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Abstract

The rodent-borne hantavirus Puumala virus (PUUV) and related agents cause hemorrhagic 

fever with renal syndrome (HFRS) in humans. Other hantaviruses, including Andes virus 

(ANDV) and Sin Nombre virus, cause a distinct zoonotic disease, hantavirus cardiopulmonary 

syndrome (HCPS). Although these infections are severe and have significant case fatality 

rates, no FDA-approved hantavirus countermeasures are available. Recent work suggests that 

monoclonal antibodies may have therapeutic utility. We describe here the isolation of human 

neutralizing monoclonal antibodies (nAbs) against tetrameric Gn/Gc glycoprotein spikes from 

PUUV-experienced donors. We define a dominant class of nAbs recognizing the ‘capping loop’ 

of Gn that masks the hydrophobic fusion loops in Gc. A subset of nAbs in this class, including 

ADI-42898, bound Gn/Gc complexes but not Gn alone, strongly suggesting that they recognize a 

quaternary epitope encompassing both Gn and Gc. ADI-42898 blocked cell entry of seven HCPS- 

and HFRS-associated hantaviruses and single doses of this nAb could protect Syrian hamsters and 

bank voles challenged with the highly virulent HCPS-causing ANDV and HFRS-causing PUUV, 

respectively. ADI-42898 is a promising candidate for clinical development as a countermeasure for 

both HCPS and HFRS, and its mode of Gn/Gc recognition informs the development of broadly 

protective hantavirus vaccines.

ONE SENTENCE SUMMARY

Human neutralizing antibodies recognizing the viral glycoprotein complex are broadly protective 

against orthohantaviruses.

INTRODUCTION

Rodent-borne orthohantaviruses (hantaviruses) are a large, globally distributed group of 

enveloped viruses with segmented negative-strand RNA genomes. Hantavirus infections 
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are associated with over 50,000 annual diagnosed cases of disease worldwide, primarily 

caused by rodent-to-human transmission (1) but also by direct human-to-human contact 

(2). The ‘New World’ hantaviruses Andes virus (ANDV) and Sin Nombre virus (SNV) are 

the major etiologic agents of hantavirus cardiopulmonary syndrome (HCPS) in South and 

North America, respectively. Case-fatality rates for both viruses are the highest among 

hantaviruses, reaching ~40% with cardiogenic shock and respiratory failure being the 

primary causes of death (3). The ‘Old World’ hantavirus Puumala virus (PUUV) and related 

agents, including Dobrava-Belgrade and Hantaan viruses are endemic in different regions 

of Europe and Asia or worldwide (Seoul virus) and cause hemorrhagic fever with renal 

syndrome (HFRS) with case-fatality rates of up to ~15% (4). A third of PUUV-infected 

individuals require hospitalization, and 5% require intensive-care stays due to shock, 

hemorrhage, and cardiopulmonary complications (5). Unexpectedly, large PUUV outbreaks 

in Sweden, Finland, and Germany between 2007–2021 have had sizeable socioeconomic 

impacts in endemic regions, where the incidence may exceed 50–300 cases per 100,000 

residents annually (5-7). A SNV outbreak among overnight visitors in California’s Yosemite 

National Park in 2012 (8), and a singular ANDV super-spreader outbreak in Argentina 

in 2018–19 (2, 9) highlight the public health risks posed by hantaviruses. Compounding 

these concerns is the unknown potential for emergence of novel hantaviruses into human 

populations from rodent or non-rodent reservoirs with unpredictable disease and epidemic 

potential (10). The lack of FDA-approved or emergency use-authorized vaccines and 

therapeutics represents a critical gap in our preparedness for a large hantavirus outbreak 

and highlights the need to preposition broad anti-hantavirus countermeasures for human use.

The medium (M) segment of the hantavirus genome encodes the glycoprotein precursor, 

which is cotranslationally cleaved to generate N-terminal (Gn) and C-terminal (Gc) subunits 

that associate to form square-shaped heterotetrameric (Gn/Gc)4 spikes (11, 12). Lateral 

spike interactions mediated by Gc are proposed to drive (Gn/Gc)4 lattice formation and 

viral membrane budding. Progeny virions display a partial surface lattice of spikes (11, 

13, 14). A globular membrane-distal N-terminal Gn domain is highly exposed at the 

viral surface and is proposed to contain the receptor-binding site (13-15). Gn also closely 

associates with and regulates the pre-fusion conformation of Gc, a ‘Class II’ membrane 

fusion protein resembling the envelope glycoproteins of other members of the order 

Bunyavirales (‘bunyaviruses’), flaviviruses, and alphaviruses (14, 16, 17). During cell entry, 

endosomal acid pH triggers Gn/Gc dissociation, allowing Gc subunits to insert into the 

target membrane and refold into post-fusion homotrimers, thereby driving viral membrane 

fusion and cytoplasmic escape (15, 18-21). Gn/Gc spikes thus provide the primary target 

for antibodies that mediate their neutralizing activity by blocking one or more steps in the 

hantavirus entry pathway.

Recent FDA approval of monoclonal antibody (mAb) countermeasures against Ebola virus 

and emergency use authorization (EUA) approval of mAbs for COVID-19 validate passive 

immunization as a strategy for viral diseases. Accumulating evidence provides rationale for 

the development of mAb-based hantavirus therapeutics. The kinetics and magnitude of the 

human neutralizing antibody (nAb) response to natural hantavirus infection can influence 

the severity of HCPS and HFRS (22-24), and the transfusion of convalescent hyperimmune 

plasma appears to be of benefit to acute HCPS patients (25). In addition, two recent 
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studies have isolated spike-specific mAbs from ANDV- and/or SNV-experienced HCPS-

convalescent donors and identified several that could protect Syrian hamsters from lethal 

ANDV challenge (26, 27). Most of the protective lead mAbs in these reports recognized 

and/or neutralized Gn/Gc in a virus-specific manner, and Engdahl and colleagues described 

several nAbs isolated from SNV-experienced donors with activity against members of 

both Old World and New World clades (hereafter, cross-clade activity; see Fig. 1A) (26). 

Two of these nAbs partially protected Syrian hamsters from lethal ANDV challenge, but 

in vivo protective efficacy against HFRS-causing hantaviruses was not evaluated. Their 

epitopes were not determined, and thus, the molecular bases of cross-clade Gn/Gc binding, 

neutralization, and in vivo protection by these rare, broadly active nAbs remain unknown.

Given the cost and logistical challenges inherent in developing antiviral treatments against 

emerging hantaviruses, a broadly protective therapeutic is highly desirable. Accordingly, we 

sought to identify one or more single nAbs that could protect against divergent hantaviruses. 

We reasoned that the exclusive focus on New World hantavirus-experienced donors in 

these previous studies may have limited the discovery of nAbs that could also target Old 

World hantaviruses. Interestingly, a Gn/Gc sequence alignment revealed that the Old World 

hantavirus, PUUV, genetically bisects other Old World and New World hantaviruses (Fig. 

1A and Table S1), raising the possibility that human exposure to PUUV may engender 

distinct, and likely cross-reactive, antibody specificities. To test this possibility, we isolated 

mAbs from PUUV-experienced donors from a Swedish HFRS-convalescent cohort. We 

discovered 135 mAbs with varying degrees of cross-clade reactivity and neutralizing activity 

that bound diverse epitopes in Gn/Gc. A single mAb, ADI-42898, afforded cross-clade 

neutralization breadth and recognized a previously unknown epitope at a Gn/Gc intersubunit 

interface. ADI-42898 could protect against both ANDV in Syrian hamsters and PUUV in a 

newly established bank vole challenge model (28) and is a promising candidate for clinical 

development as a broad countermeasure against HCPS and HFRS.

RESULTS

Isolation of monoclonal antibodies from PUUV-experienced donors

We screened sera from a cohort of 45 Swedish patients with clinically documented PUUV 

exposure to identify donors for single B cell sorting (Table S2A). Serum nAb titers were 

determined with recombinant vesicular stomatitis viruses (rVSV) displaying hantavirus 

Gn/Gc (29-31). We identified six donors with potent and broad serum nAb responses 

against rVSVs bearing Gn/Gc from PUUV, a divergent Old World hantavirus, Hantaan virus 

(HTNV), and a New World hantavirus, ANDV (Fig. S1 and Table S2B).

Recombinant hantaviral Gn/Gc proteins that recapitulate the tetrameric structure of the 

virion-bound glycoprotein complex are not currently available (11, 32). To sample antibody 

specificities recognizing conformational and quaternary epitopes, we used entry-competent 

rVSV-Gn/Gc particles bearing fluorescent mNeonGreen-labeled cores (rVSV-mNG-Gn/Gc) 

(29, 33) as baits for single-cell sorting of class-switched (swIg+), antigen-specific B 

cells (CD19+/IgM−/IgD−/virus+) from peripheral blood. Across donors, up to 2.8% of 

swIg+ B cells specifically bound rVSV-mNG-PUUV-Gn/Gc, whereas a smaller fraction 

(~0.4%) was reactive to rVSV-mNG-ANDV-Gn/Gc, which was concordant with our donors’ 
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exposure history, the sequence divergence between these glycoproteins, and the lower 

but detectable cross-neutralizing serum activity against ANDV Gn/Gc (Figs. 1B, S1, S2 

and Table S1B). Cognate antibody heavy- and light-chain pairs were recovered from 180 

individual hantavirus Gn/Gc-reactive B cells and found to contain somatic hypermutations 

(SHMs) consistent with their memory B cell origin (Fig. 1C). Full-length immunoglobulin 

G subclass I (IgG1) molecules bearing these variable region sequences were expressed in 

an engineered strain of Saccharomyces cerevisiae (34) and screened by an enzyme-linked 

immunosorbent assay (ELISA) to identify 135 PUUV Gn/Gc-specific binders (Fig. 1D). 

