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Abstract

Andes hantavirus (ANDV) is an etiologic agent of hantavirus cardiopulmonary syndrome (HCPS), 

a severe disease characterized by fever, headache, and gastrointestinal symptoms that may 

progress to hypotension, pulmonary failure, and cardiac shock that results in a 25 to 40% case-

fatality rate. Currently, there is no specific treatment or vaccine; however, several studies have 

shown that the generation of neutralizing antibody (Ab) responses strongly correlates with survival 

from HCPS in humans. In this study, we screened 27 ANDV convalescent HCPS patient sera for 

their capacity to bind and neutralize ANDV in vitro. One patient who showed high neutralizing 
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titer was selected to isolate ANDV–glycoprotein (GP) Abs. ANDV-GP–specific memory B cells 

were single cell sorted, and recombinant immunoglobulin G antibodies were cloned and produced. 

Two monoclonal Abs (mAbs), JL16 and MIB22, potently recognized ANDV-GPs and neutralized 

ANDV. We examined the post-exposure efficacy of these two mAbs as a monotherapy or in 

combination therapy in a Syrian hamster model of ANDV-induced HCPS, and both mAbs 

protected 100% of animals from a lethal challenge dose. These data suggest that monotherapy 

with mAb JL16 or MIB22, or a cocktail of both, could be an effective post-exposure treatment for 

patients infected with ANDV-induced HCPS.

INTRODUCTION

Andes hantavirus (ANDV) is the primary etiological agent of hantavirus cardiopulmonary 

syndrome (HCPS) in South America with up to 40% case-fatality rate. ANDV is 

transmitted to humans via aerosolization of excrement from the rodent vector, Oligoryzomys 
longicaudatus (1, 2). In contrast to other hantaviruses, ANDV is the only hantavirus to be 

associated with human-to-human transmission (3). Currently, there is no U.S. Food and 

Drug Administration–approved therapeutic or vaccine to treat or prevent ANDV infections. 

ANDV represents a significant public health threat, particularly in South America where 

several countries annually report a high relative incidence of hantavirus-induced HCPS (4–

6). Because of their capacity to spread via aerosol, their manipulation requires a biosafety 

level 3 (BSL3) and BSL4 laboratories.

Hantaviruses are negative-sense RNA viruses belonging to the order Bunyavirales, family 

Hantaviridae (7). These viruses contain a tri-segmented genome, which encodes for 

nucleocapsid protein (N), two viral glycoproteins (GPs) (Gn and Gc), and the viral RNA 

polymerase (RdRp) (2). Virion assembly may occur primarily on internal membranes; 

however, it has been suggested that New World hantaviruses such as ANDV may assemble 

and mature at the plasma membrane (8). The natural hosts for these viruses are small 

mammals (e.g., mice, moles, voles, and bats); however, transmission to humans most 

commonly occurs via rodent-to-human transmission (2, 9). In rodent reservoirs, infection 

persists despite neutralizing host immune responses against the virus (10). Infection 

in rodents is predominantly asymptomatic, whereas in humans infection causes severe 

pathology.

In humans, HCPS involves fever, headache, and gastrointestinal symptoms anywhere from 

7 to 14 days after aerosol exposure to the virus (11). This is followed by a 2- to 7-day 

period characterized by hypotension, pulmonary edema/failure, cardiac shock, and death in 

a significant number of patients (12). Currently, no specific treatment has been shown to 

be effective for HCPS; however, extracorporeal membrane oxygenation has been used in 

intensive care unit, improving outcomes (13). Although no curative treatment exists, studies 

in humans have examined the potential of methylprednisolone (14) and ribavirin (15) to 

treat HCPS; however, no beneficial effect on disease severity, viral load, or mortality was 

observed (14, 15).

Despite these setbacks, the potential for a treatment is promising, because there are several 

lines of evidence indicating that neutralizing antibodies (nAbs) can inhibit HCPS in vivo. 
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In small animal models, specific DNA vaccines and passive transfusion of polyclonal serum 

from rabbit, duck, and human protected animals from HCPS (16–18). In HCPS patients, 

abundant hantavirus-specific immunoglobulin G (IgG) early in disease is a predictor for 

survival (19). High titers of hantavirus-specific IgG have been observed in convalescent 

patients (20), and higher nAb titers are associated with milder disease outcomes (21), 

both suggesting a strong correlation between hantavirus-specific IgG titers and disease 

outcome. Furthermore, convalescent immune plasma from HCPS survivors passively infused 

into acute HCPS patients reduces fatality rates (22). These data suggest an important and 

practical role for Abs in controlling hantavirus infection in vivo.

Here, we set out to exploit the potential for nAbs to be used as therapeutic agents to treat 

hantavirus-induced HCPS. Toward this aim, we recruited 27 ANDV convalescent HCPS 

survivors from several outbreaks that occurred in southern Chile and quantified their serum 

capacity to bind and neutralize ANDV pseudovirions; several hantavirus-specific memory 

B cell clones were isolated and used to produce IgG using recombinant DNA technology. 

Two monoclonal Ab (mAb) candidates, JL16 and MIB22, were selected on the basis of their 

ability to bind and neutralize ANDV in vitro, and we examined their capacity to protect 

against a lethal ANDV challenge in the Syrian hamster model of ANDV-induced HCPS.

