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New World hantaviruses (NWHs) are endemic in North and South America and cause hantavirus 

cardiopulmonary syndrome (HCPS), with a case fatality rate of up to 40%. Knowledge of the 

natural humoral immune response to NWH infection is limited. Here, we describe human 

monoclonal antibodies (mAbs) isolated from individuals previously infected with Sin Nombre 

virus (SNV) or Andes virus (ANDV). Most SNV-reactive antibodies show broad recognition and 

cross-neutralization of both New and Old World hantaviruses, while many ANDV-reactive 

antibodies show activity for ANDV only. mAbs ANDV-44 and SNV-53 compete for binding to a 

distinct site on the ANDV surface glycoprotein and show potently neutralizing activity to New and 

Old World hantaviruses. Four mAbs show therapeutic efficacy at clinically relevant doses in 

hamsters. These studies reveal a convergent and potently neutralizing human antibody response to 

NWHs and suggest therapeutic potential for human mAbs against HCPS.

Graphical Abstract

In brief

Engdahl et al. show that monoclonal antibodies isolated from human survivors of New World 

hantavirus infection display broad and potent neutralization across hantavirus species and 

recognize distinct sites on the glycoprotein spike. Multiple antibodies demonstrate potential 

therapeutic candidates for New World hantavirus infection. Some antibodies also neutralized Old 

World hantaviruses.
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INTRODUCTION

Hantaviruses are members of the order Bunyavirales and are globally emerging pathogens 

transmitted by rodents to humans (Plyusnin et al., 1996). Hantaviruses are endemic in many 

regions worldwide and categorized into two groups based on geography and pathobiology. 

New World hantaviruses (NWH), including Andes virus (ANDV) and Sin Nombre virus 

(SNV), cause hantavirus cardiopulmonary syndrome (HCPS) with a case fatality of rate up 

to 40% (Kruger et al., 2015; Morens and Fauci, 2020). Hantaviruses are transmitted mainly 

through the inhalation of aerosolized rodent excreta; however, recent outbreaks of ANDV 

infection have also included human-to-human transmission through prolonged, direct 

contact with infected individuals (Alonso et al., 2020; Martinez et al., 2005; Martínez et al., 

2020). Old World hantaviruses (OWH), including Hantaan (HTNV), Puumala (PUUV), 

Dobrava-Belgrade (DOBV), and Seoul (SEOV), cause hemorrhagic fever with renal 

syndrome (HFRS), with a 1%–15% case fatality rate (Kruger et al., 2015). There are 

currently no US Food and Drug Administration (FDA)-approved biologics or other 

therapeutics for hantavirus infection; however, clinical trials testing the efficacy of M 

segment (encoding Gn and Gc proteins)-based DNA vaccines have commenced (Boudreau 

et al., 2012; Brocato et al., 2013; Custer et al., 2003; Hooper et al., 2001a, 2008, 2014a, 

2014b). Human monoclonal antibodies (mAbs) isolated from the B cells of ANDV infection 

survivors have shown therapeutic efficacy in animal models of lethal disease, and murine 

mAbs derived from B cells of immunized mice also demonstrated efficacy in similar models 

(Duehr et al., 2020; Garrido et al., 2018). Finally, clinical research has shown that the 

induction of high titers of neutralizing antibodies in the serum of human patients correlated 

with increased survival from NWH infection (Bharadwaj et al., 2000). Thus, a robust 

humoral immune response is critical for surviving NWH infection, but the molecular and 

genetic basis for human neutralizing antibody responses to NWH is poorly characterized.

Hantavirus-neutralizing antibodies are elicited against the surface glycoprotein spike, a 

tetrameric complex composed of envelope glycoproteins Gn and Gc (Huiskonen et al., 2010; 

Li et al., 2016). Gn forms a square-shaped complex at the distal end of the spike and is 

proposed to play a role in viral attachment and fusion control (Serris et al., 2020). Gc is a 

class II fusion protein that changes conformation under low pH in the late endosome and 

induces fusion of the viral and host membranes (Allen et al., 2018; Guardado-Calvo et al., 

2016; Willensky et al., 2016). Gc is located proximal to the membrane and is shielded 

partially by Gn; thus, it may be under less humoral immune pressure, especially in the 

region of the highly conserved fusion loop (Li et al., 2016; Serris et al., 2020). B cell 

epitopes have been mapped through peptide scanning to Gn and Gc, although it is currently 

unknown which epitopes are immunodominant or correspond to recognition by antibodies 

with neutralizing activity (Arikawa et al., 1989; Engdahl and Crowe, 2020; Heiskanen et al., 

1999; Koch et al., 2003).

Broadly neutralizing antibodies (bnAbs) have been characterized for numerous viral 

families, including coronaviruses (Wec et al., 2020), alphaviruses (Fox et al., 2015; Powell et 

al., 2020b), influenza viruses (Bangaru et al., 2019; Corti et al., 2011), and ebolaviruses 

(Flyak et al., 2018; Wec et al., 2016). However, few studies have characterized cross-

neutralizing immunity to hantavirus infection (Bharadwaj et al., 2000; Chu et al., 1995; Li et 
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al., 2016; Lundkvist et al., 1997; Tischler et al., 2005). Serological studies of HFRS patient 

sera have demonstrated modest neutralizing activity for at least two OWHs, while most 

HCPS patient sera exhibited neutralizing activity for diverse OWHs and NWHs (Chu et al., 

1995; Lundkvist et al., 1997). Previous studies of candidate DNA vaccines for the M 

genome segment from different hantaviruses have demonstrated the importance of the 

humoral immune response to the surface glycoproteins (Hooper et al., 2014b). Cross-

reactivity and cross-protection have been evaluated in the setting of experimental DNA 

vaccination in animals, but the constructs tested to date did not elicit a broadly neutralizing 

antibody response (Boudreau et al., 2012; Brocato et al., 2013; Custer et al., 2003; Hooper et 

al., 2001a, 2014b). Also, murine mAbs have been generated against HTNV Gc protein, 

which exhibited cross-reactive binding to other OWH species, but they did not possess 

cross-neutralizing activity (Arikawa et al., 1989; Wang et al., 1993). Studies of human mAbs 

to SNV have not been published to date, and there is little known about hantavirus bnAbs.

In this study, we isolated a panel of 20 mAbs from three human individuals who were 

previously infected with SNV and 16 mAbs from one human donor previously infected with 

ANDV. The results demonstrate that NWH infection induces memory B cells encoding 

mAbs that recognize a diversity of antigenic sites, display a breadth of binding and 

neutralizing activity, and mediate in vivo therapeutic efficacy against lethal challenge in an 

animal model of ANDV infection. Specifically, mAbs isolated from SNV-infected 

individuals were generally broadly neutralizing, while the mAbs isolated from the ANDV-

infected individual were generally ANDV specific. ANDV and SNV mAbs recognized eight 

distinct sites on the hantavirus glycoprotein spike and demonstrated overlap in antigenic site 

recognition. Four mAbs tested in a stringent lethal ANDV animal model showed post-

exposure protection at a low antibody dose.

RESULTS

Isolation of NWH-reactive mAbs

We isolated a panel of 20 SNV-reactive mAbs from the peripheral blood mononuclear cells 

(PBMCs) of three otherwise healthy human individuals who previously had suffered 

symptomatic laboratory-confirmed infection with SNV. Individual 1 was infected in 

December 2010, and samples were collected in July 2018; individual 2 was infected in June 

2017, and samples were collected in June 2018; individual 3 was infected at an unknown 

date, and samples were collected in April 2018. We also isolated a panel of 16 ANDV-

reactive mAbs from a donor previously infected with ANDV. The ANDV-immune donor was 

infected in December 2006, and the blood sample was collected in Chile in 2015. All of the 

mAbs were generated through a B cell hybridoma method, as described previously 

(Alvarado and Crowe, 2016; Powell et al., 2020a; Smith and Crowe, 2015; Yu et al., 2008). 

We identified B cells expressing ANDV- or SNV-reactive mAbs by screening for binding to 

ANDV or SNV glycoproteins expressed on the surface of Expi293F cells and detecting 

NWH-reactive antibodies through flow cytometry on the IQue Screener Plus (Intellicyt). 

RNA-encoding antibody genes were reverse transcribed, amplified, and sequenced from 

cloned hybridoma cell lines to identify antibody variable genes for each clone (Tables S1 
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and S2). Most of the antibodies were of the immunoglobulin G1 (IgG1) isotype, except for 

SNV-57, which was of the IgG2 isotype.

NWH-reactive mAbs exhibit diverse patterns of neutralization potency and cross-reactivity

We next sought to characterize the ability of our panel of NWH-reactive mAbs to bind and 

neutralize NWH strains. Most hantaviruses are categorized as Centers for Disease Control 

and Prevention (CDC) Risk Group 3 pathogens, which require biosafety level 3 (BSL-3) 

biocontainment for manipulations with authentic viruses. To screen the mAb panel for 

neutralizing activity in a BSL-2 environment, we used a well-characterized virus 

pseudotyping system based on vesicular stomatitis virus (VSV) (Higa et al., 2012; Ray et al., 

2010; Schnell et al., 1996; Whitt, 2010). In this system, the gene encoding the VSV 

glycoprotein is removed from the viral genome and replaced with cDNA-encoding green 

fluorescent protein (GFP), and virions are pseudotyped with NWH glycoproteins Gn and Gc 

to produce replication-incompetent virus particles. Initially, we tested mAbs for neutralizing 

activity to pseudotyped (p)VSV/SNV or pVSV/ANDV by detecting a reduction in the 

number of GFP+ cells following the inoculation of cells with pseudotyped particles that had 

been incubated with mAbs. All of the mAbs that showed neutralizing activity against pVSVs 

then were tested for the neutralization of authentic SNV strain SN77734 or authentic ANDV 

strain Chile-9717869 in a plaque reduction neutralization test (PRNT) performed under 

BSL-3 containment. MAbs were grouped based on neutralization potency for the 

homologous hantavirus species in PRNT assays (Figures 1A and 1B). Group 1 mAbs 

showed ultra-potent neutralizing activity (half-maximal inhibitory concentration [IC50] < 10 

ng/mL), group 2 mAbs showed potent neutralizing activity (IC50 10–100 ng/mL), group 3 

mAbs showed a lesser neutralizing activity (IC50 100–10,000 ng/mL), and group 4 mAbs 

lacked detectable neutralizing activity.