The mAbs were further evaluated for their capacity to recognize rVSV particles bearing 

hantavirus Gn/Gc proteins from both Old World (HTNV, Seoul virus [SEOV], Dobrava-

Belgrade virus [DOBV]), and New World (ANDV, SNV) hantaviruses by ELISA (29-31). 

Consistent with our serum activity studies (Fig. S1) and the PUUV M segment’s genetically 

intermediate position in Orthohantavirus, we observed a similar degree of binding cross-

reactivity between PUUV and viruses belonging to either Old World or New World 

hantavirus clades (Fig. 1E; 14–28%).

Identification of mAbs with potent and broad neutralizing activity

We screened the 135 PUUV Gn/Gc-reactive mAbs for neutralizing activity against rVSV-

mNG-PUUV-Gn/Gc (Figs. 2A-B). 58 of these mAbs displayed half-maximal inhibitory 

concentration (IC50) values of <1 nM, and most bound efficiently to rVSV-PUUV-Gn/Gc 

particles (Fig. 2A). We evaluated the 50 most potent nAbs against rVSVs bearing divergent 

Gn/Gc glycoproteins from both Old World (HTNV, SEOV, DOBV) and New World 

hantaviruses (ANDV) (Figs. 2C-D). Although most of the nAbs (28/50) were PUUV-specific 

neutralizers, the remaining exhibited varying levels of neutralization breadth. 13 nAbs 

displayed neutralization activity against at least three hantaviruses with ten affording 

cross-clade neutralization, indicating that they recognize highly conserved epitopes. We 

noted, however, the existence of an infectious fraction of virus refractory to neutralization 

(‘un-neutralized fraction’ >5%, Figs. 2D and S3) that persisted even at the highest tested 

concentrations for some nAbs, suggesting either reduced nAb:Gn/Gc binding affinities 

and/or the existence of Gn/Gc subpopulations in viral particles with cryptic epitopes 

unavailable for antibody binding.

nAbs with broad activity predominantly recognize two antigenic sites in Gn/Gc

We screened a subset of nAbs with broad neutralizing activity (bnAbs) in a pairwise 

competition ELISA (cELISA) that employed rVSV-mNG-PUUV-Gn/Gc as antigen to begin 

to define the antigenic sites recognized by our nAbs (Fig. 3A). Most tested bnAbs could be 

assigned to one of two competition groups, which we designated Groups I and II. Group 

I bnAbs also competed with the PUUV-specific nAb ADI-37236, which we previously 

isolated from a PUUV-experienced donor by sorting with the recombinant soluble N–

terminal head domain of PUUV Gn (GnH; Fig. S4), providing initial evidence that Group 

I nAbs recognize overlapping epitopes in the Gn subunit. We next binned top 50 nAbs 

against selected Group I and Group II nAbs (ADI-42898 and ADI-42098, respectively) in a 

high-throughput yeast display-based competition assay with a recombinant PUUV GnH/Gc 

heterodimer as antigen (Figs. 3B-C and S4). This second competition-binning approach 

largely corroborated the results from the cELISA and showed that the majority of our top 
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50 nAbs could be assigned to Groups I and II. Group III nAbs did not compete with 

ADI-42898 or ADI-42098, indicating that they bind distinct epitopes in Gn/Gc. Group IV 

nAbs failed to bind to soluble GnH/Gc, raising the possibility that they recognize tetrameric 

spike- or tetramer lattice-dependent quaternary Gn/Gc epitopes in viral particles (see Fig. 

4A). Because most nAbs from Groups III–IV lacked broad neutralizing activity, we focused 

mostly on nAbs from Groups I–II for further characterization.

Group I and II nAbs recognize epitopes in Gn and Gc, respectively

To identify Gn/Gc residues critical for viral recognition by Group I and II nAbs, we selected 

rVSV-mNG-PUUV-Gn/Gc mutants resistant to neutralization by ADI-42898 or ADI-42098 

and sequenced the glycoprotein genes of plaque-isolated viral clones to identify escape 

mutations. ADI-42898 elicited an escape mutant bearing a Q98R substitution in the Gn 

‘capping loop’, spanning amino acid (aa) residues 90-103 in GnH (Figs. 4B-C and S5A) 

(14). The capping loop associates closely with and caps the cd and bc membrane-interacting 

fusion loops in Gc domain II in the GnH/Gc pre-fusion heterodimer (14). Escape mutants to 

ADI-42098 bore two independent substitutions, S830I and P852T, in Gc’s central domain 

I and domain II close to the domain I-II junction, respectively, which form part of the 

oligomerization interfaces between adjacent pre-fusion Gn/Gc tetramers in the viral lattice 

and between adjacent Gc monomers in the post-fusion homotrimer (Figs. 4A, B, D, E and 

S5B). Concordantly, escape mutants selected with other Group I and II nAbs pinpointed 

additional residues in the GnH capping loop (E95K, Q98P, S101N) and Gc domain I 

(D682N, I844S, D959N, S966Y), respectively (Figs. 4 and S5).

Neutralization screens of our prioritized nAbs against this panel of 11 escape mutants 

further corroborated the competition mapping and escape mutant analyses above (Fig. 4F). 

Although group III–IV nAbs were largely resistant to this escape mutant panel, substitution 

E88D, located N-terminal to the capping loop, afforded escape by one of the Group III 

nAb ADI-42095 (Figs. 4C, F and S5A). Further, substitution S101N, which introduces an 

N-linked glycosylation (N-X-S/T sequence) at aa residue 101 in the capping loop (Fig. 

S6A), afforded viral escape to three of the Group III–IV nAbs (Fig. 4F), possibly through 

N–glycan–mediated steric blockade of nAb binding to capping loop-proximal epitopes. 

Taken together, these findings establish the GnH capping loop and the Gc oligomerization 

interface as critical sites for viral recognition and neutralization by the majority of the nAbs, 

including most of the bnAbs isolated herein. However, they also point to the existence of 

additional unmapped sites of vulnerability in hantavirus Gn/Gc, including some that only 

appear to be available in Gn/Gc conformers present in viral particles (Group IV).

Visualization of Gn/Gc:nAb complexes and implications for nAb breadth

To visualize Gn/Gc recognition by Group I and II nAbs, we performed negative-stain 

transmission electron microscopy (nsEM) studies of the single-chain variable fragments 

(scFvs) of selected nAbs from Group I (ADI-37236, -42089, -42898) and Group II 

(ADI-42877, -42885) bound to monomeric PUUV GnH/Gc. We obtained two-dimensional 

classes in which the three distinctive elements of the complex, GnH, Gc, and scFvs, could be 

readily identified (Figs. 5A-B). We used these class averages to calculate three-dimensional 

maps at 20Å resolution (Fig. 5B).
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In agreement with our epitope assignments, all of the Group I nAbs appeared to interact 

with the GnH capping loop. Moreover, tetramer models of the GnH/Gc:nAb complexes 

suggested that these nAbs bind apically to well-exposed sequences in pre-fusion spikes 

at the viral surface (Fig. 5C). Although all three Group I nAbs exhibited similar binding 

modes at this resolution, they differ in two key functional aspects. First, ADI-37236 

appears to be a ‘pure Gn binder’ that recognizes both PUUV GnH and GnH/Gc, whereas 

ADI-42089 and ADI-42898 only bind to the latter complex (Fig. S7). Second, ADI-37236 

is PUUV-specific, whereas ADI-42089 and ADI-42898 are bnAbs (Fig. 2D). The high 

sequence variability of the GnH capping loop (Fig. S6A) and its proximity to the Gc fusion 

loops (Fig. 4B) raises the possibility that ADI-37236 contacts residues in the variable 

regions of GnH only, whereas ADI-42089 and ADI-42898 also make contacts with more 

highly conserved sequences in Gc. Reconstructions of the Group II nAbs ADI-42885 and 

ADI-42877 confirmed our epitope mapping to sequences in Gc domain I, near the domain 

I–III linker region, and in proximity to Gc:Gc homodimer interfaces between neighboring 

Gn/Gc tetramers (Fig. 5B) (21). The tetramer models of these GnH/Gc:nAb complexes 

indicate that the epitopes of Group II nAbs are more proximal to the viral membrane than 

those of the Group I nAbs (Fig. 5C), suggesting that the former may be less accessible in 

viral particles than the latter, especially in regions with a closely packed lattice of Gn/Gc 

tetramers (11, 19, 21). Cryo-electron tomography of PUUV virus-like particles bound to the 

F(ab) fragment of a bank vole-derived mAb that recognizes a similar site in Gc supports this 

hypothesis (32).