RESULTS

Selection of nAb donors from HCPS survivors

To determine whether sera from survivors retain circulating Abs against ANDV-GP, we 

developed a cell-based assay to quantify ANDV-GP–specific IgG binding. 293T cells were 

transfected with an ANDV-GP construct to express the GP on their surface. These ANDV-

GP-293T cells were then incubated with sera from each of 27 ANDV convalescent or 5 

healthy donors (negative control), and binding was determined by flow cytometry using 

a fluorescent secondary anti-human IgG Ab. To obtain a more accurate measurement of 

ANDV-GP–specific Ab binding, we used an Ab binding index measurement (23), which is a 

cumulative measure of the frequency (%) and density of antigen binding [mean fluorescence 

intensity (MFI)] (Fig. 1A). We observed no specific binding to ANDV-GP using healthy 

donor sera (C1 to C5) while observing a range of IgG-mediated binding to ANDV-GP 

using the ANDV convalescent sera (Fig. 1A). We observed between 2.4- and 116-fold of 

IgG binding above the negative control with a mean binding index of 23.33 ± 3.002 for 

convalescent sera versus a mean binding index of 0.3936 ± 0.04565 for healthy control sera 

(P = 0.0029). Subjects with a binding index greater than 70-fold of the negative controls and 

3-fold above the mean binding index for patient sera were designated as high binders (P8, 

P10, P13, P16, P17, P19, and P26).

Next, we examined the ANDV neutralization activity of the serum samples. To accomplish 

this, we used a BSL2 neutralization assay, in which ANDV-GP pseudotyped virus (pv) 

particles were used to infect target cells expressing the putative receptor β3 integrin 

(HEK293-IB3 cells) (fig. S1A) and assess IgG-mediated neutralization (24, 25). To facilitate 

the rapid readout of infection, cells produce green fluorescent protein (GFP) upon productive 

infection (fig. S1A). Because the GP mediates ANDV attachment and entry, it represents 

the major target of effective nAb responses. For the neutralization assays, virus particles 
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pseudotyped with ANDV-GP (ANDV pv) were incubated with subject serum samples 

that were serially diluted from 1:50 to 1:20,000. Representative dot plots are shown (Fig. 

1B). As a nonspecific control for serum inhibition, vesicular stomatitis virus glycoprotein 

(VSV-G) pvs were also used to infect target cells in the presence of convalescent sera at 

the same dilutions as above. We observed no inhibition of VSV-G pv infections in the 

presence of any concentration of all subject sera tested (fig. S1B). To compare the efficiency 

of neutralization between sera, the 50% infection inhibition concentrations (IC50) were 

calculated by using HEK293-IB3 cells infected in the absence of any Abs as 100% infection. 

Convalescent sera displayed a wide range of neutralization activity, with 3.6- to 36.8-fold 

IC50 above negative control sera (fig. S1C).

To stratify neutralization data, we grouped serum samples into low (<5-fold), medium (5- 

to 25-fold), and high (>25-fold) neutralization activity (Fig. 1C). Most convalescent subjects 

(n = 18) displayed moderate neutralization activity, with four patients exhibiting low 

neutralization activity (Fig. 1D). However, five subjects displayed very potent IgG-mediated 

neutralizing activity, which were selected as the top neutralizers (P10, P19, P23, P25, and 

P26). These results indicate serological memory against ANDV-GP, even up to 14 years after 

infection, and are consistent with published reports showing the presence of nAbs in ANDV 

survival patients, with widely varying titers (19, 26).

Isolation of ANDV-GP–specific memory B cells and cloning of mAbs

Several groups have demonstrated that isolation of pathogen-specific B cell clones from 

the blood of patients who display potent pathogen-specific binding and neutralization 

is an efficient method for generating nAbs against infectious diseases (27). Among our 

cohort, P10 displayed a high binding index, which was 87-fold above the negative control 

background (Fig. 1A), and a high neutralization capacity that was 30-fold higher than the 

negative control (Fig. 1D). Therefore, PBMCs from this patient were used to isolate ANDV-

GP binding memory B cells, amplify IgG variable regions, and screen recombinant IgG for 

binding and neutralization activity against ANDV (Fig. 2A). Briefly, total cryopreserved 

peripheral blood mononuclear cells (PBMCs) were incubated with a cocktail of Abs 

including anti-CD19, anti-CD27, and anti-IgM and a fluorescent ANDV-GP bait scaffold 

(fig. S2). Then, we sorted CD19+/CD27+/IgM−/bait+ cells using a standardized protocol (28, 

29). The binding specificity for ANDV-GP was confirmed using a nonrelated fluorescent 

envelope as control bait (Fig. 2A and fig. S2).

The frequency of memory B cells expressing IgG reactive to ANDV-GP (bait) was 4.99% 

for cells from P10 (Fig. 2A). A total of 400 ANDV-GP IgG+ cells were single cell sorted, 

and complementary DNA (cDNA) was generated by two-step reverse transcription using 

random primers. The variable heavy and light chain domains were then amplified by nested 

polymerase chain reaction (PCR), and the resulting products were purified and sequenced 

(Fig. 2A) (29, 30). Only Abs with recovery of both heavy and light chains were analyzed 

further.

Sequencing analysis of 40 light and heavy Ig chain paired Abs revealed sequence 

heterogeneity across the cloned IgGs, with 70 to 99% germline identity for heavy chains 

and 86 to 98% germline identity for light chains (Fig. 2B). Analyzing the IGHV gene usage, 
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IGHV1–69 and IGHV3–23 were the most frequent. With respect to light chains, IGK1 and 

IGL2 usage was more represented. Analysis showed that the Abs were not clonally related.

Using specific adaptors, we cloned the variable IgG (IgGV) region in frame with a backbone 

vector containing the human IgG1 constant (IgGC) region. The vectors were used to 

transfect 293T cells to produce full-length Ig. Two mAb clones, JL16 and MIB22, highly 

bound to ANDV-GP and were selected for further characterization.

