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A cocktail of human monoclonal 
antibodies broadly neutralizes 
North American rabies virus 
variants as a promising candidate 
for rabies post‑exposure 
prophylaxis
Monir Ejemel1,6, Todd G. Smith2,6*, Lauren Greenberg2, William C. Carson2, David Lowe2, 
Yong Yang2, Felix R. Jackson2, Clint N. Morgan2, Brock E. Martin2, Chantal Kling2, 
Christina L. Hutson2, Nadia Gallardo‑Romero2, James A. Ellison2, Susan Moore3,4, 
Adam Buzby1,5, John Sullivan‑Bolyai1, Mark Klempner1 & Yang Wang1*

Human rabies remains a globally significant public health problem. Replacement of polyclonal anti-
rabies immunoglobulin (RIG), a passive component of rabies post-exposure prophylaxis (PEP), with 
a monoclonal antibody (MAb), would eliminate the cost and availability constraints associated with 
RIG. Our team has developed and licensed a human monoclonal antibody RAB1 (Rabishield©), as the 
replacement for RIG where canine rabies is enzootic. However, for the highly diverse rabies viruses of 
North America, a cocktail containing two or more MAbs targeting different antigenic sites of the rabies 
glycoprotein should be included to ensure neutralization of all variants of the virus. In this study, two 
MAb cocktails, R172 (RAB1-RAB2) and R173 (RAB1-CR57), were identified and evaluated against a 
broad range of rabies variants from North America. R173 was found to be the most potent cocktail, 
as it neutralized all the tested North American RABV isolates and demonstrated broad coverage of 
isolates from both terrestrial and bat species. R173 could be a promising candidate as an alternative or 
replacement for RIG PEP in North America.

Rabies virus (RABV) is a zoonotic pathogen with both wild and domesticated animal reservoirs. Human infection 
with RABV leads to acute fatal illness with rapidly progressing encephalitis1. Approximately 61,000 people, mostly 
children, die worldwide from rabies each year, making human rabies a significant public health concern2. In Asia 
and Africa, dog bites account for nearly all human rabies infections3. However, in the United States, most human 
rabies cases are caused by exposure to insectivorous bats and terrestrial animals including skunks and raccoons4,5.

The mortality of rabies can be prevented by prompt administration of post-exposure prophylaxis (PEP) con-
sisting of wound care and combined passive and active immunization with rabies immune globulin (RIG) and 
the rabies vaccine respectively. With proper administration, PEP is effective at preventing disease; and human 
rabies treatment after the administration of PEP usually deviates from treatment procedures in the setting of 
severe exposures.

An estimated 36,000 courses of rabies PEP are administered each year in the US6. The cost of rabies PEP varies 
greatly in the US and around the world, with the majority of the cost coming from RIG7. RIG is produced from 
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the serum of RABV-immunized human donors (hRIG) or from hyper-immunized horses (eRIG). Worldwide 
there is a shortage of RIG, due to the expense involved in producing large quantities of a fractionated blood 
product. Administration of RIG derived from human donors or horses could also pose a potential safety threat 
due to adventitious agents.

Human monoclonal antibodies (HuMAb) against RABV glycoprotein (G) have been proposed as a replace-
ment for RIG, with several candidates already advanced to clinical stages8. Our team has developed and char-
acterized a HuMAb, RAB1, licensed as Rabishield©, as a RIG replacement for PEP in India where canine rabies 
is enzootic9,10. An analysis in India demonstrated that the glycoprotein amino acid residues required for human 
monoclonal antibody RAB1 neutralization are conserved in all RABV isolates in terrestrial animals. This suggests 
a single monoclonal antibody (MAb) is sufficient for rabies PEP in regions where nearly all rabies infections are 
caused by terrestrial isolates9,10.

The major challenge for the development of a MAb product for rabies PEP in North America is the high 
diversity of RABV variants in both terrestrial and bat isolates. There are seven RABV variants that circulate 
regionally in terrestrial mammals in the US: raccoons, north central skunks, south central skunks, Arizona gray 
foxes, California skunks, arctic foxes, and dogs-mongooses4. In Canada and Mexico, the RABV variants circulate 
in similar terrestrial reservoirs, including skunks in Canada and Mexico, gray foxes in Mexico, and red arctic 
foxes in Canada4. In addition to terrestrial reservoirs, nearly every bat species harbors one or more RABV vari-
ants with vampire bat Desmodus rotundus being the variant of concern in Mexico11. Recent human rabies cases 
in the US were predominately caused by three bat RABV variants: silver-haired bat Lasionycteris noctivagans 
(Ln), tri-colored bat Perimyotis subflavus (Ps), and Mexican free-tailed bat Tadarida brasiliensis (Tb)4.

RIG is generally available in the United States. However, to prevent potential RIG shortages and eliminate 
the theoretical risk of blood-borne transmission of serum products, MAbs are being developed as an alternative 
to RIG for rabies PEP. Based on the diversity of RABV bat variants, a cocktail of more than one MAb is likely 
required to ensure neutralization of all variants in North America12. The World Health Organization (WHO) 
has recommended that if MAbs are being considered for the prevention of rabies, then at a minimum, two 
MAbs targeting different antigenic sites of the G protein should be included the use of antibody cocktails13. A 
document was also recently published by the FDA as a guide for commercial development of such antibody 
cocktails14. For this reason, the focus of this study was to develop and characterize two MAbs recognizing differ-
ent and non-competing antigenic sites on the RABV envelope glycoprotein. Here, we developed two anti-rabies 
MAb cocktails, R172 and R173. Both cocktails were evaluated against a broad range of RABV variants in North 
America. R173 was found to provide complete coverage against all tested RABV isolates from terrestrial and bat 
species in North America.

Materials and methods
Antibody cloning, expression and purification.  RAB1 and RAB2 were previously developed as anti-
rabies glycoprotein human monoclonal antibodies isolated from human IgG transgenic mice immunized with 
rabies vaccine as previously described9. The heavy chain and light chain variable regions of RAB1 and RAB2 
were amplified from hybridoma cells by RT-PCR and cloned into a pcDNA 3.1 (Life Technologies) vector con-
taining the heavy or light constant regions of human IgG1. For MAb CR57, the variable region sequences of light 
chain (GenBank: CS239779), and heavy chain (GenBank: CS239777), were synthesized (GenScript Inc) and 
cloned into IgG1 expression vectors as described above.

Antibodies were expressed in CHO cells stably transfected with DNA encoding RAB1, RAB2, or CR57 IgG1. 
The cell supernatants were harvested by centrifugation, and then incubated with protein A Sepharose resin (GE 
Healthcare) for 2 h at room temperature. The beads were washed with phosphate buffered saline (PBS) and the 
antibody was eluted with 100 mM glycine pH 2.8. The antibody was then dialyzed into PBS storage buffer. Puri-
fied antibody was filter sterilized and the protein concentration was determined by spectrophotometry.