Only one SNV-reactive mAb (SNV-42) demonstrated ultra-potent neutralizing activity, and 

one mAb (SNV-53) had potent neutralizing activity to authentic SNV (Figure 1A). Four 

additional mAbs in the SNV-reactive panel also neutralized SNV, while the rest of the mAbs 

had no detectable neutralizing activity. We also tested the binding of mAbs to the 

heterologous glycoproteins from ANDV and found that most of the mAbs isolated from 

SNV-immune individuals also reacted to ANDV glycoproteins and neutralized pVSV/

ANDV (Figures 1A, S1, and S2). All of the mAbs that showed cross-reactivity and cross-

neutralization of pVSV/ANDV were tested for neutralization of authentic ANDV in a PRNT, 

and seven of the SNV-reactive mAbs showed neutralizing activity for ANDV.

ANDV-reactive mAbs isolated from the ANDV-immune individual showed limited cross-

neutralizing activity, in contrast to the cross-reactive phenotype observed for SNV-reactive 

mAbs (Figures 1B, S1, and S2). Most of the ANDV-reactive mAbs showed similar 

neutralization activity in the pVSV/ANDV and authentic ANDV assays, with six mAbs 

showing ultra-potent neutralizing activity, three mAbs showing potent neutralizing activity, 

and four mAbs showing a lesser neutralizing activity. Only one mAb tested, ANDV-44, 

showed neutralizing activity for authentic SNV. Cross-reactivity to SNV Gn and Gc proteins 

also was limited to five mAbs tested (ANDV-44, −12, −59, −2, and −54).
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We noted two distinct functional patterns, complete or incomplete neutralization, for mAbs 

that showed neutralizing activity to authentic ANDV and SNV (Figure 1C). Incompletely 

neutralizing mAbs failed to fully neutralize virus (>10% relative infectivity) at the highest 

concentrations tested. Only three mAbs (SNV-42, SNV-53, and ANDV-44) in group 1 and 

group 2 showed complete neutralizing activity for SNV (Figure 1C, top left), while the 

remaining mAbs in group 3 did not show complete neutralization at the highest 

concentrations tested (Figure 1C, bottom left). All group 1 and group 2 ANDV-reactive 

mAbs and SNV-53 showed complete neutralization of ANDV (Figure 1C, top right). mAbs 

in group 3 showed incomplete neutralization for ANDV at the highest concentrations tested 

(Figure 1C, bottom right). In summary, most of the ANDV-reactive mAbs showed potent 

and species-specific neutralizing activity, while SNV-reactive mAbs demonstrated less 

potent neutralizing activity but greater breadth.

Neutralizing NWH mAbs demonstrate receptor blocking and fusion inhibition activity

To determine the mechanistic basis of neutralization, we tested all mAbs for activity in two 

in vitro assays measuring receptor blocking and fusion inhibition. Protocadherin-1 

(PDCH-1) was identified previously as a candidate receptor for NWHs, and extracellular 

cadherin repeat 1 (EC-1) showed direct binding interactions with ANDV or SNV 

glycoproteins (Jangra et al., 2018). Therefore, we tested SNV-reactive and ANDV-reactive 

mAbs for blocking the NWH interactions through a competition-binding assay using soluble 

EC-1 (sEC-1) protein. Three of the SNV-reactive mAbs (SNV-30, −62, and −67) and four of 

the ANDV-reactive mAbs (ANDV-3, −5, −38, and −42) showed receptor blocking activity 

(%50% residual binding) (Figures 1A and 1B). We only detected binding of sEC-1 to 

ANDV-transfected cells; thus, SNV-specific mAbs (SNV-3 and SNV-42) were not tested for 

receptor-blocking activity.

Vero cells expressing the ANDV or SNV surface proteins Gn/Gc undergo cell-to-cell fusion 

when exposed to acidic (pH 5.5) medium (Bignon et al., 2019; Guardado-Calvo et al., 2016). 

To test viral fusion in vitro, we performed a fusion inhibition assay by adding 10 μg/mL of 

each mAb to cells before inducing cell-to-cell fusion. We then counted the percentage of 

multinucleated cells and normalized values to that for a control sample that was not treated 

with any mAb, to quantify a fusion index (%) (Figure S3). Through this assay, we 

determined that each of the SNV-reactive mAbs that showed activity in the pVSV 

neutralization assay also showed a reduction in cell-to-cell fusion (Figures 1A and 1B). In 

addition, all of the ANDV-reactive mAbs in group 1 and group 2 showed fusion-inhibiting 

activity. Thus, NWH mAbs showed a range of receptor-blocking and fusion-inhibiting 

activities in vitro, and most of the neutralizing antibodies also inhibited fusion.

NWH-reactive mAbs show binding and neutralizing activity against OWH species

Since many of the mAbs cross-reacted with SNV and ANDV, we sought to determine the 

breadth of binding and neutralizing activity to OWHs from different species. To that aim, we 

transiently transfected Expi293F cells to surface display the glycoproteins from PUUV, 

DOBV, HTNV, and SEOV and tested the reactivity of all mAbs in the panel (Figures 2A, 

2B, and S1). Seven of the SNV-reactive mAbs showed reactivity to all four OWHs tested 

(Figure 2A). Each of the broadly reactive mAbs also was tested for, but did not demonstrate, 
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detectable binding to unrelated mammalian cell surface-displayed eastern equine 

encephalitis virus (EEEV) E1/E2 proteins or Rift Valley fever virus (RVFV) Gn/Gc proteins 

(data not shown); thus, these mAbs are likely broadly reactive between representatives of the 

Hantavirus genus only. We also generated pVSVs bearing Gn and Gc from OWHs Puumala 

(pVSV/PUUV), Dobrava-Belgrade (pVSV/DOBV), Hantaan (pVSV/HTNV), and Seoul 

(pVSV/SEOV) to screen for broad neutralizing activity (Figure S2). Five SNV-reactive 

mAbs showed broad neutralizing activity in the surrogate assays, and thus we tested for 

neutralizing activity to authentic OWHs in a plaque reduction neutralization test (Figure 2C). 

SNV-24 and SNV-68 reduced the infectivity of DOBV by 50% at <1 μg/mL, and SNV-24 

also reduced infectivity of SEOV by 50% at 551 ng/mL. SNV-53 reduced infectivity of all 

four tested OWHs by 50% at <1 μg/mL.

In contrast, most of the ANDV-reactive mAbs did not show detectable reactivity or 

neutralizing activity for OWHs (Figure 2B). Only three mAbs (ANDV-5, −59, and −69) 

showed reactivity to PUUV, but these mAbs did not have any detectable neutralizing activity 

for pVSV/PUUV (Figure S2). ANDV-44 is the only mAb isolated from the ANDV-immune 

donor that showed detectable reactivity to HTNV, and exhibited potent neutralizing activity 

to authentic HTNV (Figure 2C). The neutralization potency of ANDV-44 was beyond the 

lower limit of the assay, and thus ANDV-44 showed a 50% reduction in HTNV infectivity at 

<29 ng/mL. These results demonstrate that the SNV-reactive mAbs show broad reactivity 

and neutralizing activity to OWHs, while the ANDV-reactive mAbs we isolated are 

generally species specific.

At least eight major antigenic sites on Gn or Gc are recognized by NWH-reactive mAbs

We next sought to determine the number of major antigenic sites recognized by human 

mAbs elicited during infection with NWHs, especially the sites on Gn and Gc recognized by 

the potently neutralizing mAbs. To determine the patterns of binding, we used a flow 

cytometric-based competition-binding analysis on ANDV glycoproteins (Figure 3A). 

Antibodies were clustered based on competition with other mAbs; thus, mAbs binned 

together likely bind to the same antigenic site. The data revealed that mAbs in the two panels 

can be classified based on their binding sites, and there were eight different antigenic sites 

targeted by mAbs in the two panels. Over half of the SNV-reactive mAbs resided in one 

major group (designated site A1), primarily representing broad, incompletely neutralizing 

mAbs, while non-neutralizing SNV-reactive mAbs binned in a separate competition group 

(site E). Ultra-potently neutralizing ANDV-reactive mAbs binned into three distinct sites 

(sites C1, D, and F). SNV-reactive and ANDV-reactive antibodies generally binned into 

separate competition-binding groups. However, there was overlap for two sites, A and C. 

Site C1 contained potently neutralizing and cross-reactive mAbs (SNV-53 and ANDV-44), 

while site C2 contained cross-reactive but weakly neutralizing or non-neutralizing mAbs 

(SNV-21, ANDV-2, and ANDV-12). Overlap also occurred between sites A1 and A2, in 

which non-neutralizing mAb SNV-50 competed with weakly neutralizing, cross-reactive 

mAb ANDV-59. SNV-reactive receptor-blocking mAbs competed with each other (site A1), 

and ANDV-reactive receptor-blocking mAbs also competed with each other (site F), 

although these sites did not overlap. We did not determine binding sites for mAbs SNV-42 

and SNV-3 on ANDV glycoproteins. However, SNV-42 and SNV-3 bin into a distinct group 
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when competed against the other SNV-reactive mAbs (data not shown). Based on the 

competition-binding groups, potently neutralizing and broadly reactive mAbs target multiple 

epitopes, and two cross-reactive sites exist for ANDV and SNV that are recognized by 

human B cells.

We also tested the binding of mAbs to Gn or Gc proteins individually (Figure 3B). Site A1 

contained mAbs that bound to Gc, while sites B, D, E, and F contained mAbs that bound to 

Gn. SNV-specific mAbs SNV-3 and SNV-42 also bound to Gn. MAbs in sites A2, C1, and 

C2 did not show detectable reactivity to Gn or Gc.

Four NWH mAbs protect Syrian hamsters in ANDV challenge

To determine whether mAbs in the panel have therapeutic efficacy in a post-exposure 

administration, we tested a subset of five mAbs in the golden Syrian hamster model of 

ANDV infection. The golden Syrian hamster is the preferred animal model for hantavirus 

infection, and ANDV is the only NWH that causes lethal disease in immunocompetent 

hamsters with clinical signs and pathobiological features similar to human disease (Hooper 

et al., 2001b; Wahl-Jensen et al., 2007). We chose several mAbs for animal protection 

studies based upon their in vitro neutralizing characteristics, competition mapping, and 

breadth of reactivity. One ANDV-specific mAb in group 1 (ANDV-5) and one cross-

neutralizing mAb from group 2 (ANDV-44) were chosen from the ANDV-reactive panel. 