Sequence analysis revealed that JL16 Ab displayed 91.12% of germline identity for heavy 

chain and 95.45% of germline identity for light chain. The JL16 IgG heavy chain was 

identified as belonging to the IGHV3–74 family, with a closest V gene match to HV3–
74*03, a closest D gene match to HD3–3*02, and a J gene match closest to J3*01. The JL16 

IgG light chain was identified as belonging to the IGV1–40, with a V gene match closest to 

LV1–40*01 and a closest J gene match to LJ2*01 (Fig. 2B).

Conversely, MIB22 Ab displayed 86.5% of germline identity for heavy chain and 92.53% of 

germline identity for light chain. The MIB22 IgG heavy chain was identified as belonging 

to the IGVH1–69 family, with a top V gene match of HV1–69*13, a top D gene match of 

HD3–10*02, and a top J gene match of J5*02. The MIB22 IgG light chain was identified as 

belonging to the IGV2–14, with a top V gene match of LV2–14*03 and a top J gene match 

of LJ1*01 (Fig. 2B).

In vitro characterization of JL16 and MIB22 human mAbs

Next, JL16 and MIB22 were examined for their ability to neutralize ANDV. ANDV pvs 

were preincubated with different dilutions of purified IgG (0.001 to 100 μg/ml). As a 

positive control, polyclonal IgG from P10 was used, and isotype monoclonal IgG was 

used as a negative control. The MIB22 Ab had 32-fold higher neutralization capacity, as 

compared to JL16 Ab, with an IC50 of 0.205 versus 6.60 μg/ml, respectively (Fig. 3A). In 

the ANDV pv neutralization assay, mAb MIB22 displayed a 67-fold higher neutralization 

capacity, as compared to polyclonal IgG from P10, the patient from which MIB22 and JL16 

were isolated. To test the ability of these two mAbs to neutralize live ANDV, we performed a 

focus reduction neutralization test (FRNT80). The MIB22 and JL16 showed FRNT80 of 0.14 

versus 15.35 μg/ml, respectively, where the isotype control showed no protection (Fig. 3B). 

Together, these data strongly suggest that MIB22 and JL16 block viral entry and neutralize 

infectivity.

Because both JL16 and MIB22 displayed higher neutralization activity than the sera from 

which it was isolated, we compared the amount of Ab binding of these two mAbs versus 

P10 polyclonal IgG. 293T cells were transfected with an ANDV-GP or a VSV-G expression 

construct as a nonspecific viral envelope control. Mock-transfected cells were also used 

as negative control cells. Forty-eight hours after transfection, the cells were incubated 

with different concentrations (1 to 15 μg/ml) of JL16 or MIB22 or polyclonal IgG from 

P10 or an ANDV naïve donor (C4; negative control), and Ab binding was measured by 

flow cytometry. We observed that P10 polyclonal IgG, JL16, and MIB22 bound to cells 

expressing ANDV at all Ab concentrations used. In contrast, IgG isolated from the ANDV 

naïve donor did not bind to cells transfected with ANDV-GP or the control transfected 
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cells (fig. S3A and Fig. 3C). The 50% binding to ANDV-GP–expressing cells was at log 

0.2878 for JL16 (1.94 μg/ml), 0.5292 for MIB22 (3.38 μg/ml), and 0.5456 for P10 IgG 

(3.51 μg/ml). At Ab concentrations of 10 μg/ml or higher, we observe similar binding of 

all ANDV-specific Abs (Fig. 3C). No Ab binding to VSV-G or mock-transfected cells was 

observed, demonstrating that binding was ANDV-GP dependent.

Next, we wanted to examine the relative affinity of these mAbs in comparison to P10 

polyclonal IgG. For this, we measured the dissociation rate of each Ab using a flow 

cytometry–based method (31). In this experiment, 293T cells expressing ANDV-GP were 

first incubated with a saturating amount of IgG and then incubated at 37°C for various time 

periods (fig. S3B). Surprisingly, JL16 dissociated at much slower rate than both MIB22 and 

P10 polyclonal IgG. The proportion of bound JL16 after 120 min of incubation was 80% of 

saturating levels, representing a significantly higher proportion (P = 0.001), as compared to 

MIB22 and P10 IgG, which displayed 54% and 68% of saturating levels, respectively (Fig. 

3D). In contrast, the proportion of background binding with negative control IgG showed 

little change over time. Together, these results suggest that JL16 has a higher relative affinity 

than MIB22.

Then, we examined the potential for combination therapy evaluating antagonistic binding to 

ANDV-GP. Using mAbs conjugated with quantum dots (Qdots), we performed a competitive 

binding assay on ANDV-GP-293T cells. The results showed that the JL16–Qdot-800 signal 

increased in a concentration-dependent manner, independent on the presence of saturating 

concentration of MIB22–Qdot-655. Similarly, MIB22–Qdot-655 signal increased despite the 

presence of JL16–Qdot-800 at saturating concentrations. Thus, each Ab bound to ANDV-GP 

despite the presence of the other (fig. S4), suggesting that they recognize different regions of 

ANDV-GP and therefore could be used as combination immunotherapy.

We next examined the ability of JL16 and MIB22 to detect ANDV pv particles by enzyme-

linked immunosorbent assay (ELISA). We incubated ANDV pv with various concentrations 

of JL16, MIB22, P10 polyclonal IgG, or an isotype control IgG (10 to 0.001 μg/ml). In 

line with the cell-based binding and relative Ab affinity results, JL16 displayed higher levels 

of ANDV particle detection at lower Ab concentrations, with a 2.8-fold higher level of 

Ab binding at 0.1 μg/ml, as compared to P10 polyclonal IgG, and a 1.6-fold difference as 

compared to MIB22. The isotype negative control did not bind (Fig. 3E). To confirm the 

specific binding to ANDV-GP expressed on the cell surface, we examined ANDV-GP by 

confocal microscopy. We observed specific surface staining (Fig. 3F), demonstrating that the 

Ab could be used not only for flow cytometry but also in imaging assays.