Cell culture.  HEK-293  T/17 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) (Ther-
moFisher scientific) supplemented with 10% Fetal bovine serum (FBS) (Millipore Sigma) and 100 IU of penicil-
lin–streptomycin (ThermoFisher scientific) at 37ºC with 5% CO2. The HEK293T/17 cells were harvested using 
PBS containing 5 mM EDTA (UltraPure™, pH 8.0, ThermoFisher) and then incubated for 5 min at room tem-
perature. Human osteosarcoma (HOS) cells were grown in minimum essential medium (MEM) (ThermoFisher) 
supplemented with 10% FBS, 2% L-Glutamine, 2% MEM Vitamins, 1% penicillin–streptomycin (Gibco), and 
1% sodium bicarbonate and then incubated at 37 °C with 5% CO2. Cells were harvested using trypsin–EDTA 
(0.25%) (ThermoFisher).

Generation of RAB2 resistant viruses.  The method to generate RABV resistant viruses was described 
in our previous study9. Briefly, mouse neuroblastoma cells were plated at 1.5 × 105 cells/ml on Day 1. On Day 
2, a titration of 1 × 101 to 108 FFU/ml/well of CVS-11 RABV was incubated with 50 ug/ml of RAB2 at 37 °C for 
1 h. The virus/RAB2 mix was added to cells and incubated at 37 °C. 12 h later, cell media was exchanged with 
fresh media containing 50ug/mL RAB2. Cells were incubated for additional 3-days at 37 °C. On Day 5, superna-
tant containing potentially resistant virus was harvested and stored at 4 °C. The cells were fixed and stained for 
RFFIT. Virus taken from wells containing 1–5 fluorescent foci were further amplified on MNA cells for 3 days 
in the presence of RAB2. RNA was extracted from virus-infected cells for RT-PCR and sequencing analysis for 
the potential mutations in glycoprotein-encoding genes. The sequencing result was confirmed by two separate 
infections/RNA preparations to confirm the observation.
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Cloning of rabies virus ERA glycoproteins.  The gene sequence encoding glycoproteins of RABV Eve-
lyn-Rokitnicki-Abelseth (ERA) was codon-optimized for mammalian expression as described previously9,15. The 
amino acid (a.a.) sequence of the RABV glycoprotein full length surface protein (a.a. 1–524), as well as its solu-
ble fragment (a.a 1–439), were cloned into an expression vector pcDNA3.1Myc/His (ThermoFisher). Proteins 
were expressed in frame with the myc/his tags. Alanine scanning mutants were generated using site-directed 
mutagenesis. Overlapping primers containing the desired point mutations were used to amplify full-length 
mutant glycoprotein genes and the pcDNA3.1Myc/His vector from the previously cloned codon-optimized ERA 
RABV glycoprotein. PCR positive clones were selected according to the manufacturer’s recommendation (New 
England BioLabs® Site-Directed Mutagenesis Kit Protocol (E0554)).

Recombinant glycoprotein expression and purification.  All constructs were transfected into HEK-
293 /17(ATCC) cells using a 1:4 DNA-Polyethylenimine (PEI) (Sigma) ratio, as described by the manufacturer. 
Cells were grown to 95% confluence in 150 mm tissue culture dishes in 30 mL of DMEM-10% (FBS) (Sigma). 
30 µg of DNA mixed with 120 µl of PEI was added to the cells, and the plates were incubated overnight at 37 °C. 
The media was removed and stored at 24-, 48- and 72-h post-transfection for secreted soluble proteins or was 
discarded for membrane bound proteins.

Soluble rabies glycoproteins containing Myc and His epitope tags were purified from the cell culture superna-
tant by incubation with nickel-nitrilotriacetic acid (Ni–NTA) beads (ThermoFisher) for 2 h, followed by column 
filtration using 10 mM imidazole to washg non-specific binding off of the column, and 250 mM imidazole for 
the final elution of the protein. The eluted proteins were then dialyzed for two hours in PBS at pH 7.

Affinity determination for RAB2.  Bio-layer interferometry (BLI) with an Octet HTX (PALL/ForteBio) 
was used to determine the affinity of RAB2 IgG for the soluble glycoprotein of ERA. RAB2 was added to 96 well 
plates at 1000 nM and titrated 1:2 to 62 nM in PBS. Purified RAB2 antibody was immobilized on anti-human 
IgG Fc Capture (AHC) Biosensors (ForteBio) for 120 s at 333 nM. After a baseline step, the RAB2-antigen bind-
ing rate was determined when the biosensors with immobilized antibody were exposed to ERA glycoprotein at 
different concentrations for 120 s. Following the association step, the soluble RAB2-ERA glycoprotein complex 
was exposed to PBS and the rate of the ERA glycoprotein dissociation from RAB2 was measured. Each assay was 
performed in triplicate. The binding affinity of RAB2 for the ERA glycoprotein was calculated using association 
and dissociation rates with ForteBio Data analysis software v8.1 (PALL).

Cell surface staining.  HEK-293T/17 cells were transfected with constructs encoding the full-length wild 
type glycoprotein of ERA or with individual alanine mutants. Cells were harvested 48 h post-transfection and 
incubated with varying concentrations of HuMabs. The binding activities of HuMAb to glycoproteins was 
detected by phycoerythrin labeled anti-human IgG (Jackson) in flow cytometry (MACSQuant), and analyzed 
with MACSQuant® Analyzer 10 (Miltenyi Biotec®).

ELISAs.  ELISA plates were coated with ERA soluble glycoproteins (a.a. 1–439). Plates were washed and then 
blocked with ELISA blocking buffer (EBB; PBS, 1% BSA, 0.05% Tween). Antibody samples were added to the 
plate and then diluted 1:2 in EBB. Samples were detected with a goat anti-human IgG conjugated with Alkaline 
Phosphatase (1:500, Jackson ImmunoResearch). The plates were developed with p-Nitrophenyl phosphate diso-
dium salt at 1 mg/mL in 1 M diethanolamine (ThermoFisher) for 20 min, and then analyzed at 405 nm with a 
Vmax plate reader (Molecular Devices).