One cross-neutralizing mAb from group 2 (SNV-53), one cross-neutralizing mAb from 

group 3 (SNV-24), and one incomplete neutralizing mAb from group 4 (SNV-30) were 

chosen from the SNV-reactive panel. Hamsters (n = 6 per treatment group) were inoculated 

with 200 PFU ANDV via the intramuscular (i.m.) route and then were injected via the 

intraperitoneal (i.p.) route with 5 mg/kg of either recombinant (r)SNV-30, rSNV-24, 

rSNV-53, rANDV-5, rANDV-44, or a control antibody rDENV 2D22 on days 3 and 8 post-

infection (p.i.). All of the animals in the control group started displaying illness beginning 

on day 9 p.i., and all of them succumbed or were moribund and were euthanized by day 11 

p.i. Three of the animals treated with rSNV-30 succumbed or were euthanized by day 10 p.i., 

two of the animals treated with rSNV-24 or rANDV- 5 were euthanized by day 11 p.i., and 

only one animal treated with rSNV-53 succumbed at day 10 p.i. (Figure 4A).

All of the animals treated with rANDV-44 survived the challenge and showed a reduction in 

overall lung histopathology at necropsy (Figure S4A). Gross pathology in lungs collected 

from animals treated with control antibody showed clear signs of inflammatory changes in 

all or nearly all visible tissue, including significant vascular congestion and desquamation of 

airway epithelia. Lungs from rANDV-44-treated animals did not show any external signs of 

pathology, reduced congestion, or airway changes (Figures S4B and S4C). We observed 

vascular leakage in several animals, which was reduced in rANDV-44-treated animals.

Since the progression of clinical signs in the animals was very rapid, we could not detect any 

significant weight loss in any group (Figure 4B). Lungs and livers were collected from 

moribund animals and from animals that survived the observation period without clinical 

signs and determined the viral load in these organs. The majority of the animals that 

succumbed during days 9–11 p.i. had detectable ANDV in their lungs and liver, while all of 
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the animals that survived without clinical signs did not have detectable virus in the tested 

tissues (Figure 4C).

DISCUSSION

Here, we present the isolation and characterization of NWH mAbs from the memory B cells 

of individuals who had recovered from previous ANDV or SNV infection. Most of the SNV-

reactive mAbs targeted Gc and displayed broad reactivity across NWHs and OWHs, but 

showed weak or non-neutralizing activity to authentic hantaviruses. Conversely, most 

ANDV-reactive mAbs targeted Gn and had limited breadth of binding to NWHs and OWHs, 

but demonstrated potent neutralizing activity to ANDV. We demonstrated that the 

recognition sites for NWH-reactive mAbs map to at least eight distinct antigenic sites on the 

ANDV glycoprotein spike complex, and multiple sites of vulnerability for cross-reactive 

neutralization exist on Gn or Gc. Four NWH mAbs were protective for Syrian hamsters 

infected with ANDV in a very stringent lethal disease model.

We used two different assays to test the neutralization potency of mAbs in the panel. We 

performed neutralization assays with VSVs pseudotyped with hantavirus glycoproteins 

under BSL-2 containment and with authentic hantaviruses under BSL-3 containment. 

Previous studies demonstrated that pVSV hantavirus neutralization assays provide results 

comparable to those obtained in PRNT assays with authentic viruses (Higa et al., 2012; 

Hooper et al., 2014a; Perley et al., 2020). The IC50 neutralizing values in our study were 

largely similar between the two assays conducted with ANDV-reactive mAbs, but many of 

the SNV-reactive mAbs that neutralized pVSV failed to neutralize authentic SNV or ANDV. 

SNV-reactive mAbs were isolated based on binding to SNV Gn/Gc proteins from the SNV 

strain CC107 displayed on transfected cell surfaces, while the authentic SNV strain tested in 

neutralization tests was SN77734. Minor sequence variations may account for the 

differences observed in neutralization between the pVSV and authentic SNV. Also, it is 

possible that the organization of the Gn/Gc complex expressed on mammalian cells or 

packaged in VSV particles differs significantly from the organization of those proteins on 

the surface of authentic SNV virions.

We observed incomplete neutralization and non-sigmoidal dose-response curves with serial 

dilutions of most SNV mAbs when tested against authentic SNV. This result may stem from 

the heterogeneity of virions in the suspensions used for neutralization, as hantavirus virions 

display a diverse range of particle morphologies (Parvate et al., 2019). Some HIV bnAbs 

also demonstrate distinctive non-sigmoidal neutralization curves and incomplete (<100%) 

neutralizing activity (McCoy et al., 2015; Webb et al., 2015). This feature is a characteristic 

of functional and epitope-specific classes of HIV bnAbs that target the glycan-rich gp41 

membrane-proximal external region and may result from the particle heterogeneity of 

glycosylation when HIV strains are produced in cell culture. Although it is not entirely clear 

what effect incomplete neutralization has on protective efficacy in vivo, as in HIV, it is likely 

that bnAbs with neutralizing antibody activity slopes >1 show greater therapeutic potential 

(Webb et al., 2015). Diverse classes of hantavirus antibodies based on differing epitopes or 

mechanisms of action have not been described to date, and incomplete and non-sigmoidal 

neutralization may be a characteristic of hantavirus bnAbs. Recent evidence has supported 
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the hypothesis that the hantavirus glycoprotein spike complex “breathes,” exhibiting a 

movement in which the “open” form of the spike exposes the fusion loop for membrane 

insertion, but does not undergo the uncapping by Gn necessary to promote viral fusion 

(Bignon et al., 2019; Serris et al., 2020). This dynamic feature of the spike may expose 

decoy epitopes on Gc that are the target of weakly neutralizing mAbs. Such an epitope 

would be occluded in the “closed” form of the spike, and particle heterogeneity in terms of 

open or closed spike status could account for weak or incomplete neutralization 

demonstrated by mAbs in this study.

We also tested NWH mAbs for receptor-blocking and fusion-inhibiting activity using in 
vitro assays and showed that most of the neutralizing mAbs inhibited fusion. Only one ultra-

potent neutralizing mAb, ANDV-5, blocked binding to the PCDH-1 receptor. Therefore, 

blocking of PCDH-1 engagement is not the only essential feature of potent NWH 

neutralization. β3 integrins also have been shown to facilitate the entry of hantaviruses into 

host cells, and mAbs may block interactions between viral Gn/Gc and host integrin β3 to 

achieve potent neutralization (Gavrilovskaya et al., 1998, 1999, 2010). Further work is 

required to determine whether potently neutralizing mAbs block other receptor engagements 

or whether there are other receptors or critical attachment factors that have yet to be 

identified.

Notably, we observed asymmetric patterns of breadth of binding and neutralization for the 

mAbs isolated from SNV-immune donors compared to the mAbs isolated from the ANDV-

immune donor. Many of the SNV mAbs bound to and neutralized both SNV and ANDV, 

while most of the ANDV mAbs were specific to ANDV only. These studies provide a 

snapshot of the pattern of response in those studied. Due to the limited number of 

individuals studied and mAbs isolated in this study, it is not possible to determine whether 

the specificity patterns reflected in the panels are generally characteristic of most human 

ANDV or SNV immune responses. Little is known about the specificity of the human 

serologic response to hantavirus infection, although cross-neutralizing activity to 

heterologous hantaviruses has been detected in sera from HFRS or HCPS patients (Chu et 

al., 1995). Previous work has shown that vaccination with cDNA encoding the SNV M 

genomic segment failed to protect Syrian hamsters from lethal ANDV challenge and failed 

to elicit cross-neutralizing antibodies in sera (Hooper et al., 2013). DNA vaccine strategies 

also have proceeded with a combination of HTNV/PUUV/ANDV/SNV M genes as an 

experimental candidate pan-hantavirus vaccine to protect against multiple HFRS and HCPS 

agents, however, this approach failed to induce neutralizing antibodies for SEOV or DOBV 

(Hooper et al., 2006, 2013). Thus, it is notable that several of the mAbs isolated in our study 

showed reactivity and neutralizing activity for the more distantly related OWHs. Broadly 

neutralizing mAbs SNV-24, SNV-68, and SNV-25 likely bind to a highly conserved epitope 

on the fusion protein Gc. Gc is located proximal to the membrane and is shielded partially 

by Gn; thus, it may be under less humoral immune pressure, especially in the region of the 

highly conserved fusion loop (Li et al., 2016; Serris et al., 2020). A recently published study 

also demonstrated that a candidate vaccine consisting of PUUV, HTNV, and ANDV antigens 

induced more Gc-reactive murine antibodies than candidate vaccines containing ANDV 

antigens only, further suggesting a role of Gc-recognizing mAbs in a broadly reactive 

humoral response (Duehr et al., 2020).
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Interestingly, SNV-53, a broadly neutralizing mAb, and ANDV-44, a potent NWH- and 

HTNV-neutralizing mAb, did not show reactivity to either Gn- or Gc-soluble proteins. This 

finding suggests that hantaviruses may contain a conserved site of vulnerability that is only 

formed or accessible in the quaternary spike structure. Defining the sites targeted by these 

bnAbs can inform pan-hantavirus vaccine development. These results suggest that 

immunogens presenting quaternary antigenic sites may be more effective in eliciting a cross-

neutralizing antibody response.

It is theoretically possible that weak reactivity and neutralization of multiple hantavirus 

species by a mAb could lead to antibody-dependent enhancement (ADE) of infection or 

disease. ADE caused by Fc-region-facilitated uptake into infection-permissive cells bearing 

FcRs has been a consideration for developing vaccines and therapeutics for some other 

infectious diseases, especially dengue virus (Katzelnick et al., 2017). Some non-neutralizing 

influenza virus antibodies mediate the enhancement of respiratory disease (ERD) in certain 

animal models. However, studies of influenza virus infections in humans, which commonly 

elicit cross-reactive mAbs to heterologous strains, have not shown any evidence of 

enhancing influenza disease (Arvin et al., 2020). One study has demonstrated ADE of 

HTNV infection in vitro, but ADE of hantaviral disease in clinical settings has not been 

reported (Yao et al., 1992). More research should be done to determine the optimal serum 

neutralizing titers and associated dose of mAb therapy for hantavirus disease, and whether 

certain antigenic sites on the hantavirus glycoproteins elicit suboptimal humoral responses.