In vivo protective efficacy of JL16 and MIB22 human mAbs against lethal ANDV challenge

The potent in vitro neutralization capacity, coupled with mAb recognition of cell- and virus 

particle–associated forms of ANDV-GPs, suggests that JL16 and MIB22 might mediate in 

vivo protection from ANDV-induced mortality. To test the post-exposure efficacy of JL16 

and MIB22 in vivo, we used the Syrian hamster model of ANDV disease. Upon productive 

infection, this model recapitulates many of the hallmarks of human ANDV–induced HCPS, 

including lethargy and pulmonary edema, and is nearly uniformly lethal (32–34).
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Four groups of six hamsters were challenged with 200 focus-forming units (FFUs) of ANDV 

and treated with either isotype control IgG (50 mg/kg), JL16 (50 mg/kg), MIB22 (50 mg/

kg), or a combination of the two (25 mg/kg each) at 3 and 8 days post-infection (DPI) (Fig. 

4A). All the hamsters given the control IgG succumbed to ANDV infection within 15 days 

after challenge (range, 10 to 15 days). No overt signs of disease were observed in any of the 

treatment groups.

At 36 days after challenge, all surviving animals were considered to be convalescent and 

euthanized. To confirm infection, we performed an ANDV N-specific ELISA, and all 

euthanized animals had serum anti-N titers ≥12,800 (Fig. 4B). We next assessed the levels 

of residual ANDV in the lungs of the convalescent animals by quantifying the S-segment 

RNA using sensitive quantitative reverse transcription PCR (qRT-PCR). Low copy numbers 

of S-segment ANDV RNA were detected in three of six hamsters in each group that received 

either MIB22 or was given the cocktail therapy. The animals treated with JL16 showed no 

detectable ANDV RNA (Fig. 4C). The results of this experiment demonstrated that both 

MIB22 and JL16 are able to protect against lethal ANDV challenge, with JL16 treatment 

being potentially superior over MIB22 treatment.

DISCUSSION

Although HCPS cases reported annually are scarce, the number of cases is steadily on the 

rise, with the highest increases in South America. During 2017, the number of reported 

HCPS cases in Chile alone rose 76% above the previous year, representing a 63% rise 

over the 5-year trailing median (35). These increases are causing concern among many 

South American countries, because case-fatality rates remain high and no vaccine or specific 

treatment is available. Thus, any large outbreaks could simultaneously threaten public health 

and cripple several key economic drivers, such as agriculture, forestry, and tourism (36).

Recent clinical trial in humans has shown the potential of using convalescent plasma 

infusions to decrease mortality of HCPS (22). This supports the concept that neutralizing 

Abs generated from ANDV convalescent patients could serve as an effective treatment for 

HCPS. Therefore, we screened a cohort of hantavirus convalescent patient sera, to identify 

patients with high ANDV-GP recognition and potent neutralization activity, to develop an 

effective mAb-based treatment for HCPS.

Although the characterization of HCPS Ab responses has focused on anti-N Abs as valuable 

diagnostic tools (21, 37), anti-GP responses have been significantly associated with survival 

in HCPS patients (19, 22). The hantavirus GP represents the viral antigen expressed on 

the surface of viral particles, thereby representing the dominant target for neutralizing Ab 

responses. Here, we examined the capacity of convalescent patient Abs to recognize a cell 

surface–expressed form of the ANDV-GP. This assay quantifies the Abs that bind exposed 

epitopes on the native quaternary ANDV-GP structure, which likely represent the Abs that 

recognize free virus in vivo. Similar techniques have been previously used to characterize 

the functionality of anti-HIV Abs (23, 38). Therefore, here, we isolated and selected two 

mAbs, which showed simultaneously having high binding and neutralizing activity against 

ANDV.
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Examining the in vitro neutralization activity, we observed that both JL16 and MIB22 

neutralized ANDV pv more potently than P10 IgG, which indicates that our system is able 

to isolate mAbs with high affinity for native antigens. Moreover, the results obtained from 

the FRNT assay using live ANDV are in line with those obtained from the pv neutralization 

assay, which indicates the suitability of this assay as a tool for a rapid Ab screening.

Limitations of this study such as epitope mapping and therapeutic window of mAbs were 

not addressed. In addition, issues in producing soluble recombinant ANDV-GP prevented 

the obtaining of accurate affinity measurements for mAbs. To overcome that, in a cell-based 

assay (33), we observed that JL16 had a higher degree of ANDV-GP recognition and relative 

affinity, compared to both MIB22 and P10 IgG. These data demonstrate that although JL16 

has a lower in vitro neutralization capacity, as compared to MIB22, it still has a higher 

affinity for ANDV-GP binding.

Because our results suggest that both mAbs bind different regions of the GP, we could 

potentially use them together in a therapeutic cocktail, because one of the limitations of 

single mAb therapy is the emergence of Ab escape variant and breakthrough (39). The use 

of two or more mAbs that recognize different epitopes should reduce the chances of escape 

mutant variants.