Group I and II nAbs specifically block viral membrane fusion

The above epitope definition and structural studies led us to postulate that nAbs from 

both Groups I and II target acid-triggered Gn/Gc rearrangements required for virus-cell 

membrane fusion, by preventing either the deployment and membrane insertion of the 

closely associated hydrophobic fusion loops (Group I nAbs) or the formation of a post-

fusion Gc homotrimer (Group II nAbs) (19, 20). To evaluate this hypothesis, we established 

a ‘fusion-infection’ assay in which rVSV-PUUV-Gn/Gc particles were bound to cells at 4°C 

and then subjected to an extracellular acidic pulse (pH 5.5 at 37°C) to trigger virus-cell 

membrane fusion at the plasma membrane instead of in endosomal compartments (Fig. 

S8A).

All Group I and II nAbs tested in this assay mediated dose-dependent reductions in PUUV 

Gn/Gc-dependent fusion-infection, as also did several nAbs from Groups III and IV (Fig. 

S9A). Importantly, and in contrast to a Gn/Gc-specific polyclonal serum, none of these 

nAbs had any effect on a preceding step in viral entry, the attachment of virions to target 

cells (Fig. S9B). Taken together, these results indicate that many of our nAbs selected for 

neutralization potency and breadth directly interfere with Gn/Gc-dependent viral membrane 

fusion, as also observed for previously isolated nAbs (26), suggesting that they act by 

targeting one or more steps in the membrane fusion reaction, including Gn:Gc dissociation, 

and Gc target membrane insertion and homotrimerization.
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Group I/II nAbs are potent and broad neutralizers of authentic Old World hantaviruses

We advanced the most potent nAbs to testing against authentic Old World hantaviruses 

(Fig. 6). PUUV neutralization assays largely corroborated our findings with rVSV-mNG-

PUUV-Gn/Gc. However, whereas the Gn- and/or potential Gn/Gc-targeting Group I nAbs 

afforded complete neutralization (all nAbs in Group I and some from Groups III-IV), 

the Gc-targeting nAbs (all nAbs in Group II and some from Group IV) left a residual 

un-neutralized fraction (Figs. 6A and D). The much greater propensity of Group II nAbs to 

mediate incomplete neutralization in the authentic neutralization assay relative to the rVSV 

assay (Fig. 2D) raises the possibility that differences between authentic virions and rVSVs 

in the organization of the (Gn/Gc)4 spike lattice accounts for their distinct neutralization 

phenotypes with Gc binders.

We selected a subset of these nAbs with at least some neutralization breadth against Old 

World hantavirus Gn/Gc in the rVSV assay (Fig. 2D) and evaluated them with authentic 

HTNV and DOBV (Figs. 6B-D). Concordant with our findings with authentic PUUV above, 

we observed a substantial narrowing in the breadth of all the Gc binders tested from 

Groups II and IV. Only a single GnH/Gc-specific bnAb from Group I, ADI-42898, afforded 

complete neutralization of HTNV and DOBV in a manner that was consistent with its 

exceptional breadth of activity against the corresponding rVSVs (Figs. 2D and 6B-D).

Group I/II nAbs provide pre- and post-exposure protection in a bank vole model of PUUV 
challenge

We selected two Group I (ADI-38919, -42898) and two Group II (ADI-42098, -42877) 

nAbs with potent activity against authentic PUUV (Fig. 6A) and assessed their protective 

efficacy against the PUUV strain ‘Suonenjoki’ (PUUV/Suo) in a recently described bank 

vole infection model (Fig. 7) (28). PUUV/Suo establishes a persistent infection in bank 

voles within three days after virus challenge and resembles a natural infection in these 

rodents in terms of viral load and tissue tropism. Virus-naïve bank voles from a laboratory-

bred colony were first administered single 25-mg/kg doses of nAb intraperitoneally (i.p.) 

at 4 h pre-infection and then challenged with PUUV/Suo subcutaneously (s.c.). Viral loads 

in tissues previously associated with active PUUV replication were determined at three 

days post-infection. All four nAbs afforded essentially complete pre-exposure prophylactic 

protection against viral acquisition in the lung, kidney, spleen, and blood (Fig. 7A).

We next retested the nAbs as above, but in a more stringent post-exposure setting (nAb 

treatment 24 h post-virus challenge). Both Group I and II nAbs mediated substantial 

(~1,000-fold) declines in mean viral RNA levels in the lung, the organ which displayed 

the highest levels of viral replication, with reductions to undetectable levels in some animals. 

Viral RNA levels in the spleen also declined in treated animals and were uniformly reduced 

to undetectable levels in the kidney and in circulation (Fig. 7B).

bnAb ADI-42898 affords cross-clade neutralization and post-exposure protection

To identify bnAbs with cross-clade potential, we prioritized nAbs with activity against 

multiple authentic Old World hantaviruses (Fig. 6) and an rVSV bearing Gn/Gc from the 

New World hantavirus, ANDV (Fig. 2D). This set of nAbs, comprising a single Group 
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I nAb, ADI-42898, and two Group II nAbs, ADI-39044 and -42871, was evaluated for 

neutralizing activity against rVSVs bearing New World hantavirus glycoproteins from 

ANDV, SNV, and Choclo virus (CHOV) as well as against authentic ANDV and SNV (Figs. 

8A-B and S10). ADI-42898 completely neutralized all three rVSV-Gn/Gc and authentic 

SNV, and it neutralized authentic ANDV with an un-neutralized virus fraction (Figs. 8A-B). 

In contrast, the two Group II nAbs had little or no cross-clade activity towards authentic 

New World hantaviruses (Figs. S10B and D), providing another example of the discordances 

between the rVSV and authentic virus assays described above for Group II nAbs.

Finally, we evaluated ADI-42898’s protective efficacy in the gold-standard Syrian hamster 

model of uniformly lethal ANDV challenge (35). Accordingly, we exposed hamsters to the 

Chile variant of ANDV (ANDV/Chile-9717869), and then administered a single dose of 

ADI-42898 (4 mg; ~25-mg/kg) on day three. All nAb-treated animals survived treatment, 

whereas all animals in the vehicle arm succumbed to infection (Fig. 8C). Moreover, 

ADI-429898–mediated protection was associated with a complete reversal of viremia (Fig. 

8D). Strikingly, this nAb fully retained its protective efficacy even at a fourfold lower dose 

(1 mg; ~6-mg/kg) (Figs. 8C-D). Thus, ADI-42898, a fully human, GnH/Gc-specific nAb 

with broad cross-clade activity against the major disease-associated hantaviruses displays in 
vivo post-exposure protective efficacy against both Old World and New World rodent-borne 

hantaviruses.

DISCUSSION

Previous work indicates that antibody-based therapeutics could provide urgently needed 

countermeasures to combat the zoonotic diseases caused by hantaviruses. Specifically, mAbs 

isolated from New World hantavirus ANDV- and SNV-convalescent patients or from mice 

vaccinated with hantavirus glycoproteins could protect against lethal ANDV challenge and 

development of HCPS-like disease in a Syrian hamster model (26, 27, 36). Despite this 

progress, however, no mAbs with demonstrated protective efficacy against less lethal but 

far more prevalent and globally widespread Old World hantaviruses have been described. 

Although previous studies suggest that vaccination can elicit cross-protective Gn/Gc-specific 

antibody specificities in animals, no such protective mAbs are known (37, 38). Herein, 

we isolated and characterized a panel of 135 human mAbs from individuals exposed to a 

virulent Old World hantavirus, PUUV. We identified mAbs that targeted multiple antigenic 

sites in membrane-bound tetramers of the Gn/Gc glycoprotein complex and displayed 

distinctive patterns of viral neutralization potency and breath. A single bnAb, ADI-42898, 

bound a quaternary epitope in the Gn/Gc heterodimer to neutralize a diverse set of virulent 

hantaviruses from both clades and afforded in vivo post-exposure protection against both 

PUUV and ANDV.

We adopted three strategies in seeking to enrich for bnAbs targeting conserved epitopes in 

native Gn/Gc tetramers. First, we chose PUUV as our target virus because of the genetically 

intermediate position of its M segment sequence (encoding Gn/Gc) relative to those of the 

Old World and New World hantaviruses (Fig. 1A). Second, we screened a large number 

of sera from PUUV-experienced donors in our Swedish cohort to identify source samples 

with a high degree of cross-clade serological reactivity (Fig. S1). Third, to improve our 
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chances of retrieving nAbs targeting quaternary Gn/Gc epitopes, we panned memory B 

cells with fluorescently labeled rVSV particles bearing membrane-bound Gn/Gc, instead of 

recombinant proteins that fail to fully recapitulate the structure of the Gn/Gc tetramer (14). 

Of the 180 IgG VH/VL sequence pairs we captured from antigen-sorted memory B cells, 

135 recognized rVSV-PUUV-Gn/Gc, attesting to the specificity of our sorting approach. 