We mapped recognition sites for the NWH-reactive antibodies to eight distinct antigenic 

sites on the Gn/Gc spike through competition-binding assays using full-length IgG. 

Analyzing the patterns formed by competition-binding groups and the functional groups 

assigned by cross-neutralizing potency revealed that most of the ANDV and SNV-reactive 

mAbs segregated into separate groups. However, four ANDV-reactive mAbs that cross-

reacted with SNV (ANDV-2, −12, −44, and −59) did compete for binding with SNV-reactive 

mAbs and clustered into overlapping competition-binding groups, indicating that there are 

homologous sites on the glycoprotein spikes of different NWHs recognized by human B 

cells. These findings indicate that NWH infections can elicit similar classes of neutralizing 

antibodies that target a homologous site on NWH glycoproteins. Based on competition-

binding analysis, at least one antigenic site on Gc is targeted by most cross-neutralizing 

antibodies (designated here as antigenic site A1). A recently described co-crystal structure of 

the PUUV mAb 4G2 in complex with Gc shows that this cross-neutralizing mAb binds to a 

prefusion, monomeric form of Gc (Rissanen et al., 2020). Antigenic site A1 may be similar 

to the conserved site targeted by mAb 4G2. Many of the mAbs in this group demonstrated 

broad but incomplete neutralization of authentic virus; this finding is consistent with the 

occluded nature of some epitopes on Gc (Li et al., 2016; Rissanen et al., 2020; Serris et al., 

2020). The potently neutralizing mAbs we isolated from ANDV-immune donors 

predominantly targeted Gn. Receptor-blocking ANDV mAbs (recognizing antigenic site F) 

also bound to Gn, suggesting that the receptor-binding site for PCDH-1 may be located on 

Gn. Also, it is likely that the potent and cross-neutralizing mAbs SNV-53 and ANDV-44 

(recognizing antigenic site C1) that lack detectable binding to Gn or Gc may bind to a 

quaternary epitope not fully recapitulated in individual recombinant Gc or Gn monomeric 

protein reagents. Determining the critical antigenic sites targeted during ANDV and SNV 
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infection will be essential for rational vaccine design and the development of effective 

medical countermeasures against hantaviruses.

Two previous studies tested passive transfer of ANDV neutralizing mAbs in the Syrian 

hamster challenge model and showed 100% protection with a different, likely less invasive 

infection route (200 PFU of the virus were delivered intranasally, whereas we used i.m. 

challenge) and at a substantially higher dose of antibodies at 25 mg/kg (Duehr et al., 2020) 

or 50 mg/kg (Garrido et al., 2018). In contrast, we showed efficacy of mAbs ANDV-44, 

ANDV-5, SNV-53, and SNV-24 in a low-dose treatment (5 mg/kg) in a highly lethal model, 

which supports the potential for the clinical use of these mAbs as therapeutic molecules to 

treat hantavirus infections at lower doses than previously described.

As evidenced by the coronavirus disease 2019 (COVID-19) pandemic, newly emerging 

infectious diseases can profoundly affect the world and disproportionately target society’s 

most vulnerable members. Hantaviruses, in particular, thrive on social inequities due to the 

zoonotic transmission from rodents to humans in low-resource settings. In addition, climate 

change has been linked to the spillover of hantaviruses from the rodent to the human 

population and will continue to be an issue as environmental destruction worsens globally 

(Prist et al., 2016). Our work presents therapeutic candidates for the treatment of NWH-

related disease and provides a foundation for further work characterizing the B cell response 

to hantavirus infection.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, James E. Crowe, Jr. 

(james.crowe@vumc.org).

Materials availability—Materials described in this paper are available for distribution for 

nonprofit use using templated documents from Association of University Technology 

Managers “Toolkit MTAs,” available at: https://autm.net/surveys-and-tools/agreements/

material-transfer-agreements/mta-toolkit.

Data and code availability—All data needed to evaluate the conclusions in the paper are 

present in the paper or the Supplemental Information. The ANDV or SNV antibodies in this 

study are available by Material Transfer Agreement with Vanderbilt University Medical 

Center. Original/source data for all figures in the paper is available at Mendeley Data https://

doi.org/10.17632/jfwbwws46m.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—All cell lines were tested for mycoplasma monthly, and all samples were 

negative. Expi293F cells (ATCC, female) were cultured in suspension at 37°C in 8% CO2 

shaking at 125 RPM in Freestyle F17 Expression Medium (GIBCO) supplemented with 

10% Pluronic F-68 and 200 mM of L-glutamine. ExpiCHO cells (ATCC, female) were 

cultured in suspension at 37°C in 8.0% CO2 shaking at 125 RPM in ExpiCHO Expression 
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Medium (Thermo Fisher). B95.8 cells (ATCC® CRL-1612, female) producing Epstein-Barr 

virus and the non-secreting myeloma HMMA2.5 heteromyeloma cell line (kindly provided 

by Lisa Cavacini, female human and female mice elements) used as the fusion partner for 

human B cell hybridoma formation each were cultured at 37°C in 8% CO2 in ClonaCell-HY 

medium A. BHK-21(WI-2) cell lines (Kerafast, golden Syrian hamster, sex unspecified) and 

Vero E6 cell lines (ATCC, CCL-81, African green monkey, sex unspecified) were cultured at 

37°C in 8% CO2 in DMEM supplemented with 10% fetal bovine serum. PBMCs (obtained 

from leukofiltration filters, Nashville Red Cross, male) were irradiated and cryopreserved in 

Medium A containing 10% DMSO. Vero E6 cell lines (Vero C1008, ATCC CRL 1586, 

African green monkey, sex female) were maintained in Eagle’s minimum essential medium 

with Earle’s salts containing 10% fetal bovine serum (FBS), 10 mM HEPES (pH 7.4), 1 × 

penicillin-streptomycin, amphotericin B (0.5 μg/mL) and gentamicin sulfate (50 μg/mL) 

(cEMEM) at 37°C in 5% CO2.

Human subjects—SNV-immune subject (Donor ID# 1486) was a 57-year-old male from 

Utah diagnosed with hantavirus infection on June 6, 2017. Peripheral blood was obtained 

from this subject in the U.S. on June 20, 2018 (1 year after infection). SNV-immune subject 

(Donor ID# 1487) was a 36-year-old female from Kansas diagnosed with hantavirus 

infection in December 2010. Peripheral blood was obtained from this subject in the U.S. on 

July 20, 2018 (8 years after infection). SNV-immune subject (Donor ID# 1513) was a 41-

year-old male from Texas diagnosed with hantavirus infection on an unknown date. 

Peripheral blood was obtained from this subject in the U.S. on April 3, 2018. Written 

informed consent with approval from the Vanderbilt University Medical Center Institutional 

Review Board was given by all human subjects. Peripheral blood mononuclear cells 

(PBMCs) were isolated using density gradient centrifugation on Ficoll and were 

cryopreserved in liquid nitrogen until used in the experiments. ANDV-immune subject 

(donor ID# 1685) was diagnosed with hantavirus infection in December 2006. Peripheral 

blood was obtained from this subject on June 10, 2015 at the Universidad Del Desarrollo, 

Chile (9 years after infection). The studies were approved by the Institutional Review Boards 

of the Facultad de Medicina Clinica Alemana-Universidad Del Desarrollo and Vanderbilt 

University Medical Center. PBMCs were transferred to Vanderbilt using a liquid nitrogen 

dry shipper in 2015.

Viruses—Andes virus strain Chile-9717869 (Chile R123) and Sin Nombre virus strain 

SN77734 were obtained from the World Reference Center for Emerging Viruses and 

Arboviruses housed at UTMB. The SNV strain used was isolated previously from deer mice 

(Peromyscus maniculatus) (Botten et al., 2000). Hantaan virus strain 76–118 (Lee et al., 

1978), PUUV strain K27 (Tkachenko et al., 1984), Dobrava virus strain Dobrava (Avsic-

Zupanc et al., 1992), and Seoul virus strain SR-11 (Kitamura et al., 1983) were propagated 

in Vero E6 cells (Vero C1008, ATCC CRL 1586) in T-150 flasks and collected from 

infected-monolayer supernatants (between days 7 to 10). Cell debris was removed by low-

speed centrifugation in a table-top centrifuge and virus stocks were stored at −60°C or 

colder until use.
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Animal model—Eight-week-old female golden Syrian hamsters, strain HsdHan®:AURA, 

were used for testing of the protective efficacy. All animal experiments and procedures were 

carried out in accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. The protocols were approved by the 

Institutional Animal Care and Use Committee at the University of Texas Medical Branch 

(protocol #1912091). Injections were performed under anesthesia induced by ketamine 

hydrochloride and xylazine, and all efforts were made to minimize animal suffering.

METHOD DETAILS

Generation of cell-surface expressed antigens—Plasmids containing a cDNA 

encoding the full-length M segment from various hantavirus species (pWRG/SN-M(opt) 

[Hooper et al., 2013], pWRG/AND-M(opt2) [Hooper et al., 2014a], pWRG/PUU-M(s2) 

[Brocato et al., 2013], pWRG/DOB-M(opt), pWRG/HTN-M(co) [Hooper et al., 2001a], and 

pWRG/SEO-M(opt2) [Hooper et al., 2001a]) were used to produce cell-surface displayed 

hantavirus antigens. Expi293F cells were cultured in Freestyle F17 expression medium 

(GIBCO) containing 10% Pluronic F-68 and 200 mM L-glutamine, and transiently 

transfected with plasmid DNA using the Expifectamine 293 transfection kit (Thermo 

Fisher). Expi293F cells were harvested 48 hours after transfection and cryopreserved for use 

in flow cytometry assays.