Using a well-characterized model of ANDV infection (17, 32, 40), we observed that 

JL16 and MIB22 yielded 100% protection from a lethal challenge with ANDV. Previous 

studies in this model demonstrated that at 3 days after challenge, productive infection is 

already established (40, 41). When we examined the euthanized animals for evidence of 

infection, all animals had seroconverted, confirming that infection was established before 

mAb administration. This suggests that inhibition of HCPS-induced mortality by JL16 and 

MIB22 was not attributable to neutralization of the initial inoculum alone. Most likely, 

protection is a result of neutralizing progeny virus and inhibiting infection of naïve cells. 

We also examined viral copy number in the lungs of euthanized animals, the major site 

of viral replication and disease pathogenesis (40). We observed that 50% of MIB22- and 

cocktail-treated group had low levels of detectable viral RNA, which is not surprising 

because viral RNAs have previously been shown to persist in tissue for several weeks after 

infectious virus is undetectable (42). However, we observed no detectable viral RNA in 

JL16-treated group, suggesting that JL16 was able to completely clear virus and viral RNA 

within this compartment despite having lower neutralization activity in vitro. Other antiviral 

mechanisms mediated by Abs could be in place, such as Ab-dependent cell-mediated 

cytotoxicity or complement-mediated virolysis (27).

Various attempts have been made to examine the potential of antiviral drugs to inhibit 

hantavirus infection, which include ribavirin and corticosteroids (14, 15). Unfortunately, 

these studies have failed to show any therapeutic efficacy. However, Hooper and colleagues 

(39) have recently demonstrated that polyclonal sera obtained from transgenic bovines DNA 

vaccinated against ANDV and SNV were able to partially protect hamsters from HCPS. 

Although promising as a potential vaccine, several barriers exist in using this type of 

polyclonal IgG product as a therapeutic agent, such as the risk of pathogen contamination 

from the source animals, the high costs associated with manufacturing and production, 
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and the potential for batch-to-batch variability (27). Another disadvantage associated with 

polyclonal Ab products is that the vast majority of their Abs are non-neutralizing (27). In 

contrast, human recombinant Abs isolated from subjects who have survived infection have 

the advantage of being effective and naturally optimized (43). Moreo ver, the advances in 

recombinant Ab technology and mAb production have improved yield and reduced cost, and 

new methods of mAb manufacturing have benefits such as purity, safety, and cost.

Ab therapy is a promising solution for New World hantavirus infections, as antivirals have 

not shown efficacy so far. Vaccines are unlikely to be broadly used because of the low case 

numbers and the difficulty associated with vaccinating the at-risk population and the huge 

cost. Certainly, Ab therapy not only could improve patient outcome but also has the potential 

to play an important role in prophylaxis for persons at high risk of infection (44).

MATERIALS AND METHODS

Study design

The study was conducted to identify, isolate, and characterize human mAbs specific against 

ANDV-GP, with the potential to neutralize ANDV infection and prevent HCPS. Twenty-

seven ANDV survival subjects were recruited, and serum ANDV-GP–specific binding and 

neutralization were assessed, allowing the identification of high binding and neutralizing 

subjects. ANDV-GP–specific memory B cells from one of these subjects were isolated by 

cell sorting, and paired IGHV/IGLV was cloned into a human IgG1 and sequenced. mAbs 

were expressed and characterized in vitro. Last, mAb efficacies were evaluated in the Syrian 

hamster model of lethal HCPS. Primary data are located in table S1.

Human subjects

Human samples were collected after signed informed consent in accordance with approval 

of Institutional Review Board protocols (Ministry of Health, Valdivia Health Service, 

protocol number 456). Convalescent subjects corresponded to patients surviving a previous 

episode of HCPS (Hospitals from Valdivia and Puerto Montt cities) (n = 27), greater than 1 

year after diagnostic confirmed by the Chilean Institute of Public Health (Instituto de Salud 

Publica). Healthy controls were subjects with no history of HCPS. Samples were processed 

as previously described (45).

Ethical statement

All work with ANDV-infected hamsters and potentially infectious animal material was 

conducted in the BSL4 facility at Rocky Mountain Laboratories (RML), Division of 

Intramural Research, National Institute of Allergy and Infectious Diseases, National 

Institutes of Health (NIH). Sample removal from high containment after inactivation was 

performed according to standard operating protocols approved by the Institutional Biosafety 

Committee. All animal experiments were approved by the RML Animal Care and Use 

Committee (protocol number 2017–053-E).
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Pseudovirus particle generation

Viral particles pseudotyped with ANDV-GP (Chile-9717869) (ANDV pv) or VSV-G (VSV-

G pv) envelope were prepared by transfecting 293T cells with the respective envelope 

construct, the transfer vector pHR SIN CSGW, and the packing vector psPAX2 with 

the calcium phosphate transfection method (46). Sixteen hours after transfection, the 

medium was replaced with Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% cosmic calf serum (CCS), L-glutamine, and antibiotics. Collection of the 

ANDV pseudovirion containing suspensions was made at 72 hours after transfection. The 

suspensions were filtered through a 0.45-μm filter, seeded on a 20% sucrose cushion, and 

ultracentrifuged at 145,000g. Last, the pseudovirion pellet was diluted in phosphate-buffered 

saline (PBS) and normalized using an HIV core p24 ELISA (Sino Biological). Aliquots 

were stored at −80°C for later use.

Identification and isolation of ANDV-GP–specific human B cells

PBMCs were isolated by Ficoll density gradient separation (Histopaque, Sigma-Aldrich) 

and stored in liquid nitrogen. To isolate antigen-specific B cells from the samples with 

ANDV-GP binding and high neutralization activity, PBMCs were rested overnight and 

ANDV-specific memory B cells were labeled using anti-CD19–peridinin chlorophyll protein 

(PerCP)–Vio700, anti-CD27–phycoerythrin (PE), and anti-IgM–allophycocyanin (APC) 

(Miltenyi Biotec) anti-human Abs and a fluorescent bait for ANDV-GP and isolated by 

cell sorting (BD FACSAria II) into single-cell wells.