Moreover, we observed some degree of cross-reactivity against Gn/Gc from five other 

hantaviruses and—concordant with our hypothesis—comparable cross-reactivities against 

both Old World and New World agents (Figs. 1E and 2D). Importantly, mAbs with broad 

binding activity displayed low levels of polyreactivity (Fig. S11), demonstrating that their 

cross-binding is not due to nonspecific cross-reactivity (39). Interestingly, mAbs from SNV-

experienced donors but not ANDV-experienced donors were found to display a greater 

degree of cross-clade reactivity in a recent study (26), providing additional evidence that the 

nature of the primary antigenic exposure can influence the breadth of the antibody response 

against hantaviruses in humans.

Our epitope-binning studies on a prioritized subset of potent nAbs uncovered at least four 

distinct antigenic sites in Gn/Gc that we fine-mapped through rVSV-based selections of 

neutralization escape mutants (Figs. 3-4). We identified a major class of nAbs (Group I) 

whose members engage the capping loop in the membrane-distal N–terminal head domain 

of Gn (GnH) (Figs. 4-5) (14). The preponderance of Group I nAbs in our panel, together 

with recent descriptions of nAbs elicited against HTNV Gn/Gc that recognize overlapping 

or adjacent sequences in GnH (40), suggest that this region of Gn, well-exposed on viral 

particles, is a major target of the antibody response to Gn/Gc in mammals, although it 

has not been described in earlier work aimed at identifying neutralizing epitopes (41). 

Here, we present new evidence that such mAbs exhibit at least two distinct binding 

modes, exemplified by ADI-37236 and previously reported mAbs (40) on the one hand and 

ADI-42898 on the other. Despite escaping binding and neutralization via similar mutations 

in the capping loop, ADI-37236 could bind both monomeric GnH and heterodimeric GnH/Gc 

proteins, whereas ADI-42898 could only bind GnH/Gc (Fig. S7). We propose that the 

former nAbs exclusively contact sequences in GnH, whereas the latter contact both GnH and 

residues in the closely associated Gc cd loop that forms part of Gc’s membrane-interacting 

fusion loops (14). This hypothesis rationalizes the observed relationship between nAb 

binding and breadth: ADI-37236 and other “pure” GnH binders that recognize the highly 

variable capping loop are virus-specific nAbs, whereas ADI-42898 and other GnH/Gc-

binders whose epitopes include more conserved Gc residues are bnAbs (Figs. 2D, 4C and 

4F). Our failure to obtain escape mutations in Gc with ADI-42898 may simply reflect the 

possibilities that such amino acid exchanges exact higher costs on viral fitness or that the 

energetics of mAb binding is driven by its contacts with Gn and not Gc. Finally, both 

Gc-dependent and Gc-independent capping-loop binders could act downstream of virus-cell 

attachment to block viral membrane fusion (Fig. S9), indicating that the direct engagement 

of Gc by Group I nAbs may not be required to prevent fusion loop deployment and/or Gc 

rearrangement during membrane fusion.

Members of the second major class of nAbs identified and mapped in this study (Group 

II) recognize central sequences of the Gc subunit, including epitopes (i) in domain I near 

the flexible domain I–III linker region; (ii) at or near the domain I–II junction; and (iii) 
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the ‘inner sheets’ of domain I, which mediate Gc:Gc contacts between adjacent (Gn/Gc)4 

tetramers stabilizing the spike lattice (Figs. 4-5) (19, 21). Similar nAbs, elicited through 

a variety of approaches for different hantaviruses, have been described previously (32, 

36, 42-44), suggesting that these Gc sequences may be immunodominant despite their 

reduced accessibility to mAbs in intact viral particles. The behavior of Group II nAbs in 

neutralization assays was consistent with their mode of Gn/Gc recognition. First, we found 

that they tended to exhibit greater neutralization breadth than did the Group I nAbs (Fig. 

2D), in accordance with the greater conservation of their target sequences (Fig. S6). Second, 

Group II nAbs often failed to completely neutralize authentic viral infection (Figs. 6 and 

S10), as also reported recently for ANDV- and SNV-targeted Gc binders (26). Cryo-EM 

tomographic analysis of a Gc domain I/II-targeting bank vole mAb bound to PUUV virus-

like particles provides a likely structural explanation for the un-neutralized fraction: the 

close apposition of glycoprotein tetramers at Gc:Gc two-fold axes of symmetry permits 

mAb binding only at lattice-free sites in virions (11, 21, 32, 45). Together with differences 

in their intrinsic binding affinities for Gc from different hantaviruses, this observation 

may also explain the discordant behavior of Group II nAbs against rVSVs and authentic 

viruses (Figs. 2D, 6 and S10); lattice-free binding sites may be more available in rVSV 

particles due to their distinct curvature, lower levels of Gn/Gc incorporation, or both. All 

Gc-specific nAbs tested afforded the potent inhibition of viral membrane fusion (Fig. S9), 

most likely through the prevention of Gc homotrimerization and/or domain III foldback onto 

domain I-II trimers (19, 20, 32). The capacity of domain I inner sheet binders to block 

formation of the Gc:Gc interface, at least in principle, also raises the intriguing possibility 

that some Gc binders may act in part by interfering with glycoprotein lattice formation 

during Old World hantavirus assembly (21). Finally, despite their failure to fully neutralize 

viral infectivity, two Group II nAbs, ADI-42877 and -42098, afforded complete protection 

against PUUV challenge in naïve bank voles (28) (Fig. 7). Therefore, it is conceivable 

that Gc-targeting mAbs contribute to viral clearance through mechanisms other than entry 

neutralization, including Fc-mediated effector functions, as previously suggested (36). Given 

their non-competing epitopes and potentially distinct mechanisms of neutralization and 

protection, we are exploring the possibility that specific combinations of Group II and Group 

I nAbs could afford enhanced protection and/or robustness to variations in Gn/Gc sequence 

and viral neutralization escape.

We identified a single Group I nAb, ADI-42898, with remarkably broad neutralizing activity 

against virulent hantaviruses from both Old World and New World clades (Figs. 6 and 8) and 

successfully evaluated it in both pre- and post-exposure settings in a recently described bank 

vole model of PUUV challenge (28) (Fig. 7). ADI-42898 also afforded complete protection 

of Syrian hamsters from lethal ANDV challenge when administered as single 25-mg/kg 

or 6-mg/kg doses at three days post-virus challenge (Fig. 8), raising the possibility that it 

could be dosed down further (below 6-mg/kg) and still retain protective activity. By contrast, 

ANDV-specific nAbs previously reported to be fully protective in this model were either 

tested with two 5-mg/kg doses per animal (26) or with a substantially higher two-dose 

regimen (25–50-mg/kg) (27, 36). Moreover, recently described bnAbs only afforded partial 

protection against ANDV challenge, even when animals were dosed twice, and these bnAbs 

were not evaluated against Old World hantaviruses in vivo (26).
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ADI-42898 is an antibody-based treatment that can protect against both Old World and 

New World hantaviruses and is a promising candidate for clinical development as a broad 

countermeasure against HFRS- and HCPS-causing hantaviruses. Our ongoing and future 

work is aimed at extending these studies of protective breadth to additional rodent and 

nonhuman primate models of orthohantavirus challenge (46). The studies in nonhuman 

primates would greatly facilitate the identification of key correlates of protection that could 

be used to design human clinical trials and seek drug licensure. Finally, the properties of 

ADI-42898 and other Group I nAbs suggest strategies for the design of broadly protective 

vaccines that preferentially elicit bnAbs targeting the Gn/Gc interface at the expense of 

virus-specific nAbs targeting only Gn.

MATERIAL AND METHODS

Study design

We initiated this study to identify, isolate and characterize human mAbs broadly reactive to 

hantaviral Gn/Gc, with the potential to neutralize Old World and New World hantavirus 

infections and prevent HCPS/HFRS. We screened sera from a cohort of 45 PUUV-

experienced patients for PUUV, HTNV and ANDV Gn/Gc-specific nAb titers and identified 

six donors presenting potent and broad neutralization activity. PUUV and ANDV Gn/Gc-

reactive memory B cells were isolated by single-cell sorting, and antibody heavy- and light-

chain variable regions were cloned as full-length human IgG1 and expressed in S. cerevisiae. 

We characterized 135 mAbs for their cross-clade binding and neutralization activity as well 

as epitope specificity. We evaluated down-selected mAbs for protective efficacy in a bank 

vole PUUV infection model for HFRS and a Syrian hamster ANDV lethal challenge model 

for HCPS.

Peripheral blood mononuclear cells (PBMC) and matching serum and clinical parameters 

from PUUV-exposed individuals were collected at Umeå University Hospital, Sweden, 

19-78 days after disease onset. Patients with laboratory-confirmed PUUV infection during 

acute HFRS were recruited to a prospective and longitudinal study of HFRS. The study 

protocol was approved by the Ethical Review Board at Umeå University, Umeå, Sweden 

(Dnr. 04-113M and Dnr. 07-162M). Signed informed consent was obtained from all study 

participants.