Production of pseudotyped viruses and neutralization assay.  A plasmid containing a replication 
defective lentivirus backbone (Env-, Vpr- HIV; HIV resources) fused with the firefly luciferase gene, pNL4-3.
Luc.R-E-, was co-transfected with a plasmid encoding RABV glycoprotein ERA into 293 T cells using PEI as 
described previously16,17. Following a media change 24 h post-transfection, pseudoviral particles were harvested 
48–72  h post-transfection, concentrated, and stored at −  80  °C. An infection assay was performed to deter-
mine the luciferase counts per second (cps) of the pseudovirus preparations. 24 h post-infection, the media 
was changed to DMEM without phenol red (ThermoFisher) with 10% FBS and 1% Penicillin–Streptomycin. 
Luciferase activity was detected 72 h post-infection using the Bright-Glo Luciferase Assay System (Promega) and 
analyzed by Victor3 de nivo multilabel plate reader (PerkinElmer). Neutralization assays were performed with 
approximately 50,000 cps of pseudovirus and incubated for 1 h at room temperature with a 1:5 serial dilution of 
antibody mix starting at 37 ng/ml. The antibody/virus suspension was then applied to HOS cells (ATCC# CRL-
1543) which were then incubated at 37ºC with 5% CO2. Luciferase activity was assayed 72 h post-infection using 
the Bright-Glo reagent (Promega), according to the manufacturer’s protocol. Neutralization results are expressed 
as the percent inhibition of the baseline luciferase activity.

In vitro RABV RFFIT neutralization.  The rapid fluorescent focus inhibition test (RFFIT) was performed 
as described previously18. MAbs were diluted to a standard starting concentration then serially diluted fivefold. 
The starting concentration of MAb was increased until neutralization was detected within the dilution range. 
Different RABV isolates or laboratory strains (including CVS-11) were added to the MAb dilutions. The starting 
concentration of each virus was empirically determined to result in 50 × 50% fluorescent foci doses (50 FFD50) 
with an acceptable range of 32–100 FFD50. For each virus, standard rabies immune globulin (SRIG, US FDA lot 
R-3) at 2 IU/mL, HyperRab (HRIG, Grifols, Barcelona, Spain) at > 150 IU/mL, each individual MAb, and a 1:1 
mixture (cocktail) of the component MAb was tested.
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In vivo efficacy in the Syrian hamster model.  Experimental protocols were approved by the CDC’s 
Institutional Animal Care and Use Committee (#2622SMIHAMC-A18) prior to starting and strictly followed 
to ensure animal welfare. All methods were carried out in accordance with ARRIVE guidelines and regulations 
(https://​arriv​eguid​elines.​org). Four-week-old female Syrian hamsters were purchased from Charles River Labo-
ratory (Wilmington, MA, USA) or Envigo (Indianapolis, IN, USA) and arbitrarily assigned to groups containing 
12 or 21 animals depending on the RABV variant used. Animals underwent a three-day quarantine/acclima-
tion period and veterinary examination prior to starting. On day 0, animals were anesthetized with isoflurane 
(3–5%), and labeled with subcutaneous injection of a preprogrammed passive integrated transponder. While 
still under anesthesia, the animals were weighed, 0.15 mL of blood was collected using the subclavicle method, 
and 0.1 mL of RABV was injected intramuscularly (IM) in the gluteal region of the left hind leg. Virus titration 
data was previously determined in hamsters with various isolates. Each dose is titrated to cause > 80% mortality 
in untreated and vaccine alone groups. Challenge doses and groups sizes were as follows: canine RABV variant, 
TX coyote 323R, 103.5 MICLD50, n = 12; fox RABV isolate, AZ fox 2400L, 8.6 × 102 ffu, n = 21; Bat RABV variant, 
PA bat EF A06-3684, 1.4 × 103 ffu, n = 21. Animals were monitored every five minutes until they fully recovered 
from anesthesia and then once daily until 7 days post-infection (pi).

PEP was initiated 24 h pi and consisted of 20 IU/kg of HyperRab (HRIG, Grifols, and Barcelona, Spain) as a 
positive control. 1.1 mg/kg of an irrelevant HuMAb was used as a negative control. 1.1 mg/kg of HuMAb cocktail 
R172, 0.1 mg/kg of R172, or 0.01 mg/kg of R172 was injected IM in the same leg as the challenge virus.0.05 mL 
of the Imovax rabies vaccine (Sanofi Pasteur, Lyon, France) was injected IM in the opposite leg. One group did 
not receive any PEP. Rabies vaccine administration was repeated for the surviving animals 4, 8, 15, and 29 days 
pi (days 3, 7, 14, and 28 of PEP). Blood collection under anesthesia was repeated on days four and eight pi (days 
3, and 7 of PEP). The PEP injection site was assessed daily until day 8 pi for any localized reactions.

From days 7 to 21 pi, animals were observed twice daily and were euthanized by isoflurane overdose at the 
first clinical signs of rabies, according to established euthanasia criteria, or as deemed necessary by the attending 
veterinarian. From day 22 pi until the experimental endpoint, animals were observed once daily. All surviving 
animals were euthanized 45 days pi.

All animals that were euthanized with clinical signs and approximately half of the animals surviving to day 
45 were tested for RABV antigen in the brain stem by a standard direct fluorescent antibody (DFA) test19. For 
selected animals, RNA was extracted from the brain stem and tested for RABV RNA using the LN34 assay as 
described previously20 or converted to cDNA for RABV sequencing. Serum was separated from the collected 
blood and used to measure virus neutralizing antibodies in a standard RFFIT18.

Statistical analysis.  All statistical calculations were performed using GraphPad Prism version 8.1.1 
(GraphPad Software, La Jolla, CA). EC50 and IC50 values were calculated by sigmoidal curve fitting using non-
linear regression analysis. Survival analysis was calculated from a Kaplan–Meier curve using a Mantel-Cox test. 
p < 0.05 was considered significant.

Data availability and method declaration.  The datasets generated and/or analyzed during the current 
study are available from the corresponding author upon reasonable request. All methods were performed in 
accordance with the relevant guidelines and regulations.

Results
RAB1 epitope analysis among rabies virus isolates in North America.  Our previously work identi-
fied a human monoclonal antibody, HuMab RAB1 that recognize a conformational epitope on the RABV glyco-
protein, which includes antigenic site III10. Residues 336 and 346 were found to be the most critical residues for 
RAB1 binding to the glycoprotein9,10. To further understand the epitope coverage of RAB1 against RABV isolates 
from North America, including Canada and Mexico, a total of 553 glycoprotein sequences of RABV isolates were 
analyzed with a focus on the two epitope residues a.a. 336 and 346 (Tables 1, S2). Overall, the region encompass-
ing amino acids 336–346 is highly conserved across all isolates. The variability found in residues 336 and 346 
was shown in Table 1 along with their RAB1 neutralization activities in the rapid fluorescent focus inhibition test 
(RFFIT). Among the terrestrial carnivore isolates in North America, RAB1 epitope residue 336 was asparagine 
(N) in 89% of total isolates and serine (S) in 11% of total isolates. N336 was paired with arginine (R, 67%) or 
lysine (K, 22%), and S336 was paired with arginine (R, 11%) at position 346. Isolates with N336 R346, S336 R346 
and N336 K346 were all neutralized by RAB1 in RFFITs with EC50 values of less than 1 ug/ml (Table 1).