Human mAb cloning, expression, and sequence analysis

Human Ab clones were generated by amplifying Ig genes from individually sorted B cells. 

Briefly, RNA from single cells was reverse transcribed, and the cDNA was used to amplify 

IgH, Igλ, or Igκ transcripts by two rounds of PCR (29, 30). All PCR products were purified, 

sequenced, and analyzed by IgBLAST/IMGT-V-Quest against the NCBI (National Center 

for Biotechnology Information, NIH) and the IMGT (The International Immunogenetics 

Information System) human variable gene databanks. Once analyzed, gene-specific primers 

containing restriction enzyme sites were used to amplify IgH, Igk, and Igl genes for cloning. 

Digested IgH, Igκ, and Igλ PCR products were purified and directly cloned into pFUSEss-

CHIg or pFUSEss-CLIg expression vectors (InvivoGen). These expression constructs enable 

the expression of full-length human constant regions from IgG1, Igk, or Igλ. Briefly, PCR 

products were flanked with different restriction sites and ligated using a T4 DNA ligase 

(New England Biolabs) before transformation into Escherichia coli (DH5α) (Invitrogen). To 

verify the insertion, colony PCR and sequencing were performed. The positive clones were 

validated through sequencing and compared to the original PCR sequences. Other molecular 

features of the heavy and light variable genes such as junctional diversity and length, as well 

as somatic hypermutation rates and complementarity-determining regions, were determined.

Production and purification of human mAbs

293T cells were cultured in Pro293 CD serum-free medium, with Pluronic, without L-

glutamine and phenol red (Lonza). Once confluent, 293T cells were cotransfected with 

6 μg of IgH and IgL chain encoding plasmid DNA (pFUSEss-C HIg or pFUSEss-CLIg) 
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with calcium phosphate. Transfection supernatants were collected 5 days after transfection 

and purified with protein A/G Sepharose (GE Healthcare). Purity was checked by SDS–

polyacrylamide gel electrophoresis.

Binding and screening of anti–GP-ANDV human Ab

Human Abs were screened using a flow cytometry–based binding assay. Briefly, 293T cells 

expressing surface GPs from ANDV were used to assess the binding of sera from HCPS 

convalescent or healthy subjects (1:1000 dilution), supernatants from transfected cloned 

Abs (1:500 dilution), or concentrations of purified human polyclonal IgG or mAbs (0 to 

15 μg/ml). Human sera, supernatants, or purified IgGs were incubated at 4°C for 1 hour 

followed by washes and staining with Alexa Fluor 488 anti-human IgG Ab at 4°C for 1 hour 

(1:2000; Jackson ImmunoResearch). Binding was analyzed by flow cytometry or confocal 

microscopy. The binding index was calculated by multiplying the percent of Alexa Fluor 

488–positive cell by the MFI ratio, and the MFI ratio was calculated by dividing the MFI 

of the sample divided by the average MFI of negative controls. Polyclonal IgG was isolated 

from sera using the NAb Protein A/G Spin Kit and desalted using Zeba spin desalting 

columns according to the manufacturer’s protocol (Thermo Fisher Scientific). ANDV-GPC 

(Chile-9717869) was gene synthesized (Genewiz).

Neutralization assay

Heat-inactivated human sera obtained from 27 convalescent subjects and 5 healthy controls 

were analyzed for the presence of virus nAb by using an ANDV pv system. The 

neutralization activity was measured as a function of reduction in GFP expression in 

HEK293-IB3 cells (human embryonic kidney 293 cells stably expressing integrin β3). 

For the assay, pvs (9.25 ng/ml) were preincubated with dilutions of sera (1:50, 1:100, 

1:500, 1:1000, 1:5000, 1:10,000, and 1:20,000) from ANDV convalescent or healthy control 

subjects in quadruplicate for 1 hour at 37°C in 96-well culture plates and used to transduce 

HEK293-IB3 cells. One set of control wells received cells only, another set received ANDV 

pv, and another set received VSV-G pv as an unrelated envelope control. After 16 hours of 

incubation, the virus was replaced with DMEM supplemented with 10% CCS, L-glutamine, 

and antibiotics. After 72 additional hours, cells were trypsinized and resuspended in 0.5% 

paraformaldehyde (PFA) in PBS. Cells were analyzed for GFP expression by flow cytometry 

(BD LSRFortessa X-20). The data were quantified using FlowJo software (Tree Star Inc.). 

The percent of virus neutralization was determined by calculating the normalized percent 

reduction in the number of GFP-positive cells compared to control wells receiving only 

ANDV pv without sera.

Focus reduction neutralization test

JL16, MIB22, or isotype control Abs (0.1, 0.5, 2.5, 12.5, and 62.5 μg/ml) were mixed 

with equal volumes of 168 FFUs of ANDV (Chile-9717869) for 1 hour at 37°C and then 

added to Vero E6 cells in 24-well culture plates for 1 hour at 37°C. After adsorption, cells 

were washed with PBS and overlaid with medium containing 1.2% methylcellulose for 

7 days. After methylcellulose removal, cells were fixed with methanol containing 0.5% 

hydrogen peroxide. Viral antigen was visualized by incubation with rabbit anti-serum 

(1:1000) followed by incubation with peroxidase-conjugated goat anti-rabbit Igs (1:1000) 
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(Agilent) and diaminobenzidine (DAB)/metal concentrate as substrate. The neutralization 

activity of Abs was expressed as the Ab concentration that reduces the number of foci by 

80% (47).