Bank vole (Myodes glareolus) animal protocols were approved by the Animal Experimental 

Board of Finland (license number ESAVI/28410/2019). Laboratory-bred 5-8 months old 

bank voles were housed under Biosafety level 3 conditions in an IsoCage biocontainment 

system (Scanbur) in groups of 3-5 animals and provided standard rodent pellets and water 

ad libitum. Groups of six animals (three males, three females) were used per condition 

to provide >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% (5/6 protected) in the treated 

group compared to 0% (0/6 not protected) in the control group at a 95% confidence level. 

Randomization and blinding were not performed. All bank voles from two independent 

experiments were included in the data analysis; no outliers were excluded. Upon completion 

of the experiment 72 h post virus inoculation, bank voles were euthanized by cervical 

dislocation.
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Syrian golden hamster (Mesocricetus auratus) animal protocols were conducted under 

IACUC-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 BSL-4 facility where these studies was 

conducted (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. 

Studies were powered as described above with groups of six 5-10 months old female 

animals per condition. Randomization and blinding were not performed. Several hamsters 

designated as untreated were excluded from the dataset in both independent experiments 

(see ‘Syrian hamster challenge studies’ section).

Single B cell sorting

B cells were purified from PBMCs using a MACS Human B Cells isolation kit (Miltenyi 

Biotec) and incubated for 30 min on ice with pre-titrated amounts of rVSV-mNG-P-PUUV-

Gn/Gc or -ANDV-Gn/Gc to label antigen-specific B cells. The amounts of viral particles 

giving specific labeling of immune PBMC samples (PUUV-experienced donors) and non-

specific labeling of non-immune PBMC samples (PUUV-naïve donors) were determined 

for each rVSV stock prior to sorting experiments. Cells were washed once with ice-cold 

MACS buffer, centrifuged for 10 min at 300xg at 4°C and then stained using a panel 

of markers to identify antigen-specific memory (class-switched) B cells for sorting: anti-

human CD19 (PE-Cy7, Biolegend Cat# 302216), CD3 (PerCP-Cy5.5, Biolegend Cat# 

30040), CD8 (PerCP-Cy5.5, Biolegend Cat# 344710), CD14 (PerCP-Cy5.5, Invitrogen Cat# 

45-0149-42), CD16 (PerCP-Cy5.5, Biolegend Cat# 360712), propidium iodide, IgM (APC, 

BD Biosciences Cat#314510), IgD (BV421, Biolegend Cat# 348226) for 20 min on ice in 

the dark. Class-switched B cells, defined as CD19+/CD3−/CD8−/CD14−/CD16−/IgM−/IgD− 

cells, showing over-background reactivity to either rVSV-mNG-P-PUUV-Gn/Gc or -ANDV-

Gn/Gc were single-cell sorted using BD FACS Aria II (BD Biosciences) into 96-well 

polystyrene microplates (Corning) containing 20 μl/well of lysis buffer (5 μl of 5x first 

strand Super Script IV cDNA buffer [Invitrogen], 1.25 μl dithiothreitol [Invitrogen], 0.625 

μl of NP-40 [Thermo Scientific], 0.25 μl RNaseOUT [Invitrogen], and 12.8 μl dH2O). 

Plates were immediately stored at −80°C. Flow cytometry data was analyzed using FlowJo 

software. Antibody sequences were determined from sorted B cells and antibodies were 

produced as described in Supplementary Materials and Methods.

Cell lines

African green monkey kidney Vero cells (ATCC Cat# CCL-81) and VeroE6 cells (ATCC 

Cat# CRL-1586) were cultured in a humidified 37°C, 5% CO2 incubator in high-glucose 

Dulbecco's modified Eagle medium (DMEM, Life Technologies) supplemented with 

2% fetal bovine serum (FBS, Atlanta Biologicals), 1% GlutaMAX, and 1% penicillin-

streptomycin (both Life Technologies). Human hepatocarcinoma Huh.7.5.1 cells (a generous 

gift of Jan Carette, Stanford University, CA) were maintained in high-glucose DMEM 

(Life Technologies) supplemented with 10% FBS (Atlanta Biologicals), 1% GlutaMAX 

(Life Technologies), 1% non-essential amino acids (Life Technologies) and 1% penicillin-
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streptomycin (Life Technologies). Human umbilical vein endothelial cells (HUVECs, Lonza 

Cat# C2517A) were maintained in endothelial cell growth medium (EGM) supplemented 

with EGM-SingleQuots (Lonza) at 37°C with 5% CO2. Mygla.Rec.B bank vole epithelial 

cells (a generous gift of Isabella Eckerle, Geneva Centre for Emerging Viral Diseases, 

Switzerland) were cultured as described previously (28). Drosophila melanogaster S2 cells 

(Thermo Fisher Cat# R69007) were maintained in serum-free insect cell medium (HyClone, 

GE HealthCare) supplemented with 1% penicillin-streptomycin in spinner flasks in a 28°C, 

150 rotation per minute (rpm) humidified shaking incubator. ExpiCHO cells (Thermo Fisher 

Cat# A29127) carrying a FUT8-knockout mutation (Mapp Biopharmaceuticals Inc.) were 

maintained in their designated growth medium (Thermo Fisher) and cultured in a 37°C, 8% 

CO2, 125 rpm humidified shaking incubator.

Recombinant Vesicular Stomatitis Viruses (rVSVs)

rVSVs expressing enhanced green fluorescent protein (eGFP) and bearing Gn/Gc from 

HTNV, SEOV, DOBV, ANDV, SNV, CHOV and VSV G were engineered, rescued and 

propagated following published protocols (30, 31, 47-49). rVSV carrying a phosphoprotein 

P fused to mNeonGreen (mNG) and bearing PUUV Gn/Gc has been described previously 

(29). Generation of viruses with an equivalent mNG-P backbone decorated with ANDV 

Gn/Gc (Chilean field strain R123, GenBank accession number NP_604472.1), SNV Gn/Gc 

(human field isolate, GenBank accession number NP_941974.1), and HTNV Gn/Gc (cell 

culture-adapted strain 76-118, GenBank accession number NP_941978.1) was performed 

by using standard molecular biology techniques. The identity and sequence of each virus-

encoded Gn/Gc was determined by Sanger sequencing of rVSV genomic RNA-derived 

cDNAs. All viruses were propagated on Vero cells except rVSV-mNG-P PUUV-Gn/Gc, 

which was amplified on Huh.7.5.1 cells.

VSV infectivity measurements and neutralization assays

Confluent Vero cells were inoculated with pre-titrated amounts of pseudotyped rVSV 

particles bearing either PUUV, HTNV, SEOV, DOBV, ANDV, SNV, and CHOV Gn/Gc 

or, when indicated, rVSV-PUUV-Gn/Gc neutralization-escape mutants. Prior to infection, 

rVSVs were diluted in corresponding media, and infected cells were maintained at 37°C 

for 14 to 16 h post-infection before automated counting of eGFP+ and mNG+ cells 

using a Cytation 5 cell imaging multi-mode reader (BioTek Instruments) or a Cell-Insight 

CX5 imager (Thermo Fisher) including onboard software. For neutralization experiments, 

rVSV particles were incubated with increasing concentrations of mAbs or, when indicated, 

human serum diluted in corresponding media at room temperature for 1 h prior to 

addition to cell monolayers. Virus neutralization data were subjected to nonlinear regression 

analysis to derive IC50 values (4-parameter, variable slope sigmoidal dose-response equation 

constraining bottom parameters to 0-100; GraphPad Prism).

Authentic hantavirus infections and microneutralization assays

PUUV strain Suo (PUUV/Suo) was propagated in Mygla.Rec.B bank vole epithelial cells 

(28), whereas PUUV strain Kazan (50) and DOBV strain Ano-Poroia/AF19 (51) were 

grown in VeroE6 cells as described. VeroE6 cells were exposed to PUUV Kazan or DOBV 

at a multiplicity of infection (MOI) of 0.1-1 of fluorescent FFU following a pre-incubation 
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with indicated mAb concentrations. Viral infectivity was calculated by immunostaining of 

formaldehyde-fixed cells at 20 h (PUUV) or 48 h (DOBV) post-infection using polyclonal 

rabbit serum targeting the PUUV nucleocapsid protein N (NR-9675, BEI Resources) or a 

broadly cross-reactive hantavirus N-specific antiserum (28). Plates were imaged with either 

the Plate RUNNER HD (Trophos) or the Opera Phenix High-Content Screening System 

(PerkinElmer) at the FIMM high content imaging and analysis services (University of 

Helsinki, Finland). Images were analyzed and individual infected cells counted using the 

system’s onboard software.