Among the North American bat RABV isolates, N336 can be paired with arginine (R, 74%), lysine (K, 11%), 
glutamic acid (E, 7%) or serine (S, 3%), and D336 can be paired with Arginine (R, 5%) at position 346.The RAB1 
antibody was shown to neutralize most N336 E346 isolates but not isolates from arboreal bats (Table 1). Taken 
together, our analysis suggests RAB1 alone is insufficient to cover the epitope diversity of RABV isolates in North 
America. Therefore, an antibody cocktail is needed.

Selection and characterization of an additional HuMAb, RAB2 as a cocktail component.  To 
identify an additional MAb for the cocktail, we started with the HuMAb panel from which RAB1 was previously 
chosen. We selected RAB2, the 2nd most potent HuMAb from the panel12. To understand the epitope of RAB2, 
resistant virus was generated using CVS-11 strain in the presence of 50 ug/ml of RAB2. Sequencing of the RAB2 
escape virus revealed a glutamic acid to lysine change at position 33 (E33) within the antigenic site II. To confirm 
this finding and assess additional residues for the RAB2 epitope, a series of alanine residues were introduced in 
the glycoprotein in antigenic site II—including positions 33–42 and 198–200 of the RABV ERA strain (Fig. 1a). 
Glycoproteins from alanine scanning mutagenesis were expressed on the surface of HEK-293 T/17 cells, stained 
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with fluorescently labeled RAB1 and RAB2, and analyzed by flow cytometry. RAB1 binding was used to nor-
malize protein expression to look at RAB2 binding against the escape mutants. Position 33 was confirmed to be 
critical for RAB2 binding, but none of the other adjacent residues were shown to be important for RAB2 bind-
ing (Fig. 1b). The RAB2 binding to ERA E33K (p = 0.001) and E33D (p = 0.0017) was disrupted as confirmed 
by ELISA and flow cytometry (Fig. 1c). The KD affinity value of RAB2 against the ERA glycoprotein was deter-
mined to be 37 nM ± 2.4 nM by biolayer interferometry using anti-human Fc capture tips (Fig. 1d). By compari-
son, the affinity of RAB1 against the ERA glycoprotein was previously determined to be KD = 2.82 nM ± 0.5 nM9.

R172 binding and neutralization of escape mutants.  The above epitope analysis suggests that RAB2 
binds with high affinity to a different antigenic site than RAB1. A formulated RAB1 and RAB2 cocktail (1:1 
mixing ratio, named R172) was then tested against the RAB2 escape mutant E33K in ELISA binding assays. In 
addition, a previously generated laboratory-derived escape mutant of RAB1, N336D R346K, was included in 
the assays to demonstrate the cross coverage of RAB210. The R172 cocktail was found to bind the RAB1 escape 
(N336D R346K) and RAB2 escape mutants (E33K) (Fig. 1e) on a similar level as the wild type (ERA439). The 
EC50 value of R172 ELISA binding to the wild type was 0.41 µg/mL, E33K was 0.35 µg/mL, and N336D R346K 
was 0.34 µg/mL (Fig. 1f).

To confirm binding results, a neutralization assay was performed testing RAB2 against RABVpp pseudovirus 
containing E33K (Fig. 1g) or N336D R346K (Fig. 1h). The RABVpp was generated from a replication-defective 
HIV lentivirus backbone engineered to contain the RABV ERA glycoprotein. An irrelevant IgG1 HuMAb was 
included as the negative control. RAB2 potently neutralized ERA wild type ERA (EC50 = 0.76 ng/ml), ERA N336D 
R346K (EC50 = 2 pg/ml) but not ERA E33K. By contrast, the R172 cocktail had a potent neutralizing activity 
against the wild type ERA (EC50 = 0.22 ng/ml), N336D R346K (EC50 = 3 pg/ml) and E33K (EC50 = 0.5 pg/ml).

In vitro RABV neutralization of R172 by RFFIT.  R172 was further tested by RFFIT against 30 RABV 
authentic variants isolated in North America, including terrestrial and bat isolates. Viruses were grouped based 
on the predicted sequence of the MAb epitopes (Tables 2 and 3). For terrestrial isolates, three epitope variants 
were identified including E33 N336 R346 (ENR), E33 N336 K346 (ENK), E33 S336 R346 (ESR) and E33 D336 
R346 (EDR). R172 neutralized all terrestrial isolates with an average EC50 in the low ng/mL range (Tables 2, S1). 
For bat isolates, more epitope variants were identified including E33 N336 R346 (ENR), E33 N336 K346 (ENK), 
E33 N336 S346 (ENS), E33 D336 R346 (EDR) and 33D 336 N 346E (DNE). R172 was able to neutralize all bat 
strains in low ng/ml range EC50s except for the 33D 336 N 346E (DNE) isolates.

For the DNE isolates, RAB1 neutralized with an average EC50 of 44 µg/mL, RAB2 neutralized with an EC50 
approximately tenfold higher at 500 µg/mL, and R172 neutralized with an average EC50 in the 60 µg/mL range 
(Tables 3, S1). HRIG was used for comparison in the RFFIT assay. Because HRIG is a polyclonal product, com-
paring the EC50 is problematic. Instead, the 50% endpoint titer was used for comparison. The neutralization of 
viruses in the different epitope classes via HRIG roughly followed R172 neutralization, in that HRIG was more 
potent against ENS, ENK, ENR, EDR, and ESR viruses than against DNE isolates.

In vivo R172 efficacy in the Syrian hamster model.  To assess the in vivo efficacy of R172, hamsters 
were challenged with a canine terrestrial variant TX coyote 323R; a fox isolate AZ Fox 2400L, or a bat isolate, 
PA bat EF A06-3684 (RAB1 and RAB2 epitopes are as listed in Table 3). Standard PEP was administered 24 h 
later with five doses of rabies vaccine (days 0, 3, 7, 14, 28) as well as different doses of HuMAb cocktail R172, or 
the standard of care (20 IU/kg HRIG), or 1.1 mg/kg irrelevant HuMAb on day 0. For all the isolates, the survival 
curve for the group that received irrelevant HuMAb and vaccine was not significantly different from the control 
group that received no treatment (p = 0.92, 0.68, 0.12, and 0.15 respectively; Fig. S1).

For the canine RABV variant (TX coyote 323R), survival curves for the 1.1, 0.1, and 0.01 mg/kg R172 groups 
were not significantly different from the standard of care HRIG group (p = 0.07, 0.92, 0.16 respectively). For the 

Table 1.   RAB1 epitope analysis of North America rabies virus isolates. A total of 553 sequences was analyzed 
for North America RABVs including both terrestrial and bat isolates. ++EC50 < 1 µg/mL. +EC50 > 1 µg /mL. 
− Not neutralized by HuMAb at the highest concentration tested. a The occurrence frequency of RAB1 epitope 
with the noted residues at positions 336 and 346. Isolates with noted epitope variants were tested in RFFIT.