Measuring off-rate dissociation of mAbs

The Ab dissociation was measured according to the protocol of Geuijen et al. (31). 293T 

cells expressing ANDV-GP were incubated with saturating concentrations of Ab [MIB22, 

JL16, IgG P10, and IgG C4 (15 μg/ml each)] for 10 min on ice. Cells were then washed 

with cold PBS and incubated at 37°C for different periods of time (1 to 120 min). Then, cells 

were washed with cold PBS and stained with an Alexa Fluor 488–conjugated secondary 

anti-human IgG Ab. Last, cells were washed with cold PBS and resuspended on 0.5% PFA 

in PBS. The cell-associated Ab was analyzed by measuring the percent cell binding obtained 

a t = 0 that was set at 100%, and the subsequent time points were calculated as a percentage 

of this value.

Binding competition assay

mAb MIB22 was conjugated with SiteClick Qdot 655 Antibody Labeling Kit (Life 

Technologies), and mAb JL16 was conjugated with SiteClick Qdot 800 Antibody Labeling 

Kit (Life Technologies), according to the manufacturer’s protocol. For the binding 

competition assay, 293T cells expressing ANDV-GP (ANDV-GP-293T) were incubated with 

MIB22–Qdot 655 (20 μg/ml) following the incubation of JL16–Qdot 800 from 0 to 16 

μg/ml. We also incubated ANDV-GP-293T cells with JL16–Qdot 800 (20 μg/ml) following 

the staining of MIB22–Qdot 650 from 0 to 16 μg/ml. Cells were washed between the 

staining and incubated at 4°C. Last, cells were resuspended on 0.5% PFA in PBS and 

analyzed by flow cytometry. As control of binding of conjugated mAbs, ANDV-GP-293T 

cells were stained with the conjugated Abs MIB22–Qdot 655 and JL16–Qdot 800 from 0 to 

16 μg/ml at 4°C, resuspended on 0.5% PFA in PBS, and analyzed by flow cytometry.

Virus inoculation and treatment with Abs

Twenty-four female Syrian hamsters (Mesocricetus auratus) (Harlan Laboratories), 5 to 6 

weeks of age, were intranasally inoculated with 200 FFUs of ANDV (Chile-9717869), 

diluted in 100 μl of sterile medium [DMEM–2.5% heat-inactivated fetal bovine serum 

supplemented with 2 mM glutamine, streptomycin (50 μg/ml), and penicillin (50 U/ml)]. Six 

hamsters were injected intraperitoneally at 3 and 8 DPI with either isotype control Ab (50 

mg/kg), JL16 (50 mg/kg), MIB22 (50 mg/kg), or a cocktail of JL16 and MIB22 (25 mg/kg 

each). Hamsters were monitored daily for disease signs. Survivors were euthanized at 36 

DPI, and sera and lung were collected for analysis.

Detection of ANDV loads by qRT-PCR

Lung samples were excised and placed into a 2-ml tube containing 500 μl of sterile 

DMEM and a stainless steel bead. Tissues were homogenized (10 min, 30 Hz) using a 

TissueLyser (Qiagen). Tubes were then centrifuged for 5 min at 8000g, and 140 μl was 

used for RNA extraction using the RNeasy Mini Kit (Qiagen). qRT-PCR was performed 

using the Rotor-Gene RG-6000 instrument (Qiagen) and QuantiFast Probe RT-PCR kit 
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(Qiagen), as previously described (48). Samples were compared to a standard curve using in 

vitro transcribed ANDV RNA fragment of known S-segment copy number. Total RNA was 

quantified using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific).

Enzyme-linked immunosorbent assay

To detect reactivity of mAbs to ANDV pv, 96-well Costar plates (Corning) were coated 

overnight at 4°C with ANDV pv (10 ng per well). The plates were washed with PBS–

0.05% Tween 20 (PBS-T) and then blocked at 37°C for 1 hour with 2% bovine serum 

albumin in PBS-T. Samples were 10-fold diluted in PBS-T starting at an Ab or purified 

IgG concentration of 10 μg/ml and incubated at 37°C for 1 hour. After washes, plates were 

incubated at 37°C for 1 hour with a 1:5000 dilution in PBS of peroxidase-labeled goat anti-

human IgG (H+L) Ab (Jackson ImmunoResearch). Plates were washed and developed with 

TMB (3,3′,5,5′-tetramethylbenzidine) substrate (eBioscience) and spectrophotometrically 

measured at 450 nm on a Victor3 plate reader (PerkinElmer).

To detect N-specific Abs, 96-well Nunc MaxiSorp plates (Thermo Fisher Scientific Inc.) 

were coated overnight at 4°C with recombinant ANDV N antigen (2 μg/ml) in PBS (41). 

The plates were washed with PBS-T and then blocked at room temperature for 1 hour 

with 5% milk in PBS-T. Serum samples were twofold serially diluted in PBS, starting 

at a 1:100 dilution, and incubated at room temperature for 1 hour. After another wash, 

plates were incubated at room temperature for 1 hour with a 1:2000 dilution in PBS 

of peroxidase-labeled goat anti-hamster IgG (H+L) Ab (SeraCare Life Sciences). After 

washing, the plate was incubated for 15 min with 2,2′-azino-di(3-ethylbenzthiazoline-6-

sulfonate) (ABTS) two-component peroxidase substrate kit (SeraCare Life Sciences) 

following the manufacturer’s instructions. Plates were spectrophotometrically measured 

at 405 nm on a Synergy HTX plate reader (BioTek Instruments). Positive wells were 

determined by an optical density >3 SDs above the same dilution of ANDV-negative control 

hamster sera.