Screening and binding of NWH-reactive antibodies—A flow cytometric assay was 

used to screen for, and quantify binding of, NWH-reactive antibodies. Expi293F cells 

transfected with the full-length M segment as described above were thawed, strained through 

a 40 μm cell strainer, and plated into 96-well V-bottom plates at 30,000 cells/well in FACS 

buffer (2% ultra-low IgG FBS, 1 mM EDTA, D-PBS). Cells were incubated with purified 

mAb or cell supernatant for 1 hour at 4°C, washed twice with FACS buffer, and stained with 

a 1:1,000 solution of goat anti-human IgG antibodies conjugated to phycoerythrin (PE) 

(Southern Biotech) at 4°C for 30 minutes. Cells then were washed twice with FACS buffer 

and stained for 5 minutes at 4°C with 0.5 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI) 

(Thermo Fisher). PE and DAPI staining were measured with an iQue Screener Plus flow 

cytometer (Intellicyt) and quantified using the manufacturer’s ForeCyt software. A value for 

percent PE-positive cells was determined by gating based on the relative fluorescence 

intensity of Expi293F cells stained only with secondary antibody.

Isolation of human hybridomas and purification of monoclonal antibodies—
Peripheral blood mononuclear cells (PBMCs) were isolated from immune subject blood 

samples using Ficoll-Histopaque (Sigma-Aldrich) density gradient centrifugation and 

cryopreserved in the vapor phase of liquid nitrogen until use. PBMCs were thawed and 6 

million cells were transformed with 4.5 mL of filtered supernatant containing Epstein-Barr 

virus (in the collected supernatant from cultured B95.8 cells) and plated in medium 

containing 2.5 μg/mL CpG (phosphorothioate-modified oligodeoxynucleotide 

ZOEZOEZZZZZOEEZOEZZZT, Invitrogen), 10 μM Chk2 inhibitor (Sigma-Aldrich, Cat. 

No. C3742), and 10 μg/mL cyclosporine A (Sigma-Aldrich, Cat. No. C1832) and plated in a 

384-well plate. After 7 days, lymphoblastoid cell lines (LCLs) were expanded on feeder 

layers containing irradiated PBMCs (obtained from leukofiltration filters, Nashville Red 
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Cross) in 96-well plates. LCL supernatant was collected and screened in a flow cytometric 

assay using Expi293F-SNV-M cells, Expi293F-ANDV-M cells, or mock-transfected 

Expi293F cells. An anti-human IgG secondary conjugated PE antibody (Southern Biotech) 

was used for detection. Cell lines secreting NWH-reactive antibodies were identified by 

gating based on mock-transfected Expi293F cells. LCLs in antigen-reactive wells then were 

fused with HMMA2.5 cells by electrofusion to produce hybridomas and plated in medium 

containing 100 μM hypoxanthine, 0.4 μM aminopterin, 16 μM thymidine, and 7 μg/mL 

ouabain. Hybridomas were cultured for 3 weeks and then screened again in a flow 

cytometric binding assay using Expi293F-SNV-M or Expi293F-ANDV-M to identify cells 

secreting SNV and ANDV-reactive antibodies. Positive wells were single-cell sorted into 

384-well plates on a SH800S Cell Sorter (Sony). Single cells then were incubated for 3–4 

weeks and screened against Expi293F-SNV-M or Expi293F-ANDV-M cells by flow 

cytometry to identify positive clones. Hybridoma clones secreting antibodies that reacted 

with Expi293F-SNV-M or Expi293F-ANDV-M cells then were expanded to G-Rex 6-well 

plates (Wilson Wolf) and grown in Hybridoma Serum Free Medium (GIBCO) for 2–4 

weeks. Supernatant was harvested from G-Rex plates and filtered with 0.45-μm pore size 

filter flasks. HiTrap MabSelectSure columns (Cytiva) then were used to affinity purify mAbs 

from hybridoma supernatant using an AKTA pure protein purification system (Cytiva).

Antibody gene sequence analysis—RNA was extracted and amplified from cloned 

hybridoma cell pellets based on a modified 5′ Rapid Amplification of cDNA Ends (5′ 
RACE) as previously described (Turchaninova et al., 2016). Prepped amplicon libraries were 

then sequenced using a Sequel Platform (Pacific Biosciences). Isotype and subclass was 

determined through sequence of constant regions Sequence analysis to determine the 

antibody gene segments, complementarity determining regions (CDRs), and % mutation 

from germline was performed using ImMunoGeneTics (IMGT) V-QUEST tool (Giudicelli et 

al., 2011). cDNAs encoding antibody genes for heavy and light chains were cloned into a 

vector expressing full-length IgG1 (Twist Biosciences). ExpiCHO cells were transiently 

transfected with plasmids encoding full-length IgG cDNAs. Supernatant was harvested from 

ExpiCHO cultures and filtered with 0.45-μm pore size filter flasks. HiTrap MabSelectSure 

columns (Cytiva) then were used to affinity purify mAbs from ExpiCHO supernatant using 

an AKTA pure protein purification system (Cytiva). Recombinant antibodies were used in 

animal studies described below.

Generation of pseudotyped VSVs—All pseudotyped viruses were generated based on 

a previously published protocol (Whitt, 2010) using plasmids pWRG/SN-M(opt), pWRG/

AND-M(opt2), pWRG/PUU-M(s2), pWRG/DOB-M(opt), pWRG/HTN-M(co), pWRG/

SEO-M(opt2), and pCAGGS-G-Kan (Kerafast, kindly provided by Dr. Michael A. Whitt). 

BHK-21(WI-2) cells were plated in a 6-well plate at a density of 100,000 cells/well. 24 

hours later, cells were transfected with 10 μL of Lipofectamine 3000 and P300 reagent 

(Thermo Fisher) and 2.5 μg of plasmid DNA, and medium was removed and replaced with 

normal growth medium 4 hours later. 48 hours after transfection, cells were inoculated with 

G*ΔG-GFP rVSV (Kerafast, kindly provided by Dr. Michael A. Whitt) at a multiplicity of 

~0.02 in serum-free DMEM, and 3 hours later cells were washed twice with PBS, and 

normal growth medium was added to cells. Cells were incubated at 32°C. Supernatants 

Engdahl et al. Page 15

Cell Rep. Author manuscript; available in PMC 2021 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing pVSV/ANDV, pVSV/DOBV, or pVSV/VSV-G were collected 24 hours after 

infection, and supernatants containing pVSV/SNV, pVSV/HTNV, pVSV/SEOV, or pVSV/

PUUV was collected 48 hours after infection. Supernatants were clarified by centrifugation 

and stored at −80°C until use.

Pseudotyped virus neutralization assay—The constructs pVSV/ANDV, pVSV/

DOBV, pVSV/SNV, pVSV/HTNV, pVSV/SEOV, and pVSV/PUUV were used in 

neutralization assays. BHK-21 cells were plated at 5,000 cells/well in a 96-well plate. 

Antibodies were diluted serially in full growth medium and then incubated with virus for 1 

hour at 37°C. Medium containing antibody and virus was added to cells and incubated for 1 

hour at 37°C to allow viral attachment. Cells then were washed, and the antibody and virus 

mixture were removed and replaced with full growth medium. After 24 hours, the medium 

was removed, the cells were imaged on an CTL ImmunoSpot® S6 Analyzer (CTL), and 

GFP-positive cells were counted in each well. Percent relative infectivity was calculated by 

dividing the number of GFP-positive cells in the wells containing antibody, normalized to 

the average number of GFP-positive cells in wells with only virus.

Receptor blocking assay—A soluble extracellular cadherin repeat 1 (sEC1, GenBank: 

NM_002587, residues 1 to 172) construct was synthesized and cloned into the 

pCDNA3.1(+) mammalian cell expression vector by GenScript with a C-terminal GSG 

linker and decahistidine tag. sEC1 was expressed in ExpiCHO cells and purified through a 

HisTrap Excel column (Cytiva) using anÄKTA pure protein purification system (Cytiva), 

and then labeled with Alexa Fluor 647 (Thermo Fisher). Expi293F cells transfected with a 

plasmid encoding full-length ANDV M segment, as described previously, were incubated 

with 10 μg/mL of each mAb for 1 hour at 4°C. A control mAb, DENV 2D22 directed to 

dengue virus envelope protein, was added as a negative control, and unlabeled sEC1 was 

added at 50 μg/mL as a positive control. Labeled sEC1 was added directly to the cell 

suspension and first mAb at a final concentration of 200 ng/mL and incubated for an 

additional hour at 4°C. Cells then were washed with flow cytometry buffer and stained with 

0.5 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI). Alexa Fluor 647 and DAPI staining 

were measured with an iQue Screener Plus flow cytometer (Intellicyt) and quantified using 

the manufacturer’s ForeCyt software. Binding in the presence of antibody was divided by 

the maximal binding signal of labeled sEC1 alone to determine the % receptor blocking.

Fusion inhibition assay—Cell to cell fusion inhibition assay was adapted from 

previously published methods (Willensky et al., 2016). Vero cells were plated at 7,500 cells/

well in a 96-well plate (Greiner Bio-One). 24 hours later, cells were transfected with 0.2 μL/

well of Lipofectamine 3000 and P300 reagent (Thermo Fisher) and 100 ng/well of plasmid 

pWRG/SN-M (opt) or 75 ng/well of plasmid pWRG/AND-M. 48 hours post transfection, 10 

μg/mL of each mAb was incubated for 1 hour on transfected cells at 37°C. Medium 

containing mAbs was removed and replaced with MES-buffered D-MEM (pH 5.5) and 

incubated for 5 minutes at 37°C. Cells were washed twice with D-PBS and medium was 

replaced with normal growth medium (D-MEM, pH 7.4). Cells were incubated for 3 hours at 

37°C, and then incubated for an additional hour at 37°C in D-MEM containing 1 μM 5-

chloromethylfluorescein diacetate (Cell Tracker CMFDA, Molecular Probes) to stain 
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cytoplasm. Cells were then fixed with 4% (w/v) paraformaldehyde for 20 minutes at room 

temperature and permeabilized with 0.1% Triton X-100. To stain hantavirus glycoproteins, 

cells were incubated with a combination of SNV-27, SNV-56 and ANDV-44 (0.5 μg/mL of 

each in 0.1% BSA) for 1 hour at room temperature, shaking, and then washed twice with 

PBS-T. Cells were then incubated for 45 minutes (shaking) with Goat anti-human IgG Alexa 

Fluor 568 (1 μg/mL in 0.1% BSA), washed twice with PBS-T, and then D-PBS containing 

0.1 μg/mL of DAPI was added to stain nuclei. Four images per well channel were captured 

using an Image Xpress (Molecular Devices) fluorescent imager. Fusion index was measured 

using the MetaXpress software (Molecular Devices) Micronuclei application module. Four 

images per well were used to count the % of multinucleated cells, and then averaged values 

were normalized to a control well that was not treated with mAb (representing maximum 

multinucleated cell formation) to calculate a fusion index (%) for each mAb.