ANDV strain Chile-9717869, SNV strain CC107, and HTNV strain 76-118 used for all in 
vitro assays were propagated and viral titers determined using VeroE6 cells as previously 

described (30, 52-54). For neutralization assays using authentic virus, pre-titrated amounts 

of virus were mixed with serially diluted mAbs for 1 h before adding virus/mAb mixture 

to HUVECs at a MOI of 1 (ANDV and HTNV) or MOI of 2 (SNV). Viral infectivity 

was determined by immunostaining of formaldehyde-fixed and permeabilized cells at 48 h 

post-infection with polyclonal rabbit sera specific for ANDV, HTNV or SNV N (NR-9673, 

NR-9674, and NR-12152; BEI Resources). Images were acquired on an Operetta high-

content imaging device (PerkinElmer). Images were analyzed with a customized scheme 

built from image-analysis functions present in the Harmonia software, and the percentage 

of infected cells was determined using the analysis functions. Virus neutralization data 

were subjected to nonlinear regression analysis to derive IC50 values (4-parameter, variable 

slope sigmoidal dose-response equation constraining bottom parameters to 0-100; GraphPad 

Prism).

Authentic hantavirus plaque assays

Serial log dilutions of serum were prepared in MEM media supplemented with 5% FBS, 2 

mM L-glutamine and 1% gentamicin, and confluent monolayers of VeroE6 cells on 6-well 

plates were inoculated. After adsorption for 1 h at 37°C, monolayers were overlaid with 

Eagle basal medium (EBME) supplemented with 0.5% agarose (Seakem), 30 mM Hepes 

buffer, and 5% FBS. After incubation at 37°C for 8 days, a second overlay, supplemented 

with 5% Neutral red, was added. Plaques were counted the following day and titers were 

expressed as PFU/ml.

Generation of recombinant PUUV GnH and GnH/Gc antigen

To obtain the head domain of PUUV Gn (GnH, aa 20-381) and the PUUV GnH/Gc 

complex (both strain Mu/07/1219, GenBank code: AJC50718 (55)) we followed 

the approach described previously (14). In short, we generated a codon optimized 

sequence (GenScript) encoding GnH alone, and a single-chain construct of GnH in 

frame with the Gc ectodomain (aa 659-1093) in which the amphipathic C-terminal 

membrane proximal external region was removed. To prevent complex dissociation 

during purification, we joined both subunits using a flexible linker of 43-aa long 

(GGSGLVPRGSGGGSGGGSWSHPQFEKGGGTGGGTLVPRGSGTGG) containing two 

thrombin cleavage sites (underlined) at either end and a Strep-tag sequence (in bold) in the 

middle. Both GnH and GnH/Gc encoding sequences were cloned into a modified pMT/BiP 

plasmid (Invitrogen) expressing them in frame with a C-terminal double Strep-tag. This 
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plasmid was used to generate stable Drosophila melanogaster S2 cells, which were selected 

and maintained in serum-free insect cell medium containing 7 μg/ml puromycin. Protein 

expression was induced by adding 5 μM CdCl2 and cell supernatant was harvested 5 

days post induction, supplemented with 10 μg/mL avidin and 0.1 M Tris-HCl (pH 8.0). 

Proteins were purified via strep-tactin affinity chromatography followed by size exclusion 

chromatography (SEC) using a Superdex 200 10/30 column (GE Healthcare) in a buffer 

composed of 10 mM Tris-HCl (pH 8), 150 mM NaCl, and 1 mM EDTA.

Amplification and cloning of antibody variable genes

Human antibody variable gene transcripts (VH, Vκ, Vγ) were amplified by RT-PCR 

using the Super Script IV (Invitrogen) followed by nested PCRs using cocktails of IgM-, 

IgD-, IgA- and IgG-specific primers and the HotStarTaq Plus DNA Polymerase (Qiagen), 

as described previously (56). To allow cloning by homologous recombination into S. 
cerevisiae, the primers used in the second round of nested PCR contained 40 base pairs 

of 5’ and 3’ homology to the digested yeast expression vectors. Amplified variable gene 

transcripts were transformed into yeast using the lithium acetate method for chemical 

transformation (57). 200 μl of the transformed yeast cell suspension was plated on selective 

media and the plates were incubated at 30°C for 48 h. Following the growth of transformants 

on the plates, individual yeast colonies were picked for sequencing.

Expression and purification of IgGs, scFv and F(ab) fragments

IgGs were expressed in S. cerevisiae cultures grown in 24-well plates, as described 

previously (58). Briefly, after 6 days, the cultures were harvested by centrifugation and 

IgGs were purified by Protein A affinity chromatography. The bound antibodies were eluted 

(200 mM acetic acid/50 mM NaCl [pH 3.5]) into 1/8th volume of 2 M Hepes buffer (pH 8.0) 

and buffer-exchanged into phosphate buffered saline (PBS, pH 7.0).

F(ab) fragments were generated by digesting IgGs with papain for 2 h at 30°C. The 

digestion was terminated by the addition of iodoacetamide, and the F(ab) and Fc mixtures 

were passed over Protein A agarose to remove Fc fragments and undigested IgG. The 

flow-through of the Protein A resin was then passed over CaptureSelect™ IgG-CH1 affinity 

resin (Thermo Fisher) and eluted (200 mM acetic acid/50 mM NaCl [pH 3.5]) into 1/8th 

volume of 2 M Hepes buffer (pH 8.0). F(ab) fragments then were buffer exchanged into PBS 

(pH 7.0).

Single chain Fv fragments (scFv) coding sequences of ADI-37236, -42089, -42898, -42877 

and -42885 were generated by joining together the sequences encoding the VH and VL 

chains by a flexible linker, and cloned into a modified pMT/BiP plasmid (Invitrogen). The 

antibody fragments were purified following the protocol described above in the ‘Generation 

of recombinant PUUV GnH and GnH/Gc antigen’ section.

ELISA for Gn/Gc:mAb binding

All mAbs cloned from antigen-specific B cells were tested for their reactivity to rVSV 

particles displaying the Gn/Gcs of PUUV, HTNV, DOBV, SEOV, ANDV and SNV in a 

single concentration spot ELISA. Viral particles were diluted in PBS (pH 7.4), and captured 
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directly onto high binding half-area 96-well plates (Corning) overnight at 4°C in amounts 

determined using a calibration assay (designed to ensure equivalent particle loading across 

the antigenically distinct rVSVs). Plates were then washed with PBS and blocked with a 

blocking/binding buffer (PBS containing 5% non-fat dried milk) for 1 h. Blocked plates 

were exposed to antibodies, in duplicate, at 25 nM mAb concentration for 1 h at 37°C. Plates 

were washed with PBS and mAb binding was detected with anti-human IgG secondary 

antibody conjugated to horseradish peroxidase (HRP, Thermo Fisher) for 1 h at 37°C. Plates 

were washed, 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher) was added 

and quenched with the addition of 2 M sulfuric acid, per manufacturer recommendations. 

Absorbance was read at 450 nm and antibodies producing signal >0.3 were categorized as 

binders.

Competition ELISA

High-protein-binding 96-well ELISA plates (Corning) were coated with purified human 

mAbs (40 ng per well, ‘first mAb’) at 37°C and blocked with 3% (w/v) bovine serum 

albumin (BSA; Thermo Fisher) in PBS. The membranes of rVSV-PUUV-Gn/Gc particles 

were labelled with a short-chain phospholipid probe, functional-component spacer diacyl 

lipid conjugated to biotin (FSL-biotin, Sigma-Aldrich), as described (30). Subsequently, 

pre-titrated amounts of biotin-labeled rVSVs were incubated with purified human mAb (100 

nM, ‘second mAb’) for 1 h at 37°C before their addition to mAb-coated plates. Bound 

rVSV-PUUV-Gn/Gc was detected by incubation with a streptavidin-HRP conjugate (Thermo 

Scientific). Competition levels were determined by reduction of rVSV binding in presence 

of a competitor mAb compared to rVSV binding in the absence of competition (rVSV 

complexed with human IgG1 [Sigma-Aldrich]). Antibodies with >75% reduction of rVSV 

binding were considered to be in competition with pre-complexed mAbs.

Yeast-based mAb competition assay

Antibody competition assays were performed as previously described (59). Antibody 

competition was measured by the ability of a competitor Group I (ADI-42898) or Group 

II (ADI-42098) F(ab) to inhibit binding of yeast surface-expressed anti-Gn/Gc IgGs to 

recombinant PUUV GnH/Gc. 50 nM biotinylated GnH/Gc was pre-incubated with 1 μM 

competitor F(ab) for 30 min at room temperature and then added to a suspension of 

yeast expressing anti-Gn/Gc IgGs in a 96-well format. Unbound antigen was removed 

by washing with PBS containing 0.1% BSA. After washing, bound antigen was detected 

using streptavidin-Alexa Fluor 633 conjugate (Life Technologies) and analyzed by flow 

cytometry using a FACSCanto II (BD Biosciences). The level of competition was assessed 

by measuring the fold reduction in PUUV GnH/Gc binding in the presence of competitor 

F(ab) relative to an antigen-only control. Antibodies were considered competitors when a 

greater than five-fold reduction was observed in the presence of control F(ab) relative to an 

antigen-only control.