Statistical analysis

The IC50 (reciprocal of the sera dilution that causes 50% reduction in viral infectivity) 

and the inhibition curve slopes were calculated by fitting pooled data from four 

independent experiments to sigmoid dose response curves (variable slope). The FRNT80 

(the concentration of Ab that causes an 80% reduction in the number of focus units) and 

the inhibition curve slopes were calculated by fitting pooled data from an experiment (three 

replicates) to sigmoid dose response curves. The 50% binding in the cell-based assay was 

calculated using nonlinear fit of transformed data. Survival analysis was determined by 

Mantel-Cox test. P values of less than 0.05 were considered significant. The data were 

graphed using GraphPad Prism 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Screening of sera reactive to ANDV-GP for mAb donor identification.
Binding and neutralization assays were performed with 27 ANDV convalescent sera. 

(A) Binding index analysis of ANDV-GP IgG sera using a cell-based assay. 293T 

cells expressing ANDV-GP were incubated with a 1:1000 dilution of sera from ANDV 

convalescent or healthy subjects followed by detection of total IgG by flow cytometry 

analysis (n = 1). (B) Representative ANDV pv neutralization assay is shown, and ANDV-GP 

pvs were incubated with sera from ANDV convalescent subject at different dilutions (1:50 to 

1:20,000) and used to infect HEK293-IB3 cells. Upon productive infection, pseudoparticles 
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produce GFP (n = 4). (C) Representative neutralization curves of ANDV convalescent sera 

with high, medium, and low neutralization activities and a healthy control (C2). The y 
axis displays the percent pseudovirus neutralization, and the x axis displays the reciprocal 

of the dilution (log) (n = 4; representative experiment is shown). (D) IC50 for 27 ANDV 

convalescent subjects and 5 healthy controls (n = 4). The y axis displays the reciprocal of 

the concentration. Error bars represent the SD of the mean. P1 to P27, ANDV convalescent 

subjects; C1 to C5, healthy control subjects.
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Fig. 2. Experimental flow chart for identification and isolation of human mAbs against ANDV-
GP.
(A) PBMCs isolated from one HCPS convalescent subject (P10) were used for sorting of 

ANDV-specific memory cells, and IGVH and IGVL were cloned in an IgG1 backbone 

vector. Selected mAb clones were recombinantly produced and purified, followed by 

characterization of binding and in vitro neutralization. FITC, fluorescein isothiocyanate. 

(B) List of IgG variable gene sequences analyzed using I-Blast and IMGT database shows 

the information for each Ab heavy and light variable chain.
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Fig. 3. In vitro characterization of human mAbs.
(A) Neutralization assay. HEK293-IB3 cells infected with a standardized amount of ANDV-

GP pv in the presence of a 10-fold dilution titration curve of purified polyclonal IgG (P10), 

mAb MIB22, mAb JL16, or isotype control. The percent neutralization as a measure of IgG 

concentrations is shown (n = 2). (B) FRNT using live ANDV (Chile-9717869). Vero E6 cells 

were incubated with ANDV in the presence of mAbs MIB22, mAb JL16, or isotype control 

(0.1 to 62.5 μg/ml), and after 7 days, viral antigen was visualized by immunoperoxidase 

assay. The percent neutralization as a measure of Ab concentrations is shown (n = 3). (C) 
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Binding assay. ANDV-GP-293T cells, mock-transfected 293T cells, and VSV-G–transfected 

293T cells were incubated with purified IgG (1 to 15 μg/ml) from P10, a healthy donor 

(C4), or mAb JL16 or MIB22. Samples were analyzed by flow cytometry (n = 2 to 3; 

representative experiment is shown). (D) mAb off-rate determination. ANDV-GP-293T cells 

were incubated with purified polyclonal IgG (15 μg/ml) from a control donor (C4), ANDV 

convalescent patient (P10), or mAb JL16 or MIB22 at 4°C; after the indicated times at 

37°C, surface levels were detected using an Alexa Fluor 488 anti-human IgG Ab and flow 

cytometry. The percent of normalized staining with respect to time = 0 is shown (n = 3). (E) 

ELISA using ANDV-GP pv as the coating antigen and purified polyclonal IgG (P10) (0.001 

to 10 μg/ml), isotype control Ab, or mAbs JL16 and MIB22 (n = 3). OD, optical density. 

(F) Confocal imaging. Surface staining of ANDV-GP-293T cells that were incubated with 

MIB22 mAb at 1 μg/ml followed by staining with an anti-human IgG conjugated with Alexa 

Fluor 488. 4′,6-Diamidino-2-phenylindole (DAPI) nuclear staining dye was used, and cells 

were visualized using confocal microscopy (n = 4; representative experiment is shown). 

Error bars represent the SD of the mean.
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Fig. 4. Passive transfer of mAb protects against ANDV infection.
Twenty-four hamsters were inoculated intranasally with 200 FFUs of ANDV. (A) Groups of 

six hamsters were then administered MIB22, JL16, cocktail, or isotype control (50 mg/kg) 

intraperitoneally at days 3 and 8 after inoculation. Hamsters were monitored for disease. 

Survival was statistically evaluated using log-rank (Mantel-Cox) tests (P < 0.0001). (B) 

ANDV-N ELISA from sera collected from surviving hamsters on 36 DPI for evidence of 

Garrido et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2024 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ANDV infection (n = 18). (C) Animals that survived to 36 DPI were euthanized, and 

ANDV-specific S-segment RNA was quantified using qRT-PCR in the lung tissue (n = 18).
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