Plaque reduction neutralization assay with authentic SNV or ANDV—For 

plaque-based neutralization assays, 100 PFU of ANDV strain Chile-9717869 (GenBank: 

AF291702-04) or SNV strain SN 77734 (GenBank: AF281850-52) from the World 

Reference Center of Emerging Viruses and Arboviruses were preincubated with various 

concentrations of mAbs in a 100 μL volume for 1 h at 37°C in triplicate and placed on 

monolayers of Vero-E6 cells in 96-well plates. After adsorption of the virus for 1 h at 37°C, 

the virus-antibodies mixture was replaced with 100 μL of 0.9% methylcellulose in minimal 

essential medium (MEM) containing 10% fetal bovine serum (Quality Biologicals) and 

0.1% gentamicin sulfate (Mediatech), followed by incubation at 37°C for 6 to 7 days for 

ANDV and 10 to 11 days for SNV. Plates were fixed with 10% buffered formalin (Thermo 

Fisher) before removal from the biocontainment laboratories. Plaques were visualized by 

staining monolayers with the mixture of ANDV or SNV monoclonal antibodies. KPL 

Affinity Purified Peroxidase Labeled Goat Anti-human IgG (SeraCare) were used as 

secondary antibodies and AEC Substrate Kit (Abcam) as substrate for HRP. Plaques were 

counted, and neutralization curves were plotted as percentages of reduction of plaques 

numbers compared to mock-neutralized virus.

Plaque reduction neutralization titer with authentic OWHs—Plaque reduction 

neutralization tests (PRNT) were performed as previously described with some 

modifications (Hooper et al., 2001a). Antibodies were diluted in cEMEM and then 

combined with an equal volume of cEMEM containing 75 PFU of virus and 10% human 

complement. The antibody-virus mixture was incubated overnight at 2 to 8°C and then 

adsorbed into 1-week old Vero E6 cell culture monolayers in 6-well plates. After 1 h, a 3 mL 

agarose overlay was added, and the plates were placed in a 37°C, 5% CO2 incubator. HTNV- 

and SEOV-infected monolayers were fixed by adding 2 mL 10% formalin on day 7. PUUV- 

and DOBV-infected monolayers were fed with 1 mL of additional agarose overlay on day 7 

and then fixed with formalin on day 10 or 11. After at least 5 h of fixation, the formalin and 

agarose overlay were removed and the monolayers were immunostained as previously 

described (Hooper et al., 2014b). Plaques were stained using mAb 3D7-conjugated to HRP 

(1:1,000) (Life Sciences) eliminating the need for a secondary antibody. A specific positive 

control (rabbit serum) was included in each assay. PRNT50 titers were the highest dilutions 

reducing the number of plaques 50% relative to no-antibody control wells.
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Competition-binding assay—Expi293F cells transfected with ANDV or SNV full-

length M segment, as described previously, were incubated with 10 μg/mL of the first, 

unlabeled mAb for 1 hour at 4°C. A second mAb labeled with Alexa Fluor 647 (Thermo 

Fisher) was added directly to the cell suspension and first mAb at a final concentration of 0.5 

μg/mL and incubated for an additional hour at 4°C. Cells then were washed with FACS 

buffer and stained with 0.1 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI). Alexa Fluor 

647 and DAPI staining were measured with an iQue Screener Plus flow cytometer 

(Intellicyt) and quantified using the manufacturer’s ForeCyt software. Binding in the 

presence of the first antibody was normalized to the maximal binding signal of the labeled 

antibody alone to determine the % competition values.

Expression and purification of recombinant Gc (rGc) protein and ELISA 
binding assays—A cDNA encoding the ectodomain of Gc from SNV strain SN77734 

(GenBank: KF537002.1, residues 661 to 1,103) or ANDV strain AH-1 (GenBank: 

QNQ18210.1, residues 656 to 1,102) was synthesized with an N-terminal BM40 signal 

peptide sequence, C-terminal GSG linker, hexahistidine tag and cloned into the pcDNA3.1 

(+) vector (Thermo Fisher). The construct then was expressed in ExpiCHO cells and purified 

through a HisTrap Excel column (Cytiva, formerly GE Healthcare Life Sciences) using 

anÄKTA pure protein purification system (Cytiva). 384-well plates were coated with 1 

μg/mL of purified rGc protein overnight at 4°C in carbonate buffer (0.03 M NaHCO3, 0.01 

M Na2CO3, pH 9.7). Plates were incubated with blocking buffer (5% non-fat dry milk, 2% 

goat serum in PBS-T) for 1 h at room temperature. Diluted primary antibodies were added to 

appropriate wells and incubated for 2 h at room temperature, and alkaline-phosphatase-

conjugated secondary antibodies (Meridian Life Sciences) were used to detect binding. 

Phosphatase substrate (Sigma-Aldrich) was added, and plates were developed for 30 min 

before reading absorbance at 405 nm on a BioTek microplate reader.

Expression of cell-surface-displayed Gn protein and binding assay—A cDNA 

encoding the full-length Gn coding sequence from SNV strain NMH10 (GenBank accession 

number: NP_941974, residues 1 to 652) was synthesized and cloned into the pCAGGS 

vector (Kerafast). The full-length Gn protein coding sequence from ANDV AH-1 (GenBank: 

QNQ18210.1, residues 1 to 590) was synthesized and cloned into the pcDNA3.1 (+) vector. 

ExpiCHO cells were transfected transiently with constructs encoding Gn, as described 

above. Flow cytometry assays were used to measure binding of antibodies to Gn, as 

described above.

Testing of protective efficacy against ANDV in the Syrian hamster model—
Animal challenge studies were conducted in the ABSL-4 facility of the Galveston National 

Laboratory. The animal protocol for testing of mAbs in hamsters was approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of Texas Medical 

Branch at Galveston (UTMB). 8-week-old female golden Syrian hamsters (Mesocricetus 
auratus) (Envigo) were inoculated with 200 PFU of Andes hantavirus (strain Chile-9717869) 

by the intramuscular (i.m.) route on day 0. Animals (n = 6 per group) were treated with 5 

mg/kg of rSNV-24, rSNV-30, rSNV-53, rANDV-5, rANDV-44 or rDENV 2D22 (a negative 

control dengue virus antibody) by the intraperitoneal (i.p.) route on days 3 and 8 after virus 
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inoculation. Animals were weighed and monitored daily over a 26-day period after 

challenge. Once animals were symptomatic, they were examined twice per day. The disease 

was scored using the following parameters: breathing abnormalities, hunched posture, ruffed 

fur, rapid shallow breaths, paucity of movements and weight loss.

Moribund animals were euthanized as specified by the IACUC protocol. Blood was 

collected on days 8 and 11 of the study, and all animals were euthanized 32 days after 

infection when terminal bleeding and organ collection (lungs and liver) were performed.

Histopathology—During necropsy, gross lesions were noted and representative lung 

tissues from the left lobe were collected in 10% formalin (tissues to be fixed were no more 

than 1 cm3 to ensure formalin penetration). After a 24-hour initial fixation at 4°C, the lung 

tissues were transferred to fresh 10% formalin for an additional 48-hour fixation, prior to 

removal from the biocontainment. Formalin-fixed tissues were processed by standard 

histological procedures by the UTMB Anatomic Pathology Core. About 4-μm-thick sections 

were cut and stained with hematoxylin and eosin (HE). Sections of lungs were examined for 

the extent of inflammation, type of inflammatory foci, and changes in alveoli/alveolar septa/

airways/blood vessels in parallel with sections from uninfected or control animals. The 

blinded tissue sections were semiquantitatively scored for pathological lesions using the 

criteria described (Matute-Bello et al., 2008) (Table S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for each experiment is described in Method details and/or in the figure 

legends. All statistical analysis was done in Prism v7 (GraphPad) or RStudio v1.3.1073.

Binding and neutralization curves—EC50 values for mAb binding were calculated 

through a log transformation of antibody concentration using four-parameter dose-response 

nonlinear regression analysis with a bottom constraint value of zero. IC50 values for mAb-

mediated neutralization were calculated through a log transformation of antibody 

concentration using four-parameter dose-response nonlinear regression analysis with a 

bottom constraint value of zero and a top constraint value of 100. IC90 values were 

calculated in the same way as IC50 values, but the F constant was set to ten. EC50, IC50, and 

IC90 values were generated from 2 to 3 independent experiments and reported as an average 

value.

Competition-binding analysis—Binding values for mAb-treated samples were 

normalized to a maximal binding control to determine the residual binding % of each mAb, 

and values from 3 independent experiments were averaged. Correlation coefficients were 

determined through Pearson method on RStudio using the “rcorr” function. The mAbs were 

reordered according to the correlation coefficient using “hclust” method.