Selection of rVSV neutralization-escape mutants

Selection of escape mutants was performed as described previously (60). In short, rVSV-

PUUV-Gn/Gc was serially passaged after rVSV pre-incubation with a concentration of 

mAb corresponding to its IC90 value derived from neutralization assays, and then added to 
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confluent monolayers of Huh.7.5.1 cells. Infection was allowed to proceed to completion 

(>90% cell death by eye), supernatants were harvested and following several passages under 

mAb selection, supernatants were tested for viral neutralization escape. If resistance was 

evident, individual viral clones were plaque-purified on Huh.7.5.1 cells, and their Gn/Gc-

encoding sequences were determined.

Negative-stain electron microscopy

The PUUV GnH/Gc:scFv complexes were assembled in vitro by co-incubating the 

heterodimer GnH/Gc with an 1.5-fold excess of scFv for 1 h at 4°C prior to purification 

over a Superdex 200 gel filtration column (GE Healthcare). Complexes were diluted to a 

final concentration of 40 nM, deposited onto glow-discharged carbon grids (CF300, EMS), 

and negatively stained in 2% (w/v) uranyl acetate. The negatively stained specimens were 

mounted onto a transmission electron microscope holder and examined with a Tecnai F20 

electron microscope operating at a voltage of 200 kV. Images were collected with a Falcon II 

direct electron detector (FEI) with a pixel size of 2 Å per pixel and a total accumulated dose 

of 20 electrons per Å2. All image processing and analyses was carried out using cryoSPARC 

(61). In short, the images were CTF-(contrast transfer function) corrected, the particles 

automatically picked, and then 2D-classified. The best 2D classes were used to generate the 

initial 3D model, which was further refined and filtered to 20 Å.

Production of human IgGs for animal studies

Antibody VH and VL coding sequences were ordered as gBlocks (Integrated DNA 

Technologies) with a 15 base pair 5’ overlap to a mouse IgKVIII secretion signal coding 

sequence and a 15 base pair 3’ overlap to the appropriate sequences encoding for a 

constant region (human kappa, human lambda or human IgG1). The variable regions coding 

sequences were cloned into a pcDNA3.4 (Thermo Fisher) expression vector modified 

to contain coding sequences of a mouse IgKVIII signal sequence and the appropriate 

constant regions. The gBlocks were then inserted into the vector between the secretion 

signal and the constant region coding sequences using In-Fusion enzyme (Takara Bio). 

Antibodies were transiently expressed in ExpiCHO cells (Thermo Fisher) carrying a FUT8-

knockout mutation (Mapp Biopharmaceuticals Inc.) utilizing the high titer protocol for 

CHO Expifectamine (Thermo Fisher). Approximately 10 days post transfection, cell culture 

supernatants were clarified by spinning at 3,200xg for 10 min, filtered and loaded onto a 

HiTrap MabSelect SuRe affinity column (Cytiva) using an ÄKTA pure 25 fast protein liquid 

chromatography (FPLC) system. Once loaded, the column was washed with 10 column 

volumes of PBS (pH 7.2), followed by elution of the target antibody with Pierce IgG elution 

buffer (Thermo Fisher). Elution fractions containing the target antibody were pooled and 

neutralized to ~pH 7 with 1.0 M Tris, pH 7.8.

Bank vole challenge studies

The neutralizing potential of human mAbs against PUUV/Suo challenge in vivo was 

investigated in an established experimental PUUV reservoir host model system (28). The 

bank vole colony at the Friedrich-Loeffler-Institut, Germany was established from six 

breeding pairs as founder animals obtained from an existing breeding colony at the Federal 

Environment Agency of Germany (62). The initially introduced bank voles were tested 
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for pathogens according to FELASA recommendation using C57/Bl6 mice as sentinels 

(63). Bank voles were challenged with 500 focus-forming units (FFU) of PUUV/Suo by 

s.c. inoculation. Group sizes for each condition were six animals with a 50/50 gender 

distribution. In a prophylactic treatment regimen, voles were inoculated i.p. with ~25-mg/kg 

of mAbs (or PBS as vehicle control) 4 h prior to challenge; in a post-exposure treatment 

scheme, voles were inoculated with ~25-mg/kg of mAbs 24 h post virus inoculation. The 

animals were euthanized 72 h post virus inoculation by cervical dislocation, after which 

RNA was isolated from lungs, spleen, kidneys, and serum; virus RNA loads were assessed 

by PUUV S-segment RT-qPCR.

Quantitative Real-Time PCR (RT-qPCR) assay

Following euthanasia and dissections, RNA was extracted from bank vole tissues using 

Trizol Reagent (Thermo Fisher) according to the manufacturer’s instructions. In case of 

serum, RNA was isolated using the QIAamp Viral RNA Mini Kit (Qiagen). For RT-qPCR, 

RNA was either analyzed with the qPCRBIO SyGreen 1-Step Go Lo-Rox kit (PCR 

Biosystems) or reverse transcribed using RevertAid reverse transcriptase (Thermo Fisher) 

and random hexamer primers (Thermo Fisher) followed by PCR analysis with Maxima 

SYBR Green/ROX qPCR Master Mix (Thermo Fisher). Protocol, primers and standard for 

PUUV S-segment RT-qPCR analyses were carried out as previously described (64) and 

the analyses were performed using AriaMx instrumentation (Agilent). The results were 

normalized to total RNA concentration of the samples and presented as S segment copy 

number/μg total RNA.

Syrian hamster challenge studies

Groups (n=6) of Syrian golden hamsters (Envigo Cat# HsdHan AURA 089), 100-200 grams, 

were exposed i.m. to 200 plaque-forming units (PFU) of ANDV strain Chile-9717869 

diluted in 0.1 ml PBS. On day 3 post-exposure, hamsters were treated i.p. with indicated 

amounts (~25- or ~6-mg/kg) of mAb diluted in 0.8 ml of PBS. Hamsters were monitored 

daily for clinical signs of disease, morbidity, and mortality for 35 days. Moribund animals, 

defined as those experiencing severe respiratory distress or showing unresponsiveness, were 

humanely euthanized according to IACUC-approved criteria. On day 8 post-exposure, blood 

samples were collected by venipuncture of the anterior vena cava and the serum fraction was 

collected following centrifugation.

Viral titers of serum collected at day 8 post-exposure were determined by plaque assay, as 

described in Supplementary Materials and Methods.

Human IgG concentrations in hamster serum collected at day 8 post-exposure were 

determined by quantitative capture ELISA, as described in Supplementary Materials and 

Methods, in order to exclude any hamsters that remained human IgG-negative following 

antibody treatment, a phenomenon that has been described previously (65). Hamsters that 

were human IgG negative at day 8 were deemed untreated and removed from the dataset.
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Statistical analysis

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

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

test used. Dose-response neutralization curves were subjected to nonlinear regression 

analysis to derive IC50 values (4-parameter, variable slope sigmoidal dose-response equation 

constraining bottom parameters to 0-100). Viral load in animal tissue or serum (Figs. 

7 and 8) was analyzed using a Kruskal-Wallis test with Dunn’s correction for multiple 

comparisons. Survival curves from the hamster challenge study (Fig. 8) were compared by 

a Mantel-Cox (log-rank) test. All statistical analyses were carried out in GraphPad Prism 

(alpha, 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Isolation and characterization of anti-Gn/Gc mAbs from PUUV-experienced donors.
(A) Phylogenetic tree of the M segment-encoded GPC sequences from Old World and New 

World hantaviruses (OWH/NWH) based on amino acid (aa) sequences shown in Table S1. 

ANDV, Andes virus; BAYV, Bayou virus; BCCV, Black Creek Canal virus; CHOV, Choclo 

virus; DOBV, Dobrava-Belgrade virus; HTNV, Hantaan virus; LGNV, Laguna Negra virus; 

MPRLV, Maporal virus; PHV, Prospect Hill virus; PUUV, Puumala virus; SEOV, Seoul 

virus; SNV, Sin Nombre virus; TULV, Tula virus. Scale bar represents 0.07 aa substitutions 

per site. (B) Frequency of hantavirus Gn/Gc-reactive B cells isolated with rVSV-mNG 

particles bearing PUUV or ANDV Gn/Gc from PUUV-naïve and PUUV-experienced donors. 

Fluorescence-activated cell sorting plots are gated on CD19+/CD20+/IgD−/IgM−/virus+ B 

cells. (C) Somatic hypermutation (SHM) load as determined by the number of VH and VL 

nucleotide substitutions away from the predicted VH and VL germline. Bar indicates median. 

(D) Binding reactivity of 180 isolated mAbs (25 nM) to rVSV-PUUV-Gn/Gc, as determined 

by ELISA. A450, absorbance at 450 nm. The red dashed line indicates the threshold for 

designating binders (A450=0.3). Bar indicates median. Averages for PUUV Gn/Gc binders 

(n=4) from two experiments. (E) Binding cross-reactivity of 135 isolated mAbs (25 nM) to 

rVSVs bearing Gn/Gc from the indicated viruses, as determined by ELISA. The red dashed 

line indicates the threshold for designating binders (A450=0.3). ANDV, SNV: averages (n=2) 

from one experiment. Other viruses, averages (n=4) from two experiments.
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Fig. 2: Neutralization activity of PUUV Gn/Gc-reactive mAbs.
(A) Binding activity of mAbs (25 nM) to rVSV-PUUV-Gn/Gc, as determined by ELISA 

(see Fig. 1D), plotted against IC50 values calculated from rVSV-PUUV-Gn/Gc neutralization 

curves displayed as averages (n≥4) from at least two experiments (also see Fig. S3). Data 

points are colored according to neutralization activity with data points in shades of blue 

indicating IC50 > 1 nM and points in shade of green indicating IC50 < 1 nM. Antibodies with 

IC50 values >100 nM are designated as non-neutralizers (N.N.). Dashed red lines indicate 

the threshold for PUUV Gn/Gc binders (A450=0.3; x-axis) and potent neutralizers (IC50=1 

nM; y-axis). (B) Frequency of mAbs grouped according to their neutralization activity. 

