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Abstract

Rabies is a fatal encephalitic disease in humans and animals caused by lyssaviruses, most

commonly rabies virus (RABV). Human antemortem diagnosis of rabies is a complex pro-

cess involving multiple sample types and tests for the detection of antibodies, antigen (pro-

tein), and nucleic acids (genomic RNA). Serological diagnosis of human rabies includes the

detection of either neutralizing or binding antibodies in the cerebrospinal fluid (CSF) or

serum samples from unimmunized individuals without prior rabies vaccination or passive

immunization with purified immunoglobulins. While neutralizing antibodies are targeted

against the surface-expressed glycoprotein (G protein), binding antibodies to viral antigens

are predominantly against the nucleoprotein (N protein), although there can be antibodies

against all RABV-expressed proteins. To determine N protein-specific antibody responses

in the CSF and serum during RABV infection, we developed an enzyme-linked immunosor-

bent assay (ELISA) with purified recombinant N protein expressed in E. coli. N protein-spe-

cific immunoglobulin (Ig) subtypes IgG and IgM were detected in the CSF or serum of

previously diagnosed human rabies cases. In addition, anti-N protein seroconversion was

demonstrated over the course of illness in individual rabies cases. We compared the N pro-

tein ELISA results to those of an indirect fluorescent antibody (IFA) test, the current binding

antibody assay used in diagnosis, and show that our ELISA is consistent with the IFA test.

Sensitivity and specificity of the N protein ELISA ranged from 78.38–100% and 75.76–

96.77% with respect to the IFA results. Our data provide evidence for the use of an N protein

ELISA as an additional option for the detection of RABV-specific IgG or IgM antibodies in

human CSF or serum specimens.
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Introduction

Rabies is a viral disease that results in acute encephalitis in both human and animals. It is

caused by neurotropic lyssaviruses, such as RABV, a single-stranded negative sense RNA virus

belonging to the Lyssavirus genus and Rhabdoviridae family [1]. The genome of RABV

encodes five proteins, including the N protein, which along with phosphoprotein (P) and

RNA-dependent RNA polymerase (L) encapsulates the genomic RNA to form the ribonucleo-

protein complex (RNC). The core RNC is surrounded by the viral envelope consisting of G

and matrix (M) proteins. Immunogenicity to RABV has been reported primarily against G, N,

or the RNC, which is mostly comprised of N protein [2–5]. Previous studies have demon-

strated that immunization with either G or N proteins expressing recombinant vectors can

offer protection against RABV infection in animal models [6–8]. In addition, N protein can

enhance the adaptive immune responses, including neutralizing antibody activity [3, 9, 10].

Thus, G and N proteins are both ideal target antigens for measuring antibody responses fol-

lowing RABV vaccination or infection.

Detection of antibodies against RABV is an important indicator of immune and exposure

status. Presence of anti-RABV antibodies in the CSF or in the serum of an unvaccinated indi-

vidual is considered a positive human antemortem diagnosis for rabies [11], provided no pas-

sive immunization with intravenous immune globulin containing anti-RABV antibodies has

occurred [12]. The two methods currently used for determination of anti-RABV antibodies

are the rapid fluorescent focus inhibition test (RFFIT) [13] and the IFA test [14]. The RFFIT is

a functional assay in which the ability of antibodies to inhibit RABV infection is determined.

Since G protein is responsible for RABV entry and fusion, RFFIT detects only G protein-spe-

cific antibodies [15, 16]. The IFA test, on the other hand, provides information on binding

antibodies (including non-neutralizing) which can be targeted against any of the RABV

encoded proteins, although it is demonstrated to be predominantly against the G and N pro-

teins [17]. The IFA has the advantage of being able to differentiate Ig subclasses, such as IgG or

IgM, the latter being an indicator for recent or primary infection. Both of these methods

require the use of infectious virus and a trained technician to visualize and recognize RABV-

specific staining patterns. Alternatively, several ELISA based investigative antibody detection

methods have been developed. While most ELISA methods use the G protein as the preferred

target antigen [18–22], few have used the N protein [23–26]. However, the utility of these

ELISA tests in human rabies antemortem diagnosis has not been demonstrated.

The RABV N protein is the most transcriptionally abundant protein during infection [27–

29] and is typically identified in infected tissues in the form of inclusions [30]. Because of its

high expression level, antigen detection diagnostic tests, like the direct fluorescent antibody

(DFA) test and direct rapid immunohistochemical test (DRIT), utilize polyclonal or monoclo-

nal antibodies (mAbs) against RABV N protein [31–33]. In addition, antigenic typing also

involves the use of epitope-specific mAbs against the N protein to identify RABV-specific vari-

ants from infected specimens [34, 35]. Similarly, the intracytoplasmic inclusion staining pat-

terns seen in the IFA test, which utilizes RABV-infected cells for detection of RABV-specific

binding antibodies, resembles that of N protein [29, 36]. Therefore, N protein is an ideal target

antigen for use in a binding antibody detection assay.

Here, we developed an N protein ELISA and investigated the immune response to RABV in

specimens collected from previously diagnosed human rabies cases. These results were com-

pared with the IFA test, the current binding assay used in the antemortem diagnosis of rabies.

Similar to the IFA test, the N protein ELISA was able to detect both IgG and IgM subclasses in

CSF and serum samples from individuals positively diagnosed with RABV infection. We pro-

pose that the N protein ELISA can be an additional tool for antibody detection of RABV-
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specific antibodies in human CSF and serum samples. The advantages of the ELISA are the

ability to use recombinant protein and a colorimetric detection method without the need for

infected samples or a fluorescence microscope, features that can be suitable for resource lim-

ited environments.

Materials and methods

RABV N protein expression and purification

Purified N protein was obtained from ARVYS Proteins, Inc involving the following protocol.

In brief, the N gene sequence for RABV CVS (Challenge virus standard) 11 strain was codon

optimized and chemically synthesized. It was cloned into pET100D expression vector (Thermo

Fisher Scientific) with an N-terminal Histidine tag for efficient purification. The plasmid was

transformed into E. coli DE3 Star expression cells, culture was subjected to cell lysis and the

soluble fraction was purified using Ni-affinity chromatography. Purity of the N protein sample

was evaluated in a 4–12% Bis-Tris polyacrylamide gel (Thermo Fisher Scientific) followed by

staining with Imperial protein stain (Thermo Fisher Scientific) according to manufacturer’s

instructions.

Ethics statement

Historic patient specimens received at the CDC Rabies Laboratory for antemortem rabies

diagnostic testing were used in the validation of the N protein ELISA. The samples originated

from facilities in the United States (U.S.) where the patients were being hospitalized and

treated. Samples were de-identified according to IRB approved CDC protocol #7028. A formal

request to waive consent was approved by the CDC IRB.

Clinical specimens

CSF and serum specimens collected from patients (January, 2005 to January, 2018) suspected

of rabies were originally tested by the IFA test and RFFIT for binding and neutralization anti-

body detection, respectively. A total of 65 serum specimens and 46 CSF specimens from 16

rabies-diagnosed cases were tested in our study along with 50 sera and 30 CSF from rabies neg-

ative human rule-out patients, including patients exhibiting acute progressive encephalitic

symptoms of unknown etiology. However, in some instances sample volume was limited or

previous sample information was missing and only a subset of samples were included in a par-

ticular analysis. Samples from rabies and non-rabies cases were heat inactivated at 56˚C for 45

minutes and evaluated for anti-N antibody detection by ELISA. Healthy sera from four unvac-

cinated individuals and one serum sample from a non-rabies case with a confirmed alternative

diagnosis were used as controls. These samples were confirmed negative by both the IFA test

and RFFIT prior to use. CSF negative controls were from non-rabies cases, in which there was

an alternative diagnosis and samples were confirmed negative by the IFA test prior to use. Pos-

itive samples that were used as internal assay controls included standard rabies immune globu-

lin (SRIG, Lot R-3) diluted to 2 IU/ml and an IFA positive human serum sample from a

previous rabies positive case.

Indirect fluorescent antibody (IFA) test

The IFA test was performed on clinical samples as part of rabies antemortem diagnostic testing

at the CDC according to Clinical Laboratory Improvement Amendments of 1988 (CLIA) stan-

dards. For confirmation, repeat testing was done on a selected number of samples using the

IFA protocol as described previously [37]. In brief, mouse neuroblastoma (MNA) cells
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(0.5x106 cells/ml) were infected with RABV CVS-11 to obtain a target of 25 to 50% infected

cells. The virus-cell suspension was plated drop-wise onto 4-well 6 mm Teflon1-coated micro-

scope slides (Thermo Fisher Scientific) using a disposable dropper, yielding 1 drop per well.

Slides were incubated in a moist chamber at 37˚C with 0.5% CO2 for 20 hours to allow for

infection and cell adherence. After incubation, wells were rinsed with 1x 0.01 M PBS and fixed

with cold acetone for 30 minutes. Infection was confirmed by immunofluorescence using a

monoclonal anti-N protein fluorescein isothiocyanate (FITC)—conjugated antibody (Fuijire-

bio Diagnostics, Inc) and visualized using an Axio Imager A1 fluorescence microscope (Zeiss)

at 200X magnification. Heat-inactivated diluted serum or undiluted and diluted CSF were

added to the wells and incubated for 30 minutes at 37˚C, then rinsed twice with 1x PBS for 5

minutes. The secondary FITC-conjugated antibodies, goat anti-human IgG (H+L) (SeraCare)

or anti-human IgM (SeraCare), were added and incubated at 37˚C for 30 minutes, then rinsed

twice for 5 minutes with 1x PBS. The slides were mounted with 20% glycerol and visualized

with a fluorescence microscope. If no specific RABV inclusions were detected in the sample

and the negative control, the sample was reported to have a negative IFA result. If the sample

had FITC fluorescent staining of typical inclusions within cells as demonstrated in the positive

control, the test was reported as positive.

Confocal microscopy and imaging

Slides were prepared similarly to the IFA test procedure, in which a suspension of MNA

infected cells were seeded on Teflon1-coated slides to make a monolayer, fixed with acetone

and used for further staining. Fixed infected cells were blocked with 10% fetal bovine serum

(FBS) in 1x PBS for 15 minutes at room temperature (RT). Mouse anti-N mAbs and human

sera were diluted in 1x PBS with 10% FBS and incubated alone or in combination for 30 min-

utes at RT. Wells were then washed with 1x PBS multiple times. Alexa Flour 594 conjugated

anti-mouse (Molecular Probes) and FITC-conjugated anti-human IgG (SeraCare) in 1x PBS

were used as secondary antibodies. Secondary antibodies were incubated for 30 minutes at RT.

Cell nuclei were stained with 4’, 6-diamidino-2-phenylindole (DAPI). The cells were then

fixed with 4% paraformaldehyde for 10 minutes, followed by mounting with Prolong Antifade

Mounting Media (Thermo Fisher Scientific). The cells were then visualized using a LSM 710

inverted confocal microscope (Zeiss).

N protein IgG & IgM ELISA

Immunlon II high binding microtiter 96-well plates (Thermo Fisher Scientific) were coated

with purified N protein diluted in carbonate-bicarbonate buffer (Sigma-Aldrich) overnight at

4˚C. Protein coating concentration for IgG detection was 0.125 μg/ml and 0.50 μg/ml for IgM.

The plates were washed three times with 0.05% PBS/Tween (PBS-T) between each incubation

step and all incubations were at RT. Plates were blocked for 1 hour with blocking buffer (5%

skim milk, 2% bovine serum albumin, and 2% goat serum in 0.05% PBS-T) at RT. CSF samples

were diluted at 1:10 and serum samples were diluted at 1:100 in blocking buffer and incubated

on the coated plate for 1 hour. Secondary goat anti-human IgG-horseradish peroxidase (HRP)

conjugated antibody (SeraCare) was diluted in blocking buffer at 1:2000 and goat anti-human

IgM-HRP conjugated antibody was diluted at 1:6000 (SeraCare), then added to the plates for 1

hour. To develop the samples, 3,3’,5,5’ Tetramethylbenzidine (TMB) 2-component substrate

(Sera Care) was added to the plates, followed by TMB Stop Solution (SeraCare). The ODs were

measured at 450 nm using the Enspire Plate Reader (PerkinElmer). In addition, two mouse

anti-RABV N conformation-specific mAbs, clone CDC 62-15-2 and clone CDC 62-164-2 [38]
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were used as the primary antibody to detect specific epitopes using our ELISA format and

anti-mouse IgG-HRP was used as the secondary detection antibody.

Data analysis

Every plate contained two positive and three to five negative control samples. The negative

control samples were used to determine the cutoff value (COV) for individual plates. All sam-

ples were tested in duplicate. The average OD value of the blank wells (blocking buffer only)

was subtracted from control and test samples before the COV was calculated. The COV corre-

sponded to the mean OD of all negative control samples plus three times the standard devia-

tion. The COV was then subtracted from the average of each test sample’s OD value to

determine positive and negative results, which were the reported OD values. Statistical analysis

was performed on the calculated OD values from IFA positive and negative samples in Graph-

Pad Prism software using the Mann-Whitney test. Statistics were reported as P values. Sensitiv-

ity and specificity percentages were calculated for each N protein ELISA test using the IFA

results as the true positive and negative values. Sensitivity was calculated by the following for-

mula (true positive/(true positive + false negative)). Specificity was calculated using the follow-

ing formula (true negative/(false positive + true negative)). The 95% confidence intervals for

sensitivity and specificity were also reported and are Clopper-Pearson confidence intervals.

Results

Rabies positive human serum detects N in RABV infected cells

To demonstrate that the rabies positive human serum primarily detects N protein in an IFA

assay, we first compared the IFA staining pattern of rabies positive human serum samples with

that of anti-N protein staining in RABV-infected cells. RABV-infected cells were prepared on

slides similarly to an IFA assay and incubated with either human rabies IFA positive serum or

non-rabies IFA negative serum and mouse anti-N protein mAb. N protein and human serum

staining were visualized by confocal imaging using anti-mouse IgG Alexa Flour 594 or anti-

human IgG FITC conjugated antibodies. As expected, we observed specific staining with

serum from a positive human rabies case and no staining with negative human serum (Fig 1,

compare top and bottom left panels). The staining pattern observed with the positive serum

localized with the anti-N protein mAb staining (Fig 1, merge), confirming the predominant

detection of N protein by human serum in an IFA positive sample. This result suggested the

potential use of an N protein-based ELISA for the detection of anti-RABV binding antibodies

in human cases.

Recombinant RABV N expression, purification and conformational

analysis

Recombinant N protein from RABV CVS-11 was produced using an E. coli expression system.

The overall purity of the N protein sample was evaluated by SDS-PAGE followed by staining

with Imperial protein stain, a Coomassie blue staining for protein visualization (Fig 2A). The

staining revealed a single prominent band at approximately 50kDa, suggesting that the N pro-

tein expressed was successfully isolated and was relatively free of other proteins.

To determine if the recombinant N protein retained native conformational epitopes, we

used two mouse mAbs against N protein that were previously characterized to bind distinct

conformation-specific epitopes [38–40]. Both mAbs demonstrated a concentration-dependent

binding to recombinant N protein compared to the mouse IgG isotype control (Fig 2B). Since

these mAbs are used routinely as primary antibodies for rabies antigenic typing in the IFA test,

Detection of rabies virus nucleoprotein-specific antibodies using an ELISA

PLOS ONE | https://doi.org/10.1371/journal.pone.0207009 November 7, 2018 5 / 19

https://doi.org/10.1371/journal.pone.0207009


Fig 1. Antibodies in patient serum are able to detect RABV N protein. MNA cells grown on glass cover slips were infected with RABV CSV-11 strain

for 20 hours. Antibodies present in a human serum samples from a rabies positive patient was used to detect rabies antigen (green, top left panel) and

serum from a non-rabies case was used as a control (bottom left panel), followed by FITC conjugated anti-human IgG for visualization. RABV N

protein (red) was visualized using anti-N protein mAbs (middle top and bottom), followed by Alexa 594 conjugated secondary antibody. Merged image

of rabies serum with N protein is shown on the top right and merged non-rabies serum with N protein is shown on the bottom right. Merged images

include the nucleus (blue), which was visualized using DAPI. Scale bar = 10μm. Original magnification: x40.

https://doi.org/10.1371/journal.pone.0207009.g001

Fig 2. N protein expression purity and confirmation of native epitopes. (A) Recombinant N protein was separated on SDS-PAGE gel at indicated

concentration and stained with Coomassie stain for visualization of all proteins in the N protein preparation. Protein ladder indicates estimated size of

protein bands. (B) OD absorbance value of N protein detected with primary mAbs against N protein conformation epitopes at different antibody

concentrations in an ELISA format. Mouse IgG isotype was used a control. Secondary antibody against mouse IgG conjugated with HRP was used.

https://doi.org/10.1371/journal.pone.0207009.g002
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we are confident that the expressed N protein closely resembles native conformation. Hence,

the recombinant N protein is a suitable antigen to detect binding of polyclonal antibodies gen-

erated in humans infected with RABV.

N protein IgG and IgM ELISA optimization for serum and CSF

Using the purified recombinant N protein, we developed an indirect ELISA for the detection

of IgG and IgM antibodies against RABV N protein in human CSF and serum specimens. The

coating antigen concentration, sample dilution, and secondary antibody concentration were

optimized using either SRIG, human sera, or CSF from rabies and non-rabies cases. SRIG, in

addition to specimens from actual human cases, was used for optimization since it is a stan-

dardized preparation of rabies immune globulin with known concentration. Human speci-

mens (serum or CSF) from rabies and non-rabies cases allowed for comparison of ELISA

values to determine the background signal. We first determined the coating concentration and

serum dilution for the IgG ELISA by narrowing our coating antigen range to 0.125–1.000 μg/

ml and serum dilution from 1:100 to 1:400 for both positive and negative samples (S1A–S1C

Fig). The ratio of positive (SRIG or rabies signal) to negative signal (non-rabies) was also calcu-

lated (S1D and S1E Fig). Since a decrease in positive to negative signal ratio was observed at

increasing coating concentrations, 0.125 μg/ml of N protein and a serum dilution of 1:100 was

used for subsequent experiments. Using a serum dilution of 1:100 optimized by the IgG

ELISA, the N protein concentrations and anti-IgM secondary dilutions for the IgM ELISA

were varied (S2 Fig). Since SRIG is not positive for the IFA IgM test, it served as a negative

control in optimization, further substantiating the notion that detection of IgG antibodies are

specific for N protein in the ELISA. The N protein coating concentration and secondary dilu-

tion that yielded optimal optical density (OD) measurements for the IgM ELISA was deter-

mined to be 0.5 μg/ml and 1:6000, respectively (S2 Fig).

To maintain consistency in our IgM and IgG ELISAs, concentrations as described above

for coating and secondary antibody were used for CSF samples. The CSF sample dilution for

both IgG and IgM was determined by titrating 3 rabies CSF positive samples and 2 non-rabies

negative samples from 1:10 to 1:100 (S3 Fig). The background for CSF negative samples was

relatively low at all dilutions. Therefore, to detect the largest difference in OD measurements

between positive and negative samples and also capture any low positive samples, a 1:10 dilu-

tion of CSF samples were used for both IgG and IgM.

Comparison of RABV N protein ELISA with the IFA test

Individual serum and CSF specimens from previous rabies and non-rabies diagnosed cases

from 2005 to 2018 were tested for RABV N protein-specific antibodies using the N protein

ELISA. A total of 77 sera and 39 CSF samples were tested for N protein IgG and 79 sera and 38

CSF samples were tested for N protein IgM, including the negative samples from non-rabies

cases (S4 Fig). To check the stability of anti-RABV binding antibodies upon storage, IFA test-

ing was repeated in a subset of samples and we observed consistent results to those previously

reported. The cut off values (COV) were determined for each plate based on the OD values

and standard deviation of the negative control samples. The OD values for both IgM and IgG

rabies positive CSF samples varied widely in the ELISA (Fig 3A and 3B). Some samples had

values just above the COV and others as high as 2.0, demonstrating differences in immune

responses between the rabies cases. However, the average OD values for rabies CSF positive

samples versus non-rabies negative samples was statistically significant for both IgM and IgG.

Among the rabies IFA negative CSF samples, only three (1 IgM and 2 IgG) samples were

higher than the COV value. The ELISA results for rabies positive serum samples also varied in
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terms of OD values (Fig 4A and 4B). Even though the average IgM and IgG OD values between

positive and negative were statistically significant (Fig 4A and 4B), a number of false negative

and false positive ELISA results were observed (Fig 4C and 4D).

The sensitivity and specificity of N Protein ELISA were calculated based on the IFA result

as the true positive and negative. Although the readout of two assays is different (absorbance

versus microscopy), there was a high correlation observed for both IgM and IgG in the CSF

(Fig 3C and 3D). The sensitivity and specificity of CSF IgM ELISA for rabies and non-rabies

cases were 100% and 96.77%, respectively when compared to the IFA result. Similarly, the CSF

IgG ELISA had 90% sensitivity and 93.75% specificity. The sensitivity and specificity values for

Fig 3. N protein IgG and IgM ELISA values in CSF relative to IFA result. ELISA values were determined by subtracting the COV from the OD values

for each sample. (A) ELISA values for each IFA positive and negative CSF samples tested for IgM are shown. Values>0.02 are N positive. Statistics

reported are with the exclusion of outlier data point. (B) CSF samples tested for IgG are shown. Values>0.00 are positive. IFA and ELISA results used

to calculate sensitivity and specificity for (C) IgM and (D) IgG. The 95% confidence interval (CI) for each is shown. Mean and standard error are

indicated by the error bars. �, P� 0.01; ��, P� 0.001; ���, P� 0.0001.

https://doi.org/10.1371/journal.pone.0207009.g003
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serum IgM and IgG results relative to the IFA results, however, were lower compared to the

tests using CSF. The serum IgM ELISA exhibited 78.38% sensitivity and 94.34% specificity

(Fig 4C), while serum IgG ELISA demonstrated 81.82% sensitivity and 75.76% specificity (Fig

4D). We presume one of the reasons for the higher proportion of discordant results in serum

compared to CSF may be due to higher non-specific binding. Even in the IFA test, serum

exhibits a higher background compared to corresponding CSF samples from a single patient.

N protein ELISA results for rabies classification

We further evaluated the N protein ELISA by comparing the results to the IFA results of inde-

pendent rabies cases. As previously mentioned, a rabies diagnosis is determined by testing a

Fig 4. N protein IgG and IgM ELISA values in serum relative to IFA result. ELISA values were determined by subtracting the COV from the OD

values for each sample. ELISA values for each samples for (A) IgM and (B) IgG are shown. Values>0.00 are ELISA positive. IFA and ELISA results are

shown and used to calculate sensitivity and specificity for (C) IgM and (D) IgG. The 95% confidence interval (CI) for each is shown. Mean and standard

error are indicated by the error bars. �, P� 0.01; ��, P� 0.001; ���, P� 0.0001.

https://doi.org/10.1371/journal.pone.0207009.g004

Detection of rabies virus nucleoprotein-specific antibodies using an ELISA

PLOS ONE | https://doi.org/10.1371/journal.pone.0207009 November 7, 2018 9 / 19

https://doi.org/10.1371/journal.pone.0207009.g004
https://doi.org/10.1371/journal.pone.0207009


variety of samples with different methods. Hence, the outcome of the ELISA results does not

change the overall interpretation of a previous rabies diagnosis. The IFA and ELISA results

were compared in a total of 16 individual rabies cases with exposure to a rabid bat or dog via

bite, contact, or unknown contact. The clinical presentation of each patient varied, with symp-

toms including encephalitis, fever, headache, agitation and combativeness, paresthesia, and

hydrophobia (S1 Table). In this analysis, all samples from a single patient were treated as a set

and we determined if the patient had at least one positive specimen for RABV antibodies by

the IFA test or N protein-specific antibodies by ELISA during the course of the disease (Fig

5A). The number of specimens from a single rabies diagnosed individual ranged from 1 to 14

for either serum or CSF (S1 Table).

Seven rabies-diagnosed cases were reported to have an IgM response by IFA in CSF speci-

mens and of those 7 cases, 6 cases had an N protein ELISA positive result, and 1 case we could

not obtain data due to limited availability of sample volume (Fig 5B). Of the 9 cases that had a

previous negative IgM IFA result in the CSF, N protein ELISA was positive for 4 cases, 1 case

was negative and we could not obtain data for the remaining 4 cases. In terms of the IgG IFA

results for CSF specimens, 8 cases were previously positive and 8 were previously negative. Of

the 8 IFA positive cases, 5 were positive by IgG N ELISA, 2 were negative and for 1 sample we

could not obtain data. For the IFA negative cases, N protein ELISA detected one positive, 3

negative, and 4 cases did not have sufficient sample to test. Overall, 10 of 11 cases (based on

sample availability) were positive for IgM and 6 of 11 were positive for IgG using N protein-

specific ELISA in the CSF.

For the serum, 13 rabies-diagnosed cases were positive for IgM by the IFA test and 3

cases were negative. For IgG, 12 cases were previously positive and 4 cases were previously

negative for IgG by the IFA (Fig 5A). Of the 13 IFA IgM positive cases, 10 were positive by

IgM N protein ELISA and 3 were negative (Fig 5B). From the 3 negative IFA IgM cases, all

cases were also negative in the N protein ELISA. For serum IgG, of the 12 IFA positive cases,

all 12 were also positive in the N protein ELISA and of the 4 IFA negative cases, 3 were nega-

tive and 1 was positive by N protein ELISA. Overall, 10 of 16 cases had N protein IgM sero-

conversion and 13 of 16 cases had N protein IgG seroconversion. The N protein ELISA

results for serum from rabies-diagnosed cases was mostly consistent with previous IFA

results and the N protein ELISA was able to detect an additional IgG positive serum sample

(Fig 5).

Kinetics of anti-N antibody detected in rabies-diagnosed cases

We examined the kinetics of anti-N protein IgG and IgM antibodies in the CSF and serum of

several individual rabies cases. A total of 5 cases for CSF and 6 cases for serum were evaluated

based on days from illness onset to the sample collection date, which varied from case to

case. Antibodies in the CSF were detected after day 10 of illness onset (Fig 6) and seen as late

as Day 37. In all cases, only one of the two antibody subclasses was detected in CSF. For

instance, in rabies cases 3, 4, 14 and 16, only IgM antibodies were detected (Fig 6A, 6B, 6C

and 6E), whereas in case 15 only IgG antibodies were detected (Fig 6D). In contrast, the

serum IgG and IgM profiles for 3 rabies cases showed seroconversion of IgM before IgG (Fig

7A, 7C and 7D) and 3 cases only IgM or IgG was detected (Fig 7B, 7E and 7F). The earliest

serum antibodies were detected was on Day 8 (Fig 7C) and the latest was on Day 32 (Fig 7B).

Interestingly, for rabies case 15, only IgG was detected in both CSF and serum, but no IgM.

In cases 3 and 8, the onset and progression of IgM and IgG antibody profiles exhibited a sim-

ilar pattern.
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Discussion

Antemortem diagnosis of rabies is challenging due to the clinical course of the disease that can

be influenced by viral pathogenesis and immunological status [41]. Laboratory assays rely on

the dissemination of the virus for the detection of nucleic acid, antigen, and RABV-specific

antibodies, which can depend on intermittent viral excretion [42]. The World Health Organi-

zation (WHO) recommends the collection of several specimen types over the course of illness

in order to perform a variety of standard diagnostic tests including those for virus isolation,

antigen, RNA and antibody detection [42]. However, this becomes increasingly difficult in

countries with limited resources to collect the appropriate samples and have the equipment to

perform the recommended assays. Therefore, development and evaluation of accessible assays

are important for determining the true burden of disease. Here, we evaluated an ELISA-based

assay for detection of RABV N protein-specific antibodies in human serum and CSF speci-

mens from previously diagnosed rabies cases.

Antemortem diagnosis of rabies at the CDC requires 4 specimen types (saliva, serum, CSF,

and skin) [43] to perform antigen detection using DFA [31, 32], nucleic acid detection using

RT-PCR [44–46], and antibody detection using IFA [37] and RFFIT [13]. RABV antibody

detection is informative for determining immune status and previous exposure to RABV

Fig 5. Detection of antibodies in CSF and serum of rabies positive cases. (A) A series of CSF and serum specimens from 16 diagnosed rabies cases

(numbered 1–16) were tested for IgG and IgM N protein binding by ELISA and results were compared to IFA results. ‘P’ indicates the test result was

positive, ‘N’ indicates the test was negative, and ‘−’ indicates no result could be obtained. (B) The total number of rabies cases with IFA positive or IFA

negative results are listed for each IgM or IgG IFA test and the breakdown of how many of those were ELISA negative, positive, or had no data available

due to sample availability are indicated.

https://doi.org/10.1371/journal.pone.0207009.g005
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antigens. This information can be useful not only in the diagnosis of rabies but also in surveil-

lance, vaccine immunogenicity or research studies. At CDC, the two methods used for anti-

body detection in human antemortem testing are the IFA test and the RFFIT. In addition, the

fluorescent antibody virus neutralization (FAVN) test [43, 47, 48] and the ELISA are also stan-

dard human antemortem antibody detection tests suitable for serum and CSF [42, 47]. ELISA-

based assays for determining antibody response after vaccination utilize predominantly G

Fig 6. N protein antibodies over the course of illness in the CSF of rabies cases. N ELISA values were determined by subtracting the COV from the

OD values for each sample. N protein IgG (blue circles) and IgM (red circles) ELISA values for a series of specimens from a single rabies case

corresponding to Table 1A are shown. The corresponding IFA result for that particular sample is indicated by the (+) symbol for a positive result, (-) for

a negative result, and no symbol indicates no IFA data was available for that sample. The color of the symbol corresponds to the IFA result for IgG

(blue) or IgM (red). The x-axis indicates days from illness onset that the specimen was collected and the y-axis shows the ELISA value. (A) Rabies case 3

IgG and IgM N ELISA values. (B) Rabies case 4 IgG and IgM N ELISA values. (C) Rabies case 14 IgG and IgM N ELISA values. (D) Rabies case 15 IgG

and IgM N ELISA values. (E) Rabies case 16 IgG and IgM N ELISA values.

https://doi.org/10.1371/journal.pone.0207009.g006
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protein [18–22] as the target antigen since it is an exposed viral surface protein and highly

immunogenic. However, viral N protein is also highly immunogenic and reported to enhance

immunity and virus neutralizing antibody activity [3, 4, 10]. A few studies have investigated N

protein-specific antibody responses in humans using N protein as the target antigen for

ELISA-based assays [23–26]. Here, we developed an N protein ELISA and validated it using

samples that were previously confirmed as positive or negative for the presence of anti-RABV

Fig 7. N protein antibodies over the course of illness in the serum of rabies cases. N ELISA values were determined by subtracting the COV from the

OD values for each sample. N protein IgG (blue circle) and IgM (red circles) ELISA values for a series of specimens from a single rabies case

corresponding to Table 1A are shown. The corresponding IFA result for that particular sample is indicated by the (+) symbol for a positive result, (-) for

a negative result, and no symbol indicates no IFA data was available for that sample. The color of the symbol corresponds to the IFA result for IgG

(blue) or IgM (red). The x-axis indicates days from illness onset that the specimen was collected and the y-axis shows the ELISA value. (A) Rabies case 3

IgG and IgM N ELISA values. (B) Rabies case 4 IgG and IgM N ELISA values. (C) Rabies case 8 IgG and IgM N ELISA values. (D) Rabies case 10 IgG

and IgM N ELISA values. (E) Rabies case 15 IgG and IgM N ELISA values. (F) Rabies case 16 IgG and IgM N ELISA values.

https://doi.org/10.1371/journal.pone.0207009.g007
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binding antibodies by the standard IFA test. This study demonstrated RABV N protein-spe-

cific responses in human CSF and anti-N seroconversion with both IgG and IgM subtypes in a

single patient over the course of illness using an N protein ELISA.

One of the advantages of performing a binding assay compared to a neutralization test is

the ability to identify Ig subclass types, such as IgG and IgM. While IgG will generally indicate

a previous exposure to RABV antigen, the IgM develops before IgG during the acute phase of a

recent infection. Anti-RABV antibodies on average are detected in the serum or CSF of rabies

patients on day 7 or 10.5, respectively, from illness onset and as early as 2 days [49]. The pri-

mary objective of this study was to investigate the use of recombinant N protein for binding

antibody detection in clinical samples diagnosed with RABV infection. We developed an indi-

rect ELISA to detect either IgM or IgG antibodies generated against RABV N protein following

an infection in CSF and serum samples, which are two of the four sample types used in the

antemortem diagnosis of rabies. We demonstrated detection of both IgM and IgG anti-N anti-

bodies in CSF and serum in several previously diagnosed human cases and also show the kinet-

ics of antibody detection in individual rabies cases in which multiple samples were available.

From the cases that had detectable N protein-specific antibodies, there was variability in the

time of illness onset to the time of antibody detection and also in the profiles of antibody

response. For instance, in one case the IgM response in the CSF was detected as early as day 13

but reached a peak at day 16 and dropped by day 17. In another case, there was an IgG but no

IgM response detected in the CSF, although the IFA test did not detect any CSF antibody

responses. The kinetics of antibody responses in the serum was generally observed as expected.

Detection of IgM was followed by IgG, but in two instances IgG was detected with no IgM.

IgG detection in the absence of IgM has previously been reported for rabies [50]. However, it

is possible that IgM was below the detection in both the ELISA and the IFA in these particular

samples. In some instances, no antibodies were detected throughout the course of illness, espe-

cially in the CSF [49, 51, 52].

The kinetics of antibody production, in addition to antigen (N protein) and genomic RNA

detection, varies in rabies cases. Therefore, performing a variety of tests can increase the likeli-

hood of obtaining a positive antemortem diagnosis [49, 53]. Antigen detection (DFA) and

genomic RNA (RT-PCR) -based assays are also important for rabies antemortem diagnostics

and are performed as part of the standard diagnostic tests [42] in conjunction with antibody

detection assays. Although antigen and genomic RNA can be detected initially in nuchal skin

biopsy and saliva samples, antibodies in the serum or CSF may not be detected for several days

after the onset of symptoms [41, 49, 50, 54]. In animal studies, generation of antibodies can

enhance infection and results in ‘early death’ due to complement-mediated opsonization of

immune complexes [55, 56], however, the role of immunopathology in positive human cases is

not clearly defined. Conversely, in some cases of survival, patients had higher levels of neutral-

izing antibodies in the serum and CSF early on and antigen or genomic RNA was not detected

in nuchal skin biopsy and or in saliva samples [50, 57–59]. This further emphasizes the impor-

tance of collecting multiple antemortem samples (nuchal skin biopsy, serum, CSF and saliva)

for making a proper diagnosis and potential prognosis.

In this study, we compared the performance of N protein ELISA with IFA for detection of

binding antibodies. In the N protein ELISA, CSF samples exhibited high sensitivity and speci-

ficity in both IgM and IgG assays (greater than 90%) when considering the IFA results as the

true positive and true negative. The IgG and IgM ELISA tests using serum samples exhibited a

lower sensitivity and specificity compared to the tests using CSF, but the N protein ELISA was

still able to detect both IgM and IgG subclasses in a majority of rabies samples that were previ-

ously IFA positive. The discordance between the ELISA and IFA assays may be due to differ-

ences in assay conditions and the method of detection. While the IFA test can detect RABV-
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specific antibodies against all viral proteins encoded by RABV, the ELISA detects only N pro-

tein-specific antibodies. Therefore, a positive IFA and a negative ELISA result for a particular

sample may suggest the presence of antibodies against other proteins, particularly G protein.

In addition, the IFA test has the advantage of being able to visually examine the pattern for

anti-RABV- specific versus non-specific staining, which could identify false positives. How-

ever, even with the IFA test, false positive results have been observed due to cross-reactive anti-

bodies from encephalitic patients infected with flaviviruses [29], which is a limitation to

consider when performing antibody binding assays. Similarly, the false positive rate, particu-

larly in the serum IgG ELISA, can lower the positive predictive value. Therefore, exposure his-

tory, clinical symptoms, and results from additional confirmatory testing (if available) should

be taken into consideration in conjunction with the N protein ELISA. One of the limitations

of our study is the availability of samples from human rabies positive cases in the U.S. [60].

From a total of 41 cases were reported in the U.S. and Puerto Rico from 2003 to 2018 [49, 60],

only 16 had both CSF and serum samples available with sufficient volume to test for N pro-

tein-specific antibodies. Collaboration with laboratories in rabies endemic countries would

help to improve optimization, accuracy, positive predictability and repeatability of the assay.

In addition to individual samples, we also evaluated the overall ability of the ELISA to detect

N protein-specific antibodies in any sample from 16 previously diagnosed rabies cases com-

pared to the IFA. Although the results for both IFA and ELISA are comparable, there were

some instances in which one test detected an antibody response and the other did not. For

example, in cases 3, 15, and 16, although IFA did not detect either IgM or IgG in CSF, ELISA

was positive for IgM or IgG (Fig 5A). While cases 7 and 14 did not seroconvert for IgM nor

IgG in CSF or serum by IFA, the N protein ELISA was able to detect IgG in the serum (case 7)

and IgM in the CSF (case 14) of those respective patients. On the contrary, there were

instances in which IFA was positive and ELISA was negative, particularly with serum IgM

results (cases 4, 13 and 15) and CSF IgG results (case 4, 8). Overall, the N protein ELISA was

able to detect antibodies in 15 out of the 16 rabies cases (94%), whereas the IFA detected anti-

bodies in 13 out of 16 rabies cases. The results suggest that N protein could be sufficient for the

detection of RABV binding antibodies, even though other RABV protein-specific antibodies,

such as G protein-specific antibodies, could also be present.

An ELISA based detection of anti-N antibodies offers several advantages compared to the

IFA test. Since the recombinant N protein used in the ELISA is purified from E. coli and anti-

bodies are detected by a colorimetric method, it could be adopted in a hospital or resource-

limited setting. In contrast, IFA requires RABV-infected cells that are not fully inactivated by

standard fixation methods [37]. In addition, the ELISA does not require a fluorescence micro-

scope, fluorescence detection reagents, or a highly trained individual to differentiate RABV-

specific and non-specific fluorescence staining. In that respect, the ELISA gives an opportunity

to standardize an assay globally across different labs, allowing for direct comparability of anti-

N IgM and IgG kinetics. However, further validation is required and implementation of the N

protein ELISA is recommended in conjunction with other standard antemortem diagnostic

tests. The ELISA also offers the opportunity to test samples in a high–throughput format com-

pared to the IFA test. Therefore, it can be optimized for non-diagnostic purposes, such as ani-

mal surveillance studies or serosurveys.

Supporting information

S1 Fig. N protein coating concentration and serum dilution optimization for IgG serum

ELISA. OD values were evaluated at different serum concentrations using SRIG, serum from a

positive rabies case, and serum from a negative non-rabies case using (A) 0.125 μg/ml, (B)
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0.5 μg/ml, and (C) 1 μg/ml coating concentrations of recombinant N protein. SRIG served as a

positive control in this test. The OD value ratio of positive to negative serum (D) and SRIG to

negative serum (E) for each N concentration at each sample dilution was calculated. OD values

were calculated by subtracting the blank values from observed samples values at each condi-

tion.

(TIF)

S2 Fig. N coating concentration and anti-IgM secondary dilution optimization for IgM

serum ELISA. OD values were evaluated at different secondary IgM antibody dilutions using

SRIG, serum from a positive rabies case, and serum from a negative non-rabies case at (A)

0.125 μg/ml, (B) 0.5 μg/ml, and (C) 1 μg/ml coating concentrations of recombinant N protein.

SRIG served as a negative control in this test. (D) The ratio between positive and negative

serum was evaluated at each N coating concentration and secondary antibody dilution. OD

values were calculated by subtracting the blank values from observed samples values at each

condition.

(TIF)

S3 Fig. CSF sample dilution optimization. Sample dilution for (A) IgG ELISA and (B) IgM

ELISA using CSF from rabies and non-rabies diagnosed cases was determined.

(TIF)

S4 Fig. Flowchart representing patient samples used for analysis. (A) Number of CSF sam-

ples and (B) serum samples from rabies cases (red) and non-rabies cases (grey) are indicated.

The arrows show the number of samples used for case-by-case comparison or IFA comparison

analysis.

(TIF)

S1 Table. Summary table indicating sample number and clinical highlights for each rabies

case. Clinical information on some cases is not available and is indicated by N/A.

(DOCX)

Acknowledgments

The authors thank the physicians, laboratorians, epidemiologists, and affiliates with public

health departments and hospitals that assisted in the diagnosis of reported rabies cases and

sample submissions to the CDC. We thank Mary Reynolds, Kim Hummel, Michael Townsend,

James Peterson and the reviewers for valuable comments and suggestions. The findings and

conclusions in this report are those of the authors and do not necessarily represent the official

position of the CDC.

Author Contributions

Conceptualization: Susan Realegeno, Panayampalli Subbian Satheshkumar.

Data curation: Susan Realegeno, Laboni Hoque.

Formal analysis: Susan Realegeno.

Funding acquisition: Victoria A. Olson.

Investigation: Susan Realegeno, Michael Niezgoda, Pamela A. Yager, Amrita Kumar, Laboni

Hoque, Lillian Orciari.

Methodology: Susan Realegeno, Panayampalli Subbian Satheshkumar.

Detection of rabies virus nucleoprotein-specific antibodies using an ELISA

PLOS ONE | https://doi.org/10.1371/journal.pone.0207009 November 7, 2018 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207009.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207009.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207009.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207009.s005
https://doi.org/10.1371/journal.pone.0207009


Project administration: Panayampalli Subbian Satheshkumar.

Resources: Suryaprakash Sambhara, Victoria A. Olson.

Supervision: Suryaprakash Sambhara, Victoria A. Olson, Panayampalli Subbian

Satheshkumar.

Validation: Susan Realegeno, Laboni Hoque.

Visualization: Susan Realegeno, Amrita Kumar.

Writing – original draft: Susan Realegeno, Panayampalli Subbian Satheshkumar.

Writing – review & editing: Susan Realegeno, Michael Niezgoda, Pamela A. Yager, Amrita

Kumar, Lillian Orciari, Suryaprakash Sambhara, Victoria A. Olson, Panayampalli Subbian

Satheshkumar.

References
1. Lyles DS, Rupprecht CE. Rhabdoviridae. In: Knipe DM, Howley PM, editors. Fields’ Virology. 1. Phila-

delphia: Wolters Kluwer Health/Lippincott Williams & Wilkins; 2007. p. 1361–408.

2. Ertl HC, Dietzschold B, Gore M, Otvos L Jr., Larson JK, Wunner WH, et al. Induction of rabies virus-spe-

cific T-helper cells by synthetic peptides that carry dominant T-helper cell epitopes of the viral ribonu-

cleoprotein. J Virol. 1989; 63(7):2885–92. PMID: 2470920.

3. Fu ZF, Dietzschold B, Schumacher CL, Wunner WH, Ertl HC, Koprowski H. Rabies virus nucleoprotein

expressed in and purified from insect cells is efficacious as a vaccine. Proc Natl Acad Sci U S A. 1991;

88(5):2001–5. PMID: 2000406.

4. Lafon M, Lafage M, Martinez-Arends A, Ramirez R, Vuillier F, Charron D, et al. Evidence for a viral

superantigen in humans. Nature. 1992; 358(6386):507–10. https://doi.org/10.1038/358507a0 PMID:

1386410.

5. Jackson AC, Wunner WH. Rabies. Amsterdam; Boston: Elsevier/Academic Press; 2007.

6. Fujii H, Takita-Sonoda Y, Mifune K, Hirai K, Nishizono A, Mannen K. Protective efficacy in mice of post-

exposure vaccination with vaccinia virus recombinant expressing either rabies virus glycoprotein or

nucleoprotein. J Gen Virol. 1994; 75 (Pt 6):1339–44. https://doi.org/10.1099/0022-1317-75-6-1339

PMID: 8207400.

7. Dietzschold B, Wang HH, Rupprecht CE, Celis E, Tollis M, Ertl H, et al. Induction of protective immunity

against rabies by immunization with rabies virus ribonucleoprotein. Proc Natl Acad Sci U S A. 1987; 84

(24):9165–9. PMID: 3480536.

8. Tollis M, Dietzschold B, Volia CB, Koprowski H. Immunization of monkeys with rabies ribonucleoprotein

(RNP) confers protective immunity against rabies. Vaccine. 1991; 9(2):134–6. PMID: 2058261.

9. Hooper DC, Pierard I, Modelska A, Otvos L Jr., Fu ZF, Koprowski H, et al. Rabies ribonucleocapsid as

an oral immunogen and immunological enhancer. Proc Natl Acad Sci U S A. 1994; 91(23):10908–12.

PMID: 7971982.

10. Kim HH, Yang DK, Nah JJ, Song JY, Cho IS. Comparison of the protective efficacy between single and

combination of recombinant adenoviruses expressing complete and truncated glycoprotein, and nucle-

oprotein of the pathogenic street rabies virus in mice. Virol J. 2017; 14(1):122. https://doi.org/10.1186/

s12985-017-0789-2 PMID: 28646885.

11. Brown CM, Blanton JD, Franka R. Revision of the Surveillance Case Definition for Human Rabies. Posi-

tion Statement. Council of State and Territorial Epidemiologists, 2010 Contract No.: 10-ID-16.

12. Vora NM, Orciari LA, Bertumen JB, Damon I, Ellison JA, Fowler VG Jr., et al. Potential Confounding of

Diagnosis of Rabies in Patients with Recent Receipt of Intravenous Immune Globulin. MMWR Morb

Mortal Wkly Rep. 2018; 67(5):161–5. https://doi.org/10.15585/mmwr.mm6705a3 PMID: 29420464 Cer-

exa/Forest/Actavis/Allergan, Pfizer, Advanced Liquid Logics, Theravance, Novartis, Cubist/Merck,

Medical Biosurfaces, Locus, Affinergy, Contrafect, Karius, and Genentech; consultant fees from Pfizer,

Novartis, Galderma, Novadigm, Durata, Debiopharm, Genentech, Achaogen, Affinium, Medicines Co.,

Cerexa, Tetraphase, Trius, MedImmune, Bayer, Theravance, Cubist, Basilea, Affinergy, Janssen, xBio-

tech, and Contrafect; educational fees from Green Cross, Cubist, Cerexa, Durata, Theravance, and

Debiopharm; royalties from UpToDate; and has a Sepsis Diagnostics patent pending. No other conflicts

of interest were reported.

13. Smith JS, Yager PA, Baer GM. A rapid reproducible test for determining rabies neutralizing antibody.

Bull World Health Organ. 1973; 48(5):535–41. PMID: 4544144.

Detection of rabies virus nucleoprotein-specific antibodies using an ELISA

PLOS ONE | https://doi.org/10.1371/journal.pone.0207009 November 7, 2018 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/2470920
http://www.ncbi.nlm.nih.gov/pubmed/2000406
https://doi.org/10.1038/358507a0
http://www.ncbi.nlm.nih.gov/pubmed/1386410
https://doi.org/10.1099/0022-1317-75-6-1339
http://www.ncbi.nlm.nih.gov/pubmed/8207400
http://www.ncbi.nlm.nih.gov/pubmed/3480536
http://www.ncbi.nlm.nih.gov/pubmed/2058261
http://www.ncbi.nlm.nih.gov/pubmed/7971982
https://doi.org/10.1186/s12985-017-0789-2
https://doi.org/10.1186/s12985-017-0789-2
http://www.ncbi.nlm.nih.gov/pubmed/28646885
https://doi.org/10.15585/mmwr.mm6705a3
http://www.ncbi.nlm.nih.gov/pubmed/29420464
http://www.ncbi.nlm.nih.gov/pubmed/4544144
https://doi.org/10.1371/journal.pone.0207009


14. Thomas JB, Sikes RK, Ricker AS. Evaluation of Indirect Fluorescent Antibody Technique for Detection

of Rabies Antibody in Human Sera. J Immunol. 1963; 91:721–3. PMID: 14106292.

15. Cox JH, Dietzschold B, Schneider LG. Rabies virus glycoprotein. II. Biological and serological charac-

terization. Infect Immun. 1977; 16(3):754–9. PMID: 408269.

16. Dietzschold B, Tollis M, Lafon M, Wunner WH, Koprowski H. Mechanisms of rabies virus neutralization

by glycoprotein-specific monoclonal antibodies. Virology. 1987; 161(1):29–36. PMID: 3672933.

17. Moore SM, Gordon CR, Briggs DJ. Rabies Serology-11. 2007.

18. Welch RJ, Anderson BL, Litwin CM. An evaluation of two commercially available ELISAs and one in-

house reference laboratory ELISA for the determination of human anti-rabies virus antibodies. J Med

Microbiol. 2009; 58(Pt 6):806–10. https://doi.org/10.1099/jmm.0.006064-0 PMID: 19429758.

19. Grassi M, Wandeler AI, Peterhans E. Enzyme-linked immunosorbent assay for determination of anti-

bodies to the envelope glycoprotein of rabies virus. J Clin Microbiol. 1989; 27(5):899–902. PMID:

2745698.

20. Ma X, Niezgoda M, Blanton JD, Recuenco S, Rupprecht CE. Evaluation of a new serological technique

for detecting rabies virus antibodies following vaccination. Vaccine. 2012; 30(36):5358–62. https://doi.

org/10.1016/j.vaccine.2012.06.037 PMID: 22749835.

21. Feyssaguet M, Dacheux L, Audry L, Compoint A, Morize JL, Blanchard I, et al. Multicenter comparative

study of a new ELISA, PLATELIA RABIES II, for the detection and titration of anti-rabies glycoprotein

antibodies and comparison with the rapid fluorescent focus inhibition test (RFFIT) on human samples

from vaccinated and non-vaccinated people. Vaccine. 2007; 25(12):2244–51. https://doi.org/10.1016/j.

vaccine.2006.12.012 PMID: 17224214.

22. Muhamuda K, Madhusudana SN, Ravi V. Development and evaluation of a competitive ELISA for esti-

mation of rabies neutralizing antibodies after post-exposure rabies vaccination in humans. Int J Infect

Dis. 2007; 11(5):441–5. https://doi.org/10.1016/j.ijid.2006.09.013 PMID: 17321182.

23. Kasempimolporn S, Hemachudha T, Khawplod P, Manatsathit S. Human immune response to rabies

nucleocapsid and glycoprotein antigens. Clin Exp Immunol. 1991; 84(2):195–9. PMID: 2025949.

24. Muhamuda K, Madhusudana SN, Ravi V, Desai A. Presence of rabies specific immune complexes in

cerebro-spinal fluid can help in ante-mortem diagnosis of human paralytic rabies. J Clin Virol. 2006; 37

(3):162–7. https://doi.org/10.1016/j.jcv.2006.06.010 PMID: 16931137.

25. Inoue S, Motoi Y, Kashimura T, Ono K, Yamada A. Safe and easy monitoring of anti-rabies antibody in

dogs using his-tagged recombinant N-protein. Jpn J Infect Dis. 2003; 56(4):158–60. PMID: 14583639.

26. Tursunov K, Begaliyeva A, Ingirbay B, Mukanov K, Ramanculov E, Shustov A, et al. Cloning and

expression of fragment of the rabies virus nucleoprotein gene in Escherichia coli and evaluation of anti-

genicity of the expression product. Iran J Vet Res. 2017; 18(1):36–42. PMID: 28588631.

27. Wunner WH. Rabies Virus-2. 2007.

28. Albertini AA, Ruigrok RW, Blondel D. Rabies virus transcription and replication. Advances in virus

research. 2011; 79:1–22. https://doi.org/10.1016/B978-0-12-387040-7.00001-9 PMID: 21601039

29. Rudd RJ, Appler KA, Wong SJ. Presence of cross-reactions with other viral encephalitides in the indi-

rect fluorescent-antibody test for diagnosis of rabies. J Clin Microbiol. 2013; 51(12):4079–82. https://

doi.org/10.1128/JCM.01818-13 PMID: 24088851.

30. Hummeler K, Tomassini N, Sokol F, Kuwert E, Koprowski H. Morphology of the nucleoprotein compo-

nent of rabies virus. J Virol. 1968; 2(10):1191–9. PMID: 4881422.

31. Goldwasser RA, Kissling RE. Fluorescent antibody staining of street and fixed rabies virus antigens.

Proc Soc Exp Biol Med. 1958; 98(2):219–23. PMID: 13554598.

32. Mayes B, Rupprecht CE. Chapter Eight—Direct Fluorescent Antibody Test for Rabies Diagnosis. 2015.

33. Coetzer A, Sabeta CT, Markotter W, Rupprecht CE, Nel LH. Comparison of biotinylated monoclonal

and polyclonal antibodies in an evaluation of a direct rapid immunohistochemical test for the routine

diagnosis of rabies in southern Africa. PLoS Negl Trop Dis. 2014; 8(9):e3189. https://doi.org/10.1371/

journal.pntd.0003189 PMID: 25254652.

34. Flamand A, Wiktor TJ, Koprowski H. Use of hybridoma monoclonal antibodies in the detection of anti-

genic differences between rabies and rabies-related virus proteins. I. The nucleocapsid protein. J Gen

Virol. 1980; 48(1):97–104. https://doi.org/10.1099/0022-1317-48-1-97 PMID: 6155436.

35. Carrieri ML, Kotait I, Rupprecht CE. Chapter Nineteen—Antigenic Typing of Lyssaviruses by Monoclo-

nal Antibodies. 2015.

36. Wiktor TJ, Gyorgy E, Schlumberger D, Sokol F, Koprowski H. Antigenic properties of rabies virus com-

ponents. J Immunol. 1973; 110(1):269–76. PMID: 4568184.

37. Messenger S, Rupprecht CE. Chapter Fourteen—An Indirect Fluorescent Antibody Test for the Sero-

logical Detection of Rabies Virus Immunoglobulin G and Immunoglobulin M Antibodies. 2015.

Detection of rabies virus nucleoprotein-specific antibodies using an ELISA

PLOS ONE | https://doi.org/10.1371/journal.pone.0207009 November 7, 2018 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/14106292
http://www.ncbi.nlm.nih.gov/pubmed/408269
http://www.ncbi.nlm.nih.gov/pubmed/3672933
https://doi.org/10.1099/jmm.0.006064-0
http://www.ncbi.nlm.nih.gov/pubmed/19429758
http://www.ncbi.nlm.nih.gov/pubmed/2745698
https://doi.org/10.1016/j.vaccine.2012.06.037
https://doi.org/10.1016/j.vaccine.2012.06.037
http://www.ncbi.nlm.nih.gov/pubmed/22749835
https://doi.org/10.1016/j.vaccine.2006.12.012
https://doi.org/10.1016/j.vaccine.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17224214
https://doi.org/10.1016/j.ijid.2006.09.013
http://www.ncbi.nlm.nih.gov/pubmed/17321182
http://www.ncbi.nlm.nih.gov/pubmed/2025949
https://doi.org/10.1016/j.jcv.2006.06.010
http://www.ncbi.nlm.nih.gov/pubmed/16931137
http://www.ncbi.nlm.nih.gov/pubmed/14583639
http://www.ncbi.nlm.nih.gov/pubmed/28588631
https://doi.org/10.1016/B978-0-12-387040-7.00001-9
http://www.ncbi.nlm.nih.gov/pubmed/21601039
https://doi.org/10.1128/JCM.01818-13
https://doi.org/10.1128/JCM.01818-13
http://www.ncbi.nlm.nih.gov/pubmed/24088851
http://www.ncbi.nlm.nih.gov/pubmed/4881422
http://www.ncbi.nlm.nih.gov/pubmed/13554598
https://doi.org/10.1371/journal.pntd.0003189
https://doi.org/10.1371/journal.pntd.0003189
http://www.ncbi.nlm.nih.gov/pubmed/25254652
https://doi.org/10.1099/0022-1317-48-1-97
http://www.ncbi.nlm.nih.gov/pubmed/6155436
http://www.ncbi.nlm.nih.gov/pubmed/4568184
https://doi.org/10.1371/journal.pone.0207009


38. Nadin-Davis SA. Molecular Epidemiology-3. 2007.

39. Velasco-Villa A, Messenger SL, Orciari LA, Niezgoda M, Blanton JD, Fukagawa C, et al. New rabies

virus variant in Mexican immigrant. Emerg Infect Dis. 2008; 14(12):1906–8. https://doi.org/10.3201/

eid1412.080671 PMID: 19046517.

40. Dietzschold B, Rupprecht CE, Tollis M, Lafon M, Mattei J, Wiktor TJ, et al. Antigenic diversity of the gly-

coprotein and nucleocapsid proteins of rabies and rabies-related viruses: implications for epidemiology

and control of rabies. Rev Infect Dis. 1988; 10 Suppl 4:S785–98. PMID: 3206089.

41. Hemachudha T, Laothamatas J, Rupprecht CE. Human rabies: a disease of complex neuropathoge-

netic mechanisms and diagnostic challenges. Lancet Neurol. 2002; 1(2):101–9. PMID: 12849514.

42. World Health O. WHO Expert Consultation on Rabies. Third report. World Health Organ Tech Rep Ser.

2018;(1012):195.

43. World Health O, Meslin FX, Kaplan MM, Koprowski H. Laboratory techniques in rabies. Geneva: World

Health Organization; 1996.

44. Mani RS, Madhusudana SN, Mahadevan A, Reddy V, Belludi AY, Shankar SK. Utility of real-time Taq-

man PCR for antemortem and postmortem diagnosis of human rabies. J Med Virol. 2014; 86(10):1804–

12. https://doi.org/10.1002/jmv.23814 PMID: 24136727.

45. Dacheux L, Reynes JM, Buchy P, Sivuth O, Diop BM, Rousset D, et al. A reliable diagnosis of human

rabies based on analysis of skin biopsy specimens. Clin Infect Dis. 2008; 47(11):1410–7. https://doi.

org/10.1086/592969 PMID: 18937576.

46. Hemachudha T, Wacharapluesadee S. Antemortem diagnosis of human rabies. Clin Infect Dis. 2004;

39(7):1085–6. https://doi.org/10.1086/423813 PMID: 15472871.

47. WHO Expert Consultation on rabies. World Health Organ Tech Rep Ser. 2005; 931:1–88, back cover.

PMID: 16485446.

48. Cliquet F, Aubert M, Sagne L. Development of a fluorescent antibody virus neutralisation test (FAVN

test) for the quantitation of rabies-neutralising antibody. J Immunol Methods. 1998; 212(1):79–87.

PMID: 9671155.

49. Petersen BW, Rupprecht CE. Human Rabies Epidemiology and Diagnosis: INTECH Open Access

Publisher; 2011.

50. Holzmann-Pazgal G W A, Degaffe G, Rose C, Heresi G, Amaya R, Eshofonie A, Lee-Han H, Awosika-

Olumo A, Kuzmin I, Rupprecht CE. Presumptive abortive human rabies—Texas, 2009. MMWR Morb

Mortal Wkly Rep. 2010; 59(7):185–90. PMID: 20186117.

51. Dori Prasek RM, Stepanyuk Olena, Sorhage Faye E., Campbell Colin T., Tan Christina G., Chan

Miranda, Rupprecht Charles E., Tack Danielle M. Imported human rabies -New Jersey, 2011. MMWR

Morb Mortal Wkly Rep. 2012; 60(51–52):1734–6. PMID: 22217622.

52. Charles E. Rupprecht EB, Cox Stephanie, Giurgiutiu Dana, Drociuk Dan, Blanton Jesse D., Petersen

Brett W., Lankau Emily W., Tack Danielle M. Human rabies—South Carolina, 2011. MMWR Morb Mor-

tal Wkly Rep. 2013; 62(32):642–4. PMID: 23945770.

53. Hemachudha T, Ugolini G, Wacharapluesadee S, Sungkarat W, Shuangshoti S, Laothamatas J.

Human rabies: neuropathogenesis, diagnosis, and management. Lancet Neurol. 2013; 12(5):498–513.

https://doi.org/10.1016/S1474-4422(13)70038-3 PMID: 23602163.

54. Crepin P, Audry L, Rotivel Y, Gacoin A, Caroff C, Bourhy H. Intravitam diagnosis of human rabies by

PCR using saliva and cerebrospinal fluid. J Clin Microbiol. 1998; 36(4):1117–21. PMID: 9542950.

55. King AA, Sands JJ, Porterfield JS. Antibody-mediated enhancement of rabies virus infection in a mouse

macrophage cell line (P388D1). J Gen Virol. 1984; 65 (Pt 6):1091–3. https://doi.org/10.1099/0022-

1317-65-6-1091 PMID: 6726187.

56. Prabhakar BS, Nathanson N. Acute rabies death mediated by antibody. Nature. 1981; 290(5807):590–

1. PMID: 6971412.

57. Hattwick MA, Weis TT, Stechschulte CJ, Baer GM, Gregg MB. Recovery from rabies. A case report.

Ann Intern Med. 1972; 76(6):931–42. PMID: 5063659.

58. Willoughby RE Jr., Tieves KS, Hoffman GM, Ghanayem NS, Amlie-Lefond CM, Schwabe MJ, et al. Sur-

vival after treatment of rabies with induction of coma. N Engl J Med. 2005; 352(24):2508–14. https://doi.

org/10.1056/NEJMoa050382 PMID: 15958806.

59. Jean Wiedeman JP, Glaser Carol, Messenger Sharon, Wadford Debra, Sheriff Heather, Fritz Curtis,

Lindsay Ann, McKenzie Mary, Hammond Christina, Gordon Eric, Rupprecht Charles E. Recovery of a

patient from clinical rabies—California, 2011. MMWR Morb Mortal Wkly Rep. 2012; 61(4).

60. Ma X, Monroe BP, Cleaton JM, Orciari LA, Yager P, Li Y, et al. Rabies surveillance in the United States

during 2016. J Am Vet Med Assoc. 2018; 252(8):945–57. https://doi.org/10.2460/javma.252.8.945

PMID: 29595389.

Detection of rabies virus nucleoprotein-specific antibodies using an ELISA

PLOS ONE | https://doi.org/10.1371/journal.pone.0207009 November 7, 2018 19 / 19

https://doi.org/10.3201/eid1412.080671
https://doi.org/10.3201/eid1412.080671
http://www.ncbi.nlm.nih.gov/pubmed/19046517
http://www.ncbi.nlm.nih.gov/pubmed/3206089
http://www.ncbi.nlm.nih.gov/pubmed/12849514
https://doi.org/10.1002/jmv.23814
http://www.ncbi.nlm.nih.gov/pubmed/24136727
https://doi.org/10.1086/592969
https://doi.org/10.1086/592969
http://www.ncbi.nlm.nih.gov/pubmed/18937576
https://doi.org/10.1086/423813
http://www.ncbi.nlm.nih.gov/pubmed/15472871
http://www.ncbi.nlm.nih.gov/pubmed/16485446
http://www.ncbi.nlm.nih.gov/pubmed/9671155
http://www.ncbi.nlm.nih.gov/pubmed/20186117
http://www.ncbi.nlm.nih.gov/pubmed/22217622
http://www.ncbi.nlm.nih.gov/pubmed/23945770
https://doi.org/10.1016/S1474-4422(13)70038-3
http://www.ncbi.nlm.nih.gov/pubmed/23602163
http://www.ncbi.nlm.nih.gov/pubmed/9542950
https://doi.org/10.1099/0022-1317-65-6-1091
https://doi.org/10.1099/0022-1317-65-6-1091
http://www.ncbi.nlm.nih.gov/pubmed/6726187
http://www.ncbi.nlm.nih.gov/pubmed/6971412
http://www.ncbi.nlm.nih.gov/pubmed