT-gPCR) detecting rvVSV
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genomic RNA (gRNA). CHS, convalescent hamster serum. Data are presented as averages
+ SD, n= 4 from four independent experiments. (C) Capacity of ADI-42898 to inhibit
PUUV or ANDV Gn/Gc-mediated fusion-infection. rVSV particles were preincubated with
ADI-42898, followed by fusion-infection on HUVECs. Data are presented as averages +
SD, n =6 to 12 from two to four independent experiments. (D) Heatmap of ECsgq (from
PUUV and ANDV VLP dose-response binding curves) and ICsq values (from rVSV-PUUV
and -ANDV-Gn/Gc dose-response neutralization curves) derived by nonlinear regression
analysis (see fig. S11). Data points are colored according to binding and neutralization
potency. 1gGs or Fabs with ECsq or 1C5q values of >100 nM were designated as non-
binding (NB) or non-neutralizing (NN). Also see data file S2 for ECgy and 1Csq values.

(E) Models of ADI-42898 IgG engagement of a local (Gn/Gc), lattice based on the

PUUV Gn/GcH:ADI-42898 structure (Fig. 1) are shown in orthogonal (top) and en face
(bottom) views. scFv, gray; ADI-42898, green; Gn, red; Gc, yellow. (F) BLI sensorgrams for
association of PUUV (top) and ANDV (bottom) GnH/Gc to ADI-42898 at pH 7.0, followed
by dissociation of GnH/Gc at pH 7.0 and 5.5 (pH shift indicated by dotted line). Data are
presented as averages, 7= 4 from four independent experiments are shown. (G) Capacity
of ADI-42898 to bind VVLPs bearing PUUV (top) and ANDV (bottom) Gn/Gc at different
pHs was measured by ELISA. Where indicated, Gn/Gc:ADI-42898 complexes were shifted
from pH 7.0 to pH 5.5. Data are presented as averages + SD, 7= 4 from two independent
experiments.
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Fig. 3. Affinity-matured mAbs, ADI-65533 and ADI-65534, show improved inhibition of virus
entry.
(A) Sequence alignment of regions in ADI-42898 and its affinity-matured

variants containing amino acid substitutions (green indicates Kabat numbering). (B)
ADI-42898:PUUV GnH/Gc interface highlighting the amino acid changes in (A) and their
contact residues in Gc (left). Potential interactions between the changed amino acid in
CDR-H1 (T28E) with residues in the bc loops of PUUV and ANDV Gc are shown (middle).
Potential interactions between the changed amino acid in CDR-H3 (G100aV) with residues
in the cd'loops of PUUV and ANDV Gc are shown (right). (C) Graphical representation

of association (kyp at pH 7.0) and dissociation rate (¢ at pH 5.5) constants for mAb
interactions with PUUV and ANDV GnH/Gc. Rates were isolated from BLI sensorgrams in
fig. S13; data are presented as averages + SD, 7= 4 from four independent experiments

are shown. (D and E) Capacity of mAbs to bind ANDV Gn/Gc—decorated VLPs at pH 7.0
(D) or in a pH 7.0-to-pH 5.5 shift regime (E) was measured by ELISA. Data are presented
as averages = SD, n= 4 to 6 from two or three independent experiments. (F) Capacity of
Gn/Gc-specific mAbs to block rVSV-ANDV-Gn/Gc capture by SEC1-2 was measured by
ELISA. Data are presented as averages + SD, = 6 from three independent experiments.
(G) Capacity of ADI-42898, ADI-65533, and ADI-65534 to inhibit ANDV Gn/Gc—mediated
fusion-infection. rVSV-ANDV-Gn/Gc particles were preincubated with mAbs, followed by
fusion-infection of HUVECSs. Data are presented as averages + SD, n= 10 to 12 from four
independent experiments.
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Fig. 4. Affinity-matured mAbs broadly neutralize hantavir uses.

(A) Potency of ADI-42898, ADI-65533, and ADI-65534 against ANDV infection of
HUVECs. Data are presented as averages + SD; n= 14 from seven independent

experiments are shown. (B) Heatmap of ICsq values from ANDV and PUUV dose-response
neutralization curves [(A) and fig. S15] derived by nonlinear regression analysis. Data points
are colored according to mAb neutralization potency. Also see data file S2 for 1Cs values. #
Data from focus-reduction neutralization assays; *data from microneutralization assays.
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Fig. 5. Affinity-matured mAbs confer post-exposure protection in Syrian hamsters.
(A) Syrian golden hamsters were challenged with ANDV [200 PFU, intramuscularly (im)],

followed by treatment with a single dose of mAb [2 or 0.5 mg/kg, intraperitoneally (ip)] 3
days after virus exposure. Mortality of hamsters was monitored for 28 days. Averages from
one experiment, /7= 6 per group. (B) In a time course study, Syrian golden hamsters were
challenged with ANDV (200 PFU, im). At the indicated days after virus challenge, animals
were euthanized, and virus titers in serum samples and lung tissues were assessed by plaque
assay. Averages from one experiment are shown, 7= 3 per group. * indicates that virus titers
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could not be determined. (C) Syrian golden hamsters were challenged with ANDV (200
PFU, im), followed by treatment with a single dose of mAb (25 mg/kg, ip) 6 or 7 days after
virus challenge, respectively. Averages are shown from two experiments (treatment on day
6), 7=9 (mAb) and 7= 11 (vehicle) or from one experiment (treatment on day 7), n=

6 (mAb) and = 6 (vehicle). Comparisons are shown between untreated and mAb-treated
animals and were analyzed by Mantel-Cox test: **P = 0.0021; ****P < 0.0001.
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