Number in the center of the pie chart denotes the total number of mAbs analyzed. (C) 

Frequency of prioritized mAbs grouped according to their neutralization activity towards 

rVSVs bearing divergent OWH and NWH Gn/Gc. Number in the center of the pie chart 

indicates the total number of mAbs analyzed. Each group is represented as a segment 

proportional to the group size. (D) Neutralizing activity of 50 prioritized mAbs (IC50 values) 

against the indicated rVSVs. mAbs with IC50>10 nM are designated non-neutralizers 

(N.N.), and mAbs leaving an un-neutralized virus fraction are depicted as striped squares. 

An un-neutralized virus fraction is defined as a residual normalized virus infection of >5% 

at the highest mAb concentration tested. Averages of IC50 values (n≥6) from at least two 

experiments.
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Fig. 3: Epitope binning of nAbs by competition analysis.
(A) Heatmap of competitive pairwise mAb binding studies to rVSV-PUUV-Gn/Gc. Percent 

mAb competition by the second mAb (columns) was normalized to the binding ELISA 

value for un-competed binding by the first mAb (rows). Antibodies were clustered according 

to their Pearson correlation-generated relatedness scores using Morpheus software (Broad 

Institute, Cambridge, USA). Averages (n=2-4) from one to two experiments. (B) Proportion 

of mAbs competing with ADI-42898 or ADI-42098 was determined in a high-throughput 

yeast competition assay by binding of IgG-displaying yeast cells to soluble PUUV GnH/Gc 

pre-complexed with F(ab)s of ADI-42898 or ADI-42098. Number in the center of the pie 

chart denotes the total number of mAbs analyzed. Each group (I-IV) is represented as 

a segment proportional to the group size. (C) Heatmap showing the capacity of selected 

mAbs to compete with ADI-42898 or ADI-42098 for binding to PUUV GnH/Gc from the 

experiments in panel B. mAbs marked in bold were tested in both competition-binding 

studies.
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Fig. 4: Epitope mapping of nAbs by escape mutant analysis.
(A) Schematic representation of the organization of lattices of Gn/Gc tetramers in viral 

particles (top, en face view; bottom, side view). Gn, green; Gn capping loop, purple; Gc 

domain I, red; Gc domain II, yellow; Gc domain III, blue; Gc fusion loops, orange. The 

approximate position of the viral membrane is indicated with a black line. (B) Ribbon 

representation of the ANDV GnH/Gc pre-fusion dimer (modeled from its monomer, PDB: 

6Y5W; (14)) with the two-fold molecular axis of the dimeric spike indicated (“2”). Residues 

exchanged in the neutralization-escape mutants are shown as blue (Gn) or green (Gc) 

spheres. (C–D) The GnH:Gc and Gc:Gc interfaces in panel B (dotted rectangles) were 

enlarged for clarity and rotated as indicated to show neutralization-escape mutants in the 

Gn capping loop (C) and Gc (D). In panel C, the cd fusion loop in Gc associated with 

the capping loop in Gn is shown in orange. (E) The PUUV Gc post-fusion trimer with the 

three-fold molecular axis indicated (“3”) (PDB: 5J81; (20)). Labeling of Gc domains and 
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escape mutations as in panel B. (F) Heatmap showing the capacity of mAbs to neutralize 

rVSV-PUUV-Gn/Gc bearing neutralization-escape Gn/Gc mutants (also see Fig. S5). mAbs 

were grouped according to competition Groups I-IV (see Fig 3). Group I = ADI-42898 

competitors; Group II = ADI-42098 competitors; Group III = ADI-42898/ -42098 non-

competitors; Group IV = undefined/ GnH/Gc non-binders. Neutralization averages (n=6) 

from two experiments.
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Fig. 5: Negative-stain electron microscopy (nsEM) of scFv:PUUV GnH/Gc complexes.
(A) Exemplary nsEM 2D-classes of PUUV GnH/Gc bound to scFvs of the indicated mAbs. 

scFvs, turquoise; GnH, green with the capping loop in purple; Gc domain I, red; domain 

II, yellow; domain III, blue; fusion loops, orange. (B) 3D reconstructions of scFv:GnH/Gc 

complexes are shown in transparent surface representations (light gray) with the structure 

of ANDV GnH/Gc docked into the density and pseudo-colored as described in panel A. 

Corresponding neutralization-escape mutations are shown in the closeups. (C) Modeled 

interactions of the indicated scFvs with tetrameric PUUV GnH/Gc complexes are shown in 

surface-shaded representation and colored as in panel A. En face and side views are shown.
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Fig. 6: Neutralization potency of mAbs against authentic Old World hantaviruses (OWH).
Potency of mAbs to block OWH PUUV (A), HTNV (B), and DOBV (C) infection of 

VeroE6 cells (mAb concentrations of 100, 4, and 0.04 nM). Data points are colored 

according to the mAb’s competition group assignments defined in Fig. 3: Group I, green; 

Group II, blue; Group III, purple; Group IV, pink. Averages ± standard deviation (s.d.), 

n=2-10 from one to five experiments (PUUV); n=4 from two experiments (HTNV); 

n=4-6 from two to three experiments (DOBV). (D) Heatmap of IC50 values isolated from 

PUUV, HTNV, and DOBV dose-response neutralization curves (A-C) derived by non-linear 

regression analysis. Data points are colored according to the mAb’s neutralization potency. 

mAbs with IC50 values >5 nM are designated non-neutralizing mAbs (N.N.); mAbs whose 

neutralization curves did not adhere to a sigmoidal dose-response fit and for which an IC50 

could not be computed are designated as N.C. mAbs leaving an un-neutralized virus fraction 

are shown as striped data points on the map. An un-neutralized virus fraction is defined as 

a residual normalized virus infection at the highest mAb concentration tested of >5%. N.D., 

not determined.

Mittler et al. Page 31

Sci Transl Med. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7: In vivo protective efficacy of human nAbs in a PUUV bank vole challenge model.
(A) Bank voles were administered a single 25 mg/kg dose (i.p.) of the indicated nAbs 

(n=12 from two experiments) or PBS vehicle (n=9 from two experiments) followed by a 

challenge with PUUV/Suo (500 FFU, s.c.) at 4 h post nAb administration. Animals were 

sacrificed at 3 days post challenge and serum and organ viral RNA loads were determined 

by RT-qPCR detecting the PUUV S segment. Bars indicate median. (B) Bank voles were 

challenged with PUUV/Suo (500 FFU, s.c.) followed by treatment with a single 25 mg/kg 

dose (i.p.) of the indicated nAbs (n=12 from two experiments) or PBS vehicle (n=11 from 

two experiments) at 24 h post challenge. Animals were sacrificed at 3 days post challenge, 

and viral RNA loads were determined as above. Bars indicate median. Untreated versus 

nAb-treated animals, un-paired Kruskal-Wallis test: **, P=0.0021; ***, P=0.0002; ****, 

P<0.0001.
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Fig. 8: Broad pan-hantavirus neutralization and protection by ADI-42898.
(A) Potency of ADI-42898 to block infection of Vero cells by rVSVs bearing Gn/Gc from 

the indicated NWH. Viruses were exposed to a 3-fold mAb dilution series starting at 100 

nM. Averages ± s.d, n=14 from five experiments (ANDV); n=9 from three experiments 

(SNV); n=12 from four experiments (CHOV). (B) Potency of ADI-42898 to block ANDV 

(strain Chile-9717869) and SNV (strain CC107) infection of HUVECs with a 3-fold 

mAb dilution series starting at 300 nM. Averages ± s.d, n=4 from two experiments. (C) 

Syrian golden hamsters were challenged with ANDV (200 PFU, i.m.; strain Chile-9717869) 

followed by treatment with a single dose of ADI-42898 (~25 mg/kg or ~6 mg/kg, i.p.) at 3 

days post-virus exposure. Mortality of hamsters was monitored for 35 days. Averages from 

two experiments, n=5 (~25 mg/kg dose); n=8 (~6 mg/kg dose), n=10 (vehicle). Untreated 

versus mAb-treated animals, Mantel-Cox test: ***, P=0.0003; ****, P<0.0001. (D) Serum 

virus titers of Syrian golden hamsters on day 8 post ANDV challenge were determined by 

plaque assay. Untreated versus ADI-42898-treated animals, un-paired Kruskal-Wallis test: *, 

P=0.03; **, P=0.002. L.O.D., limit of detection.
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