Testing of protective efficacy in Syrian hamsters—Studies were done with 6 

hamsters per antibody treatment group. Survival curves were created through Kaplan-Meier 

analysis, and a log-rank (Mantel-Cox) test was used to compare each mAb treatment group 

to the isotype control (rDENV 2D22) (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Hantavirus antibodies were isolated from Sin Nombre/Andes virus infection 

survivors

• Two antibodies exhibit potent neutralization of both New and Old World 

species

• Antibodies recognize diverse antigenic sites on the surface of glycoproteins 

Gc and Gn

• Antibodies protect against Andes virus challenge in hamsters
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Figure 1. NWH-reactive mAbs isolated from individuals previously infected with SNV or ANDV 
exhibit diverse patterns of neutralization potency, cross-reactivity, and mechanisms of 
neutralization
(A and B) Neutralization potency of SNV-reactive mAbs (A) or ANDV-reactive mAbs (B) to 

pseudotyped VSV particles (pVSV/SNV or pVSV/ANDV), SNV strain SN77734 (SNV), or 

ANDV strain Chile-9717869 (ANDV). Antibodies in a dilution series of decreasing 

concentrations were incubated with pVSVs or authentic virus, the suspension was used to 

inoculate cells, and then GFP+ cells or plaques were counted to determine relative 

infectivity. IC50 or IC90 values were obtained using non-linear fit analysis, with the top of 

the curve constrained to 100 and the bottom of the curve constrained to 0, using Prism 

software version 7 (GraphPad Software). The colors indicate the relative potency of the 

antibody. The data shown are average values from 2–3 independent experiments. Binding to 
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proteins for each hantavirus species was determined by flow cytometric analysis. Gn and Gc 

were displayed on the surface of mammalian cells and incubated with decreasing 

concentrations of mAb. EC50 binding values were obtained using non-linear fit analysis, 

with the bottom of the curve constrained to 0, using Prism software. The value for %PE+ 

cells was determined by gating on cells stained only with secondary antibodies. The colors 

indicate the relative potency of the antibody. > indicates that the neutralization or reactivity 

was not detected at the highest concentration tested, 20 μg/mL. NT indicates that the mAb 

was not tested. The data shown are average values from 3 independent experiments. 

PCDH-1 blocking (%) was determined through a flow cytometric assay, in which mAbs 

were added at saturating concentration before the addition of the soluble PCDH-1 domain, 

sEC-1 labeled with Alexa Fluor 647 dye. PCDH-1 blocking was defined by the reduction of 

the maximal binding score to <50% of un-competed binding (green boxes). The data shown 

are average values from 3 independent experiments. The fusion index (%) was determined 

by adding mAbs to Vero cells transfected with cDNAs encoding SNV or ANDV Gn/Gc, and 

then inducing fusion through exposure to medium with low pH and counting the percentage 

of multinucleated cells by fluorescent microscopy. The percentage of multinucleated cells in 

mAb-treated samples then was divided by the percentage of multinucleated cells in a non-

mAb-treated sample (representing maximal fusion index). Fusion-inhibiting mAbs were 

defined by the reduction of the maximal fusion index to <50% of non-mAb-treated cells 

(yellow boxes). The data shown are the average values from 3 independent experiments.

(C) Representative binding curves of neutralizing antibodies mediating complete (top) or 

incomplete (bottom) neutralization for authentic SNV (left) or ANDV (right). The dotted 

lines indicate 10% or 50% relative infectivity. The data shown are average values for 

technical replicates ± SDs. The experiment was performed 2–3 times independently with 

similar results; one experiment is shown.

See also Figures S1–S3 and Tables S1 and S2.
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Figure 2. NWH-reactive mAbs show binding and neutralizing activity against OWH species
(A and B) Binding potency of mAbs isolated from SNV-immune (A) or ANDV-immune (B) 

human individuals for four OWH species: Puumala (PUUV), Dobrava-Belgrade (DOBV), 

Hantaan (HTNV), and Seoul (SEOV). EC50 binding values were obtained using non-linear 

fit analysis, with the bottom of curve constrained to 0, using Prism software. The data are 

shown as average values from 3 independent experiments. The colors indicate the relative 

potency of the antibody. > indicates no detectable reactivity at concentrations >20 μg/mL.

(C) Neutralization potency of broadly reactive mAbs to HTNV strain 76–118, DOBV strain 

Dobrava, PUUV strain K27, or SEOV strain SR-11. Neutralization potency was determined 

with a plaque reduction neutralization assay. The neutralizing mAb concentration indicates 

the concentration at which there was a ≥50% reduction in plaque count by each mAb. The 

data shown are average values for technical replicates ± SDs. The experiments were 

performed 2–3 times independently with similar results.
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See also Figures S1 and S2.
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Figure 3. NWH-reactive mAbs bind to at least eight major antigenic sites on Gn or Gc based on 
competition-binding analysis
(A) Unlabeled antibodies were incubated with Expi293F cells transfected with cDNA 

encoding ANDV Gn/Gc at saturating concentrations and then competed with a second 

antibody labeled with Alexa Fluor 647. Percent competition was analyzed and quantified 

using flow cytometry as compared to the un-competed binding of the second mAb. 

Competing antibodies were defined as those with <33% of the maximal un-competed 

binding in the presence of an unlabeled first antibody (black). Non-competing antibodies 

were defined as those with >66% of the maximal un-competed binding (white). Intermediate 

competing antibodies were defined as those with 33%–66% of the maximal un-competed 

binding (gray). Antibodies are colored based on neutralization potency to ANDV and SNV. 

Antibodies were clustered based on the Pearson correlation generated relatedness score 
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based on normalized competition values. The values shown are averages from 3 independent 

experiments.

(B) Binding to Gn displayed on the surface of Expi293F cells was determined using a flow 

cytometry-based binding assay, as described previously. Binding to recombinant Gc was 

determined using an ELISA. EC50 binding values were obtained using non-linear fit analysis 

with the bottom of the curve constrained to 0, using Prism software. The colors indicate the 

relative potency of the antibody. > indicates that neutralization or reactivity was not detected 

at the highest concentration tested, 20 μg/mL. The data shown are the average values from 3 

independent experiments.
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Figure 4. Four NWH mAbs protect Syrian hamsters in ANDV challenge
(A) 8-week-old Syrian hamsters (n = 6 per treatment group) were inoculated with 200 PFU 

of ANDV intramuscularly (i.m.), and 5 mg/kg of indicated mAb was administered 

intraperitoneally (i.p.) at 3 and 8 dpi. Animals were treated with a dengue-specific mAb 

(rDENV 2D22) to serve as an isotype control. The statistical analysis was done using a log-

rank (Mantel-Cox) test comparing each group to the control (rDENV 2D22); *p < 0.01; **p 

< 0.01; ***p < 0.001; ns, non-significant.

(B) Body weight measurements averaged for each treatment group. The data shown are 

mean ± S.E.M. for each treatment group.

(C) Lungs and livers were collected upon euthanasia and used to determine viral titer in 

tissue. Dots with black borders indicate animals that were found dead or euthanized 

according to Institutional Animal Care and Use Committee (IACUC) protocol before the 

termination of the study. The dotted line indicates the limit of detection.

See also Figure S4.

Engdahl et al. Page 32

Cell Rep. Author manuscript; available in PMC 2021 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Engdahl et al. Page 33

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

DENV 2D22 (Smith et al., 2012) N/A

rDENV-2D22 IgG (recombinant expiCHO-produced IgG1) (Fibriansah et al., 2015) N/A

SNV-3 (hybridoma cell produced IgG1) This paper N/A

SNV-21 (hybridoma cell produced IgG1) This paper N/A

SNV-24 (hybridoma cell produced IgG1) This paper N/A

rSNV-24 (recombinant CHO cell produced IgG1) This paper N/A

SNV-25 (hybridoma cell produced IgG1) This paper N/A

SNV-27 (hybridoma cell produced IgG1) This paper N/A

SNV-30 (hybridoma cell produced IgG1) This paper N/A

rSNV-30 (recombinant CHO cell produced IgG1) This paper N/A

SNV-32 (hybridoma cell produced IgG1) This paper N/A

SNV-36 (hybridoma cell produced IgG1) This paper N/A

SNV-39 (hybridoma cell produced IgG1) This paper N/A

SNV-42 (hybridoma cell produced IgG1) This paper N/A

SNV-45 (hybridoma cell produced IgG1) This paper N/A

SNV-50 (hybridoma cell produced IgG1) This paper N/A

SNV-53 (hybridoma cell produced IgG1) This paper N/A

rSNV-53 (recombinant CHO cell produced IgG1) This paper N/A

SNV-56 (hybridoma cell produced IgG1) This paper N/A

SNV-57 (hybridoma cell produced IgG2) This paper N/A

SNV-62 (hybridoma cell produced IgG1) This paper N/A

SNV-65 (hybridoma cell produced IgG1) This paper N/A

SNV-66 (hybridoma cell produced IgG1) This paper N/A

SNV-67 (hybridoma cell produced IgG1) This paper N/A

SNV-68 (hybridoma cell produced IgG1) This paper N/A

ANDV-2 (hybridoma cell produced IgG1) This paper N/A

ANDV-3 (hybridoma cell produced IgG1) This paper N/A

ANDV-4 (hybridoma cell produced IgG1) This paper N/A

ANDV-5 (hybridoma cell produced IgG1) This paper N/A

rANDV-5 (recombinant CHO cell produced IgG1) This paper N/A

ANDV-11 (hybridoma cell produced IgG1) This paper N/A

ANDV-12 (hybridoma cell produced IgG1) This paper N/A

ANDV-22 (hybridoma cell produced IgG1) This paper N/A

ANDV-23 (hybridoma cell produced IgG1) This paper N/A

ANDV-34 (hybridoma cell produced IgG1) This paper N/A

ANDV-38 (hybridoma cell produced IgG1) This paper N/A

ANDV-42 (hybridoma cell produced IgG1) This paper N/A

ANDV-43 (hybridoma cell produced IgG1) This paper N/A

ANDV-44 (hybridoma cell produced IgG1) This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

rANDV-44 (recombinant CH cell produced IgG1) This paper N/A

ANDV-54 (hybridoma cell produced IgG1) This paper N/A

ANDV-59 (hybridoma cell produced IgG1) This paper N/A

ANDV-69 (hybridoma cell produced IgG1) This paper N/A

Goat Anti-Human IgG-PE Southern Biotech Cat# 2040–09; RRID:AB_2795648

Goat Anti-Human IgG (Fc) Meridian Life Sciences Cat# W99008A; RRID:AB_205090

KPL affinity Goat anti Human IgG (γ) SeraCare Cat# 5220–0456

AEC Substrate system Enquire BioReagents Cat# QS-9

Goat anti-Human IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 568

Thermo Fisher Scientific Cat# A-21090

Anti-Sin Nombre Virus Glycoprotein 1 antibody produced in 
rabbit

Sigma-Aldrich Cat# SAB3501093–100UG

Anti-Sin Nombre Virus Glycoprotein 2 antibody produced in 
rabbit

Sigma-Aldrich Cat# SAB3501094–100UG

anti-SNV rabbit serum Christina Spiropoulou, CDC unpublished

Anti-HTNV rabbit serum (DNA vaccine-derived) Lot 
SK091615

Hooper, USAMRIID unpublished

Anti-PUUV rabbit serum (DNA vaccine-derived) Lot 
JH091514

Hooper, USAMRIID unpublished

Anti-SEOV rabbit serum (DNA vaccine-derived) Lot 
MC120516

Hooper, USAMRIID unpublished

Anti-DOBV rabbit serum (DNA vaccine-derived) Lot 
MC122816

Hooper, USAMRIID unpublished

HRP-labeled mAb-H13–3d7 G2 Life Tech/C29B5B/
120432A

Hooper, USAMRIID unpublished

Bacterial and virus strains

Andes virus strain Chile-9717869 (Chile R123) UTMB Arbovirus Reference 
Collection