336 346 Epitope frequency in GenBank (%)a RFFIT neutralization by RAB1

North American terrestrial rabies virus isolates

Asparagine (N) Lysine (K) 22% ++

Asparagine (N) Arginine (R) 67% ++

Serine (S) Arginine (R) 11% ++

North American bat rabies virus isolates

Asparagine (N) Lysine (K) 11% ++

Asparagine (N) Arginine (R) 74% ++

Aspartic acid (D) Arginine (R) 5% ++

Asparagine (N) Serine (S) 3% +

Asparagine (N) Glutamic acid (E) 7% −
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Figure 1.   RAB2 and R172 binding and neutralization of rabies glycoproteins. (a) Schematic of rabies 
glycoprotein showing non-overlapping antigenic site locations of RAB1 (antigenic site III) and RAB2 (antigenic 
site II), figure was created with BioRender.com. (b) RAB2 recognition of antigenic site II alanine mutants. Each 
amino acid in the antigenic site II of ERA full length surface glycoprotein (a.a. 1–524) was substituted with 
alanine by site directed mutagenesis. (c) ELISA binding of RAB2 to the wild-type ERA439 or RAB1 escape 
N336D R346K and RAB2 escape E33K mutants. (d) Affinity measurement of RAB2 antibody against wild type 
ERA439, conducted by Bio-layer interferometry. (e) ELISA binding of R172 to the wild-type ERA439 or RAB1 
escape N336D R346K and RAB2 escape E33K mutants. (f–h) R172 pseudovirus neutralization against lentivirus 
bearing the wild-type ERA glycoprotein (f), E33K (g) and N336D R346K (h) mutants. ERA glycoprotein was 
used as backbone to introduce all mutants. EC50 values were calculated by nonlinear regression analysis using 
Prism version 8.1.1. Data is plotted as the mean ± s.d. from n = 4 independent experiments.
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fox isolate (AZ Fox 2400L), survival curves for the 1.1 and 0.1 mg/kg R172 groups were significantly better than 
the standard of care HRIG group (p = 0.01, 0.014 respectively), and the 0.01 mg/kg R172 group was not signifi-
cantly different from the standard of care (p = 0.064) but was significantly better than the irrelevant HuMAb 
group (p < 0.0001). For the bat isolate (PA bat EF A06-3684), the survival curve for the 1.1 mg/kg R172 group 
was significantly better than the standard of care HRIG group (p = 0.001). The survival curve for the 0.1 mg/kg 
R172 group was not significantly different from the standard of care HRIG group (p = 0.1) but was significantly 
better than the irrelevant HuMAb group (p < 0.0001). The survival curve for the 0.01 mg/kg R172 group was 
significantly worse than the standard of care HRIG group (p = 0.038).

To test R172 against difficult to neutralize RABV isolates with the DNE epitope, all DNE isolates listed in 
Table 3 were tested in 13 challenge studies. None of the DNE isolates was able to cause mortality in Syrian ham-
sters. Therefore, DNE isolates could not be used to evaluate the in vivo activity of R172.

Table 2.   RFFIT of RAB1, RAB2 and R172 against North America terrestrial isolates. ++EC50 < 1 µg/mL. 
+EC50 ≥ 1 µg /mL. − Not neutralized by HuMAb at the highest concentration tested. HRIG potency IU/mL 
against given isolate. a Lab-acquired mutation I338T identified in TKSK 5171 following additional cell culture 
passage. A primary wild type (wt) isolate tested. b Epitope variants with the noted residues at positions 33, 336, 
and 346.

Viral isolate Source (location) Epitopeb RAB1 RAB2 R172 HRIG

TX Coyote 323R Coyote (Texas) ENR ++ + ++ 54

AK Fox Fox (Alaska) ENR ++ ++ ++ 78

CA SK Skunk (California) ENR ++ ++ ++ 48

PR Mong Mongoose (Puerto Rico) ENR ++ ++ ++ 86

Sonora Dog Dog (Mexico) ENR ++ ++ ++ 50

TXSK 4380 Skunk (Texas) ENR ++ ++ ++ 175

TXSK 5171 Skunk (Texas) ENR
++wt

++ ++ 26
−a

ERA Lab Strain ENR ++ ++ ++ 67

NCSK Skunk (North-central US) ENK ++ ++ ++ 49

TXFX Fox (Texas) ENK ++ ++ ++ 40

RAC​ Raccoon (Southeast US) ESR ++ ++ ++ 37

CVS-11 Lab Strain EDR + ++ ++ 25

Table 3.   RFFIT of RAB1, RAB2 and R172 against North America bat isolates. ++EC50 < 1 µg /mL. +EC50 > 1 µg 
/mL. +/− EC50 > 100 ug/ml. − Not neutralized by HuMAb at the highest concentration tested. HRIG potency 
IU/mL against given isolate. a Lab-acquired mutation I338T identified in 3860 Bat following cell culture 
adaptation. A primary (wild type) isolate of this virus is not available to test. b Epitope variants with the noted 
residues at positions 33, 336, and 346.

Viral isolate Source (location) Epitopeb RAB1 RAB2 R172 HRIG

DR Brazil Desmodus rotundus (Brazil) ENR ++ ++ ++ 34

C1434 Perimyotis subflavus (Alabama) ENK ++ ++ ++ 40

CO/EF Bat 6938 Eptesicus fuscus/Myotis sp. (Colorado) ENK ++ ++ ++ 64

WA Bat Lasionycteris noctivagans (Washington) ENK ++ ++ ++ 44

AZ Fox 2400 Ef variant in a fox (Arizona) ENK ++ ++ ++ 139

AZ 3860 Bata Parastrellus hesperus (Arizona) ENS − ++ ++ 38

CA Bat Myotis thysanodes (California) ENS ++ ++ ++ 10

Myotis Myotis sp.(Washington) ENS ++ ++ ++ 26

1625 Bat Lasiurus borealis (Michigan) DNE + + + 15

AZ Bat LC Aeorestes cinereus (Arizona) DNE + +/− + 10

FL Bat 769 Lasiurus seminolus (Florida) DNE + − +/− 6

TN132 Lasiurus borealis (Tennessee) DNE +/− − +/− 11

TN269 Lasiurus borealis (Tennessee) DNE +/− − +/− 9

TN33 Lasiurus borealis (Tennessee) DNE + +/− + 9

TN410 Aeorestes cinereus (Tennessee) DNE + + + 11

VA1340 Lasiurus borealis (Virginia) DNE +/− − +/− 8

VA399 Lasiurus borealis (Virginia) DNE + +/− + 6

Bat EF Eptesicus fuscus (Pennsylvania) EDR ++ ++ ++ 46
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In vitro CR57 and R173, binding and pseudovirus neutralization of RAB1 escape mutants.  Given 
the apparently poor neutralization of R172 against bat isolates with the DNE epitope, and the inability to evalu-
ate protection from these variants in vivo, we explored the possibility of using a previously described HuMAb 
(CR57) to replace RAB2 in the cocktail. CR57 is a human monoclonal antibody with good in vitro and in vivo 
neutralizing potency against a broad spectrum of RABV variants, as previously described21. The CR57 antibody 
epitope binds to antigenic site I of the RABV glycoprotein (Fig. 2a). CR57 and R173 (RAB1 + CR57 at 1:1) were 
evaluated against RAB1 escape mutants in both ELISA and pseudovirus neutralization assays. CR57 EC50 bind-
ing was comparable to the wild type ERA439 as well as RAB1 escape N336D R346K with an average EC50 value of 
0.0001 µg/mL (Fig. 2b). The EC50 value of R173 binding was 0.002 µg/mL against the wild type ERA439 and 0.005 
against RAB1 escape mutant N336D R346K (Fig. 2c). Both CR57 and R173 were able to fully neutralize the wild 
type ERA439 and N336D R346K with EC50 ranging between 3 and 5 pg/ml (Fig. 2d,e).

In vitro RABV neutralization of R173 by RFFIT.  RAB1, CR57, and R173 were screened against 17 
RABV variants or laboratory strains in the RFFIT. CR57 strongly neutralized the virus with the DNE epitope 

Figure 2.   CR57 and R173 binding and neutralization of rabies glycoproteins. (a) Schematic of rabies 
glycoprotein showing non-overlapping antigenic sites locations of RAB1 (antigenic site III) and CR57 (antigenic 
site I), figure was created with BioRender.com. (b, c) ELISA binding of CR57 (b) and R173 (c) to the wild type 
ERA439 or RAB1 escape mutant N336D R346K. (d, e) Pseudovirus neutralization of RAB1, CR57, and R173 
against lentivirus bearing the wild type ERA glycoprotein (d) and N336 R346K mutant (e). EC50 values were 
calculated by nonlinear regression analysis using Prism version 8.1.1. Data is plotted as the mean ± s.d. from 
n = 4 independent experiments.
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including Lasiurus borealis, Lasiurus seminolus, and Aeorestes cinereus isolates with an average EC50 of 0.033, 
0.103, and 0.036 µg/mL respectively (Tables 4 and 5, S1). Two isolates not neutralized by CR57 were effectively 
neutralized by RAB1: AL bat (Tb variant) and TX Skunk 4380 (South central skunk variant with a lab acquired 
escape mutation). Another South central skunk variant isolate (TX Skunk 5171 with a lab acquired escape muta-
tion) was neutralized by CR57 but not RAB1. Similar to previous results, neutralization of each isolate with the 
R173 cocktail was equivalent to the most effective HuMAb in the cocktail. Taken together, the R173 cocktail 
strongly neutralized all RABV isolates tested, including viruses with the previously difficult to neutralize DNE 
epitope (Tables 3 and 5, S1). The Ln, Ps, and Tb RABV variants are highly relevant to public health since the 
majority of human rabies cases in the US in the last 30 years can be attributed to these bat variants5.

Discussion
The standard of care for rabies PEP is a dose of RIG and rabies vaccine given on the day of exposure, followed 
by a dose of vaccine on days 3, 7, and 14 post-exposure22–24. RIG in general is derived from pooled sera of 
human donors hyper-immunized with rabies vaccine (HRIG) or from hyper-immune horses (ERIG). Timely 
administration of RIG is critical and lifesaving. Thus, any challenges to the administration of RIG pose a threat 
to public health25. Limited supply, high cost, batch-to-batch variability and theoretical pathogen transmission 
are the main reasons to seek alternatives such as monoclonal antibodies26–29. Although collecting polyclonal 
sera from immunized donors results in a pool of diverse antibodies targeting numerous neutralizing and non-
neutralizing epitopes, advancements in antibody technology make it possible to isolate specific monoclonal 
antibodies against defined targets on the rabies glycoprotein30,31. RAB1 is a fully human antibody developed by 
our team and licensed by Serum Institute of India (SII) under the trade name RABISHIELD©. RABISHIELD© is 
the first anti-rabies monoclonal antibody product commercially available in the world and is fully licensed for 
human PEP in India. It was proven to be safe and effective against RABV exposures in India where circulating 
arctic-like and Indian subcontinent RABV variants are the primary sources of rabies32,33.

RAB1 is capable of neutralizing a wide range of terrestrial and bat isolates. RAB1 was mapped to antigenic 
site III, which is important, because antigenic site III plays a major role in pathogenicity through virus receptor 
binding and viral dissemination in the nervous system34,35. RAB1 escape mutants were found at positions 336 

Table 4.   RFFIT of RAB1, CR57 and R173 against North America terrestrial isolates. ++EC50 < 1 µg/mL. 
+EC50 ≥ 1 µg /mL. − Not neutralized by HuMAb at the highest concentration tested. x Neutralized by HRIG. 
a Lab-acquired mutation following additional cell culture passage. A primary wild type (wt) isolate was tested. 
b RAB1 epitope variants with the noted residues at positions 336, and 346.

Viral isolate Source (location) Epitopeb RAB1 CR57 R173 HRIG

TXSK 4380 Skunk (Texas) NR* ++
++wt

++ x
−a

TXSK 5171 Skunk (Texas) NR*
++wt

++ ++ x
−a

CVS-11 Lab Strain DR + ++ ++ x

Table 5.   RFFIT of RAB1, CR57 and R173 against North America bat isolates. ++ EC50 < 1 µg /mL. +EC50 > 1 µg 
/mL. − Not neutralized by HuMAb at the highest concentration tested. x Neutralized by HRIG. a Lab-acquired 
mutation I338T identified in 3860 Bat following cell culture adaptation. A primary (wild type) isolate of this 
virus is not available to test. b RAB1 epitope variants with the noted residues at positions 336, and 346.

Viral isolate Source (location) Epitopeb RAB1 CR57 R173 HRIG

C1434 Perimyotis subflavus (Alabama) NK ++ + ++ x

CO/EF Bat 6938 Eptesicus fuscus/Myotis sp. (Colorado) NK ++ ++ ++ x

WA Bat Lasionycteris noctivagans (Washington) NK ++ ++ ++ x

AZ 3860 Bata Parastrellus hesperus (Arizona) NS − ++ ++ x

1625 Bat Lasiurus borealis (Michigan) NE + ++ ++ x

AZ Bat LC Aeorestes cinereus (Arizona) NE + ++ ++ x

FL Bat 769 Lasiurus seminolus (Florida) NE + ++ ++ x

TN132 Lasiurus borealis (Tennessee) NE + ++ ++ x

TN269 Lasiurus borealis (Tennessee) NE + ++ ++ x

TN33 Lasiurus borealis (Tennessee) NE + ++ ++ x

TN410 Aeorestes cinereus (Tennessee) NE + ++ ++ x

VA1340 Lasiurus borealis (Virginia) NE + ++ ++ x

VA399 Lasiurus borealis (Virginia) NE + ++ ++ x

AL Bat Tb Tadarida brasiliensis (Alabama) DR ++ − ++ x
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and 346 of antigenic site III. Mutations in both N336 and R346 are required for RAB1 escape. Unlike in India, 
there are diverse reservoirs of RABV in bats, in addition to terrestrial carnivores, in North America. RAB1 does 
not fully neutralize all North American bat RABV isolates (Table 1). Therefore, an additional HuMAb is required 
together with RAB1 in a cocktail for broader neutralization activity. Here we conducted a study to identify and 
characterize additional HuMAb to be included with RAB1 in a cocktail. We started with the HuMAb panel from 
which RAB1 was previously chosen, and selected RAB2, which displayed potent neutralization of several RABV 
strains. The RAB2 epitope is non-overlapping with RAB1 and mapped to antigenic site II. RFFIT testing for 
RABV isolates against the R172 (RAB1 + RAB2) cocktail revealed isolates with the D33 N336 E346 (DNE) epitope 
is hard to neutralize at lower concentrations by R172 and requires more antibodies. Notably, higher amounts of 
the standard of care, HRIG, is also required to neutralize DNE isolates with much lower potency as compared to 
all other tested variants (Tables 2, 3, 4 and 5). This observation suggests that the HRIG may contain low amount of 
DNE specific antibodies in its polyclonal mixture of antibodies. In the hamster model, R172 provided equivalent 
or better protection than HRIG against a canine variant, fox isolate, and bat variant. However, protection against 
the DNE variants in the hamster model could not be proven due to a lack of mortality when hamsters were chal-
lenged with these viruses. These findings led us to a second cocktail of non-overlapping antibodies capable of 
neutralizing all North American isolates including the DNE variants. CR57 which was previously described by 
Dietzchold, et al.21 as one of the most studied anti-rabies MAb. The CR57 epitope was defined by ELISA binding 
using a set of small glycoprotein peptides36. CR57 epitope was found to be within antigenic site I (a.a.226–231, 
KLCGVL), among which four residues, K/C/G/V, appeared to be crucial for CR57 binding36. Like other anti-
rabies MAbs, CR57 does not fully neutralize all RABV isolates including some of the isolates found in North 
America. Among 38 tested street RABV isolates, CR57 neutralizes 36 of them in RFFIT12,37. The two isolates that 
were not neutralized are south central skunk and the Ef RABV variant from a Myotis sp. (Colorado). We also 
found that the same south central skunk isolate, which has a lab acquired escape mutation, was not neutralized 
by CR57. Interestingly, we found that the Ef RABV variant from a Myotis sp. (Colorado) was neutralized, but a 
Tb variant that was previously reported as neutralized by CR57 escaped neutralization in our study. This would 
suggest another possible lab acquired mutation in the Alabama bat Tb isolate. However, all isolates currently and 
previously reported to escape CR57 neutralization are fully neutralized by RAB1 (Tables 4 and 5), or in another 
words the R173 cocktail.

As emphasized by the WHO and FDA, there is a need for a cocktail of monoclonal antibodies as an alternative 
to HRIG as a component of PEP for rabies in North America. These guidelines describe in detail the nonclinical 
and clinical requirements for the development and licensing of monoclonal antibody cocktails in the United 
States. Our work demonstrated that R173, an antibody cocktail, could neutralize all the viruses that were tested 
in this study, which are representative of the genetic diversity detected at different loci important for antibody 
binding. Therefore, the R173 is expected to neutralize all RABV variants in North America including both ter-
restrial and bat variants tested. R173 is a promising candidate for further clinical development.

Received: 2 March 2022; Accepted: 25 May 2022

References
	 1.	 American Academy of Pediatrics CoIDPLKBCJKDWLSSAAoPCoID. Red book : 2012 report of the Committee on Infectious 

Diseases (2012).
	 2.	 Hampson, K. et al. Estimating the global burden of endemic canine rabies. PLoS Negl. Trop. Dis. 9, e0003709 (2015).
	 3.	 Knobel, D. L. et al. Re-evaluating the burden of rabies in Africa and Asia. Bull. World Health Organ. 83, 360–368 (2005).
	 4.	 Ma, X. et al. Rabies surveillance in the United States during 2018. J. Am. Vet. Med. Assoc. 256, 195–208 (2020).
	 5.	 Feder, H. M. Jr., Petersen, B. W., Robertson, K. L. & Rupprecht, C. E. Rabies: still a uniformly fatal disease? Historical occurrence, 

epidemiological trends, and paradigm shifts. Curr. Infect. Dis. Rep. 14, 408–422 (2012).
	 6.	 Christian, K. A., Blanton, J. D., Auslander, M. & Rupprecht, C. E. Epidemiology of rabies post-exposure prophylaxis–United States 

of America, 2006–2008. Vaccine 27, 7156–7161 (2009).
	 7.	 Vora, N. M., Clippard, J. R., Stobierski, M. G., Signs, K. & Blanton, J. D. Animal bite and rabies postexposure prophylaxis report-

ing–United States, 2013. J. Public Health Manag. Pract. 21, E24–E27 (2015).
	 8.	 WHO. WHO consultation on a monoclonal antibody cocktail for rabies post exposure treatment (2002).
	 9.	 Sloan, S. E. et al. Identification and characterization of a human monoclonal antibody that potently neutralizes a broad panel of 

rabies virus isolates. Vaccine 25, 2800–2810 (2007).
	10.	 Wang, Y. et al. G glycoprotein amino acid residues required for human monoclonal antibody RAB1 neutralization are conserved 

in rabies virus street isolates. Antiviral. Res. 91, 187–194 (2011).
	11.	 Pieracci, E. G. et al. Evaluation of species identification and rabies virus characterization among bat rabies cases in the United 

States. J. Am. Vet. Med. Assoc. 256, 77–84 (2020).
	12.	 Franka, R. et al. In vivo efficacy of a cocktail of human monoclonal antibodies (CL184) against diverse north American bat rabies 

virus variants. Trop. Med. Infect. Dis. 2, 1 (2017).
	13.	 Anonymous. WHO Expert Consultation on Rabies. Second report. World Health Organ Tech Rep Ser: 1–139, back cover (2013).
	14.	 FDA. Rabies: Developing Monoclonal Antibody Cocktails for the Passive Immunization Component of Post-Exposure Prophylaxis, 

Guidance for Industry (2021).
	15.	 Préhaud, C., Lay, S., Dietzschold, B. & Lafon, M. Glycoprotein of nonpathogenic rabies viruses is a key determinant of human cell 

apoptosis. J. Virol. 77, 10537–10547 (2003).
	16.	 He, J. et al. Human immunodeficiency virus type 1 viral protein R (Vpr) arrests cells in the G2 phase of the cell cycle by inhibiting 

p34cdc2 activity. J. Virol. 69, 6705–6711 (1995).
	17.	 Connor, R. I., Chen, B. K., Choe, S. & Landau, N. R. Vpr is required for efficient replication of human immunodeficiency virus 

type-1 in mononuclear phagocytes. Virology 206, 935–944 (1995).
	18.	 Yager, M. L. & Moore, S. M. The Rapid Fluorescent Focus Inhibition Test. In Current laboratory techniques in rabies diagnosis, 

research and prevention Vol. 2 (eds Rupprecht, C. & Nagarajan, T.) 199–214 (Academic Press, 2015).



11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9403  | https://doi.org/10.1038/s41598-022-13527-0

www.nature.com/scientificreports/

	19.	 Dean, D. J., Abelseth, M. K. & Atanasiu, P. The fluorescent antibody test. In Laboratory techniques in rabies 4th edn (eds Meslin, 
F. X. et al.) 88–95 (World Health Organization, 1996).

	20.	 Wadhwa, A. et al. A pan-lyssavirus taqman real-time RT-PCR assay for the detection of highly variable rabies virus and other 
lyssaviruses. PLoS Negl. Trop. Dis. 11, e0005258 (2017).

	21.	 Dietzschold, B. et al. Biological characterization of human monoclonal antibodies to rabies virus. J. Virol. 64, 3087–3090 (1990).
	22.	 Zhu, S. & Guo, C. Rabies control and treatment: from prophylaxis to strategies with curative potential. Viruses 8, 1 (2016).
	23.	 Brunker, K. & Mollentze, N. Rabies virus. Trends Microbiol. 26, 886–887 (2018).
	24.	 Tarantola, A., Tejiokem, M. C. & Briggs, D. J. Evaluating new rabies post-exposure prophylaxis (PEP) regimens or vaccines. Vaccine 

37(Suppl 1), A88–A93 (2019).
	25.	 Reid-Sanden, F. L., Fishbein, D. B., Stevens, C. A. & Briggs, D. J. Administration of rabies vaccine in the gluteal area: A continuing 

problem. Arch. Intern. Med. 151, 821 (1991).
	26.	 Ziesenitz, V. C., Mazer-Amirshahi, M., Zocchi, M. S., Fox, E. R. & May, L. S. U.S. vaccine and immune globulin product shortages, 

2001–15. Am. J. Health Syst. Pharm. 74, 1879–1886 (2017).
	27.	 Abreu-Mota, T. et al. Non-neutralizing antibodies elicited by recombinant Lassa-Rabies vaccine are critical for protection against 

Lassa fever. Nat. Commun. 9, 4223 (2018).
	28.	 Dh, A. N. & Haradanhalli, R. S. Assessment of procurement, distribution, availability, and utilization of rabies biologicals for 

postexposure prophylaxis in seven states of India. Indian J. Public Health 63, S31–S36 (2019).
	29.	 Bharti, O. K., Thakur, B. & Rao, R. Wound-only injection of rabies immunoglobulin (RIG) saves lives and costs less than a dollar 

per patient by “pooling strategy”. Vaccine 37(Suppl 1), A128–A131 (2019).
	30.	 Hobart-Porter, N. et al. Safety and efficacy of rabies immunoglobulin in pediatric patients with suspected exposure. Hum. Vaccin. 

Immunother 17, 2090–2096 (2021).
	31.	 Nagarajan, T. et al. Human monoclonal antibody and vaccine approaches to prevent human rabies. Curr. Top. Microbiol. Immunol. 

317, 67–101 (2008).
	32.	 Gill, G. S. et al. Estimation of the incidence of animal rabies in Punjab India. PLoS ONE 14, e0222198 (2019).
	33.	 Gigante, C. M. et al. Portable rabies virus sequencing in canine rabies endemic countries using the Oxford Nanopore MinION. 

Viruses 12, 1 (2020).
	34.	 Dietzschold, B. et al. Characterization of an antigenic determinant of the glycoprotein that correlates with pathogenicity of rabies 

virus. Proc. Natl. Acad. Sci. USA 80, 70–74 (1983).
	35.	 Diallo, A. Avirulent mutants of the rabies virus: change in site III of the glycoprotein. Ann. Rech. Vet. 17, 3–6 (1986).
	36.	 Marissen, W. E. et al. Novel rabies virus-neutralizing epitope recognized by human monoclonal antibody: Fine mapping and escape 

mutant analysis. J. Virol. 79, 4672–4678 (2005).
	37.	 Bakker, A. B. et al. Novel human monoclonal antibody combination effectively neutralizing natural rabies virus variants and 

individual in vitro escape mutants. J. Virol. 79, 9062–9068 (2005).

Disclaimer
Use of trade names and commercial sources are for identification only and do not imply endorsement by the 
U.S. Department of Health and Human Services. The findings and conclusions in this report are those of the 
authors and do not necessarily represent the views of the Centers for Disease Control and Prevention or the 
authors’ institutions.

Author contributions
M.E., T.S, Y.W. wrote the paper assisted by M.K. and J.S. M.E., cloned, expressed, and purified MAbs, RABG, 
affinity and binding assays, flow cytometry FACS, designed and conducted pseudovirus neutralization and 
analysis. T.S., L.G., W.C., D.L., Y.Y., F.J., C.M., B.M., C.K., C.H., N.R., J.E., S.M. conducted RFFIT, animal experi-
ments, neutralization, data analysis. M.E. conducted data and statistical analysis with assistance from T.S. A.B. 
coordinated studies assisted in experimental design. Y.W. supervised the project.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​13527-0.

Correspondence and requests for materials should be addressed to T.G.S. or Y.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-13527-0
https://doi.org/10.1038/s41598-022-13527-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A cocktail of human monoclonal antibodies broadly neutralizes North American rabies virus variants as a promising candidate for rabies post-exposure prophylaxis
	Materials and methods
	Antibody cloning, expression and purification. 
	Cell culture. 
	Generation of RAB2 resistant viruses. 
	Cloning of rabies virus ERA glycoproteins. 
	Recombinant glycoprotein expression and purification. 
	Affinity determination for RAB2. 
	Cell surface staining. 
	ELISAs. 
	Production of pseudotyped viruses and neutralization assay. 
	In vitro RABV RFFIT neutralization. 
	In vivo efficacy in the Syrian hamster model. 
	Statistical analysis. 
	Data availability and method declaration. 

	Results
	RAB1 epitope analysis among rabies virus isolates in North America. 
	Selection and characterization of an additional HuMAb, RAB2 as a cocktail component. 
	R172 binding and neutralization of escape mutants. 
	In vitro RABV neutralization of R172 by RFFIT. 
	In vivo R172 efficacy in the Syrian hamster model. 
	In vitro CR57 and R173, binding and pseudovirus neutralization of RAB1 escape mutants. 
	In vitro RABV neutralization of R173 by RFFIT. 

	Discussion
	References
	Disclaimer