N/A

Sin Nombre virus strain SN77734 UTMB Arbovirus Reference 
Collection

N/A

Hantaan virus strain 76–118 USAMRIID Collection Lee et al., 1978

Dobrava virus strain Dobrava USAMRIID Collection Avsic-Zupanc et al., 1992

Puumala virus strain K27 USAMRIID Collection Tkachenko et al., 1984

Seoul virus strain SR-11 USAMRIID Collection Kitamura et al., 1983

pVSV/SNV This paper N/A

pVSV/ANDV This paper N/A

pVSV/HTNV This paper N/A

pVSV/SEOV This paper N/A

pVSV/PUUV This paper N/A

pVSV/DOBV This paper N/A

Pseudotyped ΔG-GFP (G*ΔG-GFP) rVSV Kerafast Cat# EH1019-PM

Biological samples

PBMCs from SNV-immune donor This paper Vanderbilt Vaccine Center Biorepository 
ID #1513

PBMCs from SNV-immune donor (laboratory confirmed 
infection in 2010)

This paper Vanderbilt Vaccine Center Biorepository 
ID #1487
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REAGENT or RESOURCE SOURCE IDENTIFIER

PBMCs from SNV-immune donor (laboratory confirmed 
infection in 2017)

This paper Vanderbilt Vaccine Center Biorepository 
ID #1486

PBMCs from ANDV-immune donor This paper Vanderbilt Vaccine Center Biorepository 
ID #1685

Chemicals, peptides, and recombinant proteins

Cyclosporin A (CSA) Sigma-Aldrich Cat# C1832

CpG Sigma-Aldrich Cat# C3742–25MG

Chk2 inhibitor Sigma-Aldrich Cat# C3742

ClonaCell-HY Medium A STEMCELL Technologies Cat# 3801

ClonalCell-HY Medium E STEMCELL Technologies Cat# 3805

384-well plate Nunc Cat# 164688

384-well plate (non-treated) Thermo Fisher Nunc Cat# 262203

96-well U-bottom plate Thermo Fisher Scientific Cat# 163320

96-well flat bottom plate Thermo Fisher Scientific Cat# 167008

96-well plate Falcon Cat# 353072

96-well plate, mCLEAR Greiner Bio-one Cat# 655090

96-well plate, v-bottom Corning Cat# 3894

ExpiFectamine 293 Transfection Kit Thermo Fisher Scientific Cat# A14525

Ouabain Sigma-Aldrich Cat# O3125

Hypoxanthine Sigma-Aldrich Cat# H0137

HAT Sigma-Aldrich Cat# H0262

G-rex Wilson Wolf Cat# 80240M

Hybridoma Serum Free Media GIBCO Cat# 12045

T-75 flasks Falcon Cat# 353136

HiTrap MabSelectSure Cytiva Cat# 11003494

Freestyle F17 Expression Medium GIBCO Cat# A13835–01

ExpiCHO Expression Medium Thermo Fisher Scientific Cat# A2910001

10% Pluronic F-68 GIBCO Cat# 240400–32

L-Glutamine GIBCO Cat# 25030–081

Opti-MEM 1 Reduced Serum Medium GIBCO Cat# 31985088

Fetal Bovine Serum, ultra-low IgG Thermo Fisher Scientific Cat# 16250078

Vascular Cell Basal Medium ATCC Cat# PCS-100–030

Endothelial Cell Growth Kit-VEGF ATCC Cat# PCS-100–041

Tryspin EDTA (0.25%), Phenol Red Thermo Fisher Scientific Cat# 25200114

DMEM, high glucose Thermo Fisher Scientific Cat# 11965118

FBS, heat inactivated Thermo Fisher Scientific Cat# A3840102

96 well clear V-bottom plate Corning Cat# 3894

D-PBS Corning Cat# 21031CM

Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668027

Lipofectamine 3000 Transfection Reagent Thermo Fisher Scientific Cat# L3000015

DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) Thermo Fisher Scientific Cat# D1306

Histopaque(R)-1077, sterile-filtered, density: 1.077 g/mL Sigma-Aldrich Cat# 10771–500ML

AP substrate Sigma-Aldrich Cat# SO942–200AAB

Cell Rep. Author manuscript; available in PMC 2021 May 24.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Engdahl et al. Page 36

REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor 647 NHS Ester (Succinimidyl Ester) Thermo Fisher Scientific Cat# A37573

Recombinant DNA

pWRG/SN-M(opt) Jay Hooper, USAMRIID Hooper et al., 2013

pWRG/AND-M(opt2) Jay Hooper, USAMRIID (Hooper et al., 2014a)

pWRG/PUU-M(s2) Jay Hooper, USAMRIID Brocato et al., 2013

pWRG/DOB-M(opt) Jay Hooper, USAMRIID Perley et al., 2020

pWRG/HTN-M(co) Jay Hooper, USAMRIID (Schmaljohn et al., 2014)

pWRG/SEO-M(opt2) Jay Hooper, USAMRIID Perley et al., 2020

pCAGGS-G-Kan plasmid Kerafast Cat# EH1017

pTwist_SNV-24_mCisL This paper Twist Biosciences Inc.

pTwist_SNV-30_mCisK This paper Twist Biosciences Inc.

pTwist_SNV-53_mCisL This paper Twist Biosciences Inc.

pTwist_ANDV-44_mCisK This paper Twist Biosciences Inc.

pTwist_ANDV-5_mCisK This paper Twist Biosciences Inc.

pcDNA3.1+_sEC1 Jangra et al., 2018; GenBank: 
NM_002587

GenScript Biotech

pcDNA3.1+_ANDV_Gc_ectodomain This paper; GenBank: 
QNQ18210.1

GenScript Biotech

pcDNA3.1+_ANDV_Gn_full length This paper; GenBank: 
QNQ18210.1

GenScript Biotech

pcDNA3.1+_SNV_Gc_ectodomain This paper; GenBank: 
KF537002.1

GenScript Biotech

pCAGGS_SNV_Gn_full length This paper; : GenBank: 
NP_941974

GenScript Biotech

Critical commercial assays

Universal Mycoplasma Detection Kit ATCC Cat# 30–1012K

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

Experimental models: cell lines

Monkey: B95.8 ATCC Cat# VR-1492 (discontinued); 
RRID:CVCL_1953

Human: Expi293F Thermo Fisher Scientific Cat# A14527; RRID:CVCL_D615

Hamster: ExpiCHO Thermo Fisher Scientific Cat# A29127; RRID:CVCL_5J31

Hamster: BHK-21 (WI-2) Kerafast Cat# EH1011; RRID:CVCL_HB78

Monkey: Vero E6 ATCC Cat# CCL-81; RRID:CVCL_0059

Monkey: Vero C1008 ATCC Cat# CRL-1586; RRID:CVCL_0574

Human: Primary Umbilical Vein Endothelial Cells; Normal, 
Pooled (HUVEC)

ATCC Cat# PCS-100–013

Mouse-human HMMA 2.5 myeloma cell line Dr. L. Cavacini N/A

Software and algorithms

Prism GraphPad Software, Inc. v8

FlowJo Tree Star Inc. v10

BioSpot 5.1 software CTL N/A

MetaXpress Molecular Devices N/A

iQue® Forecyt® Software Sartorius N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

ImMunoGeneTics (IMGT) database (Brochet et al., 2008); Giudicelli 
et al., 2011

N/A

Other

Sony SH800S Cell Sorter Sony N/A

ÄKTA pure chromatography system GE Healthcare N/A

HiTrap Protein G High Performance GE Healthcare Cat# 28-9075-48

ImmunoSpot plate reader CTL N/A

Intellicyt iQue Screener Plus IntelliCyt® iQue Screener 
PLUS

Sartorius N/A

ImageXpress Micro XL Molecular Devices N/A

BioStack 3 Microplate Stacker BioTek Cat# BIOSTACK3WR

EL406 Washer Dispenser BioTek Cat# 406SUB3

PacBio Sequel System Pacific Biosciences N/A

Cell Rep. Author manuscript; available in PMC 2021 May 24.


	SUMMARY
	Graphical Abstract
	In brief
	INTRODUCTION
	RESULTS
	Isolation of NWH-reactive mAbs
	NWH-reactive mAbs exhibit diverse patterns of neutralization potency and cross-reactivity
	Neutralizing NWH mAbs demonstrate receptor blocking and fusion inhibition activity
	NWH-reactive mAbs show binding and neutralizing activity against OWH species
	At least eight major antigenic sites on Gn or Gc are recognized by NWH-reactive mAbs
	Four NWH mAbs protect Syrian hamsters in ANDV challenge

	DISCUSSION
	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Cell lines
	Human subjects
	Viruses
	Animal model

	METHOD DETAILS
	Generation of cell-surface expressed antigens
	Screening and binding of NWH-reactive antibodies
	Isolation of human hybridomas and purification of monoclonal antibodies
	Antibody gene sequence analysis
	Generation of pseudotyped VSVs
	Pseudotyped virus neutralization assay
	Receptor blocking assay
	Fusion inhibition assay
	Plaque reduction neutralization assay with authentic SNV or ANDV
	Plaque reduction neutralization titer with authentic OWHs
	Competition-binding assay
	Expression and purification of recombinant Gc (rGc) protein and ELISA binding assays
	Expression of cell-surface-displayed Gn protein and binding assay
	Testing of protective efficacy against ANDV in the Syrian hamster model
	Histopathology

	QUANTIFICATION AND STATISTICAL ANALYSIS
	Binding and neutralization curves
	Competition-binding analysis
	Testing of protective efficacy in Syrian hamsters


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table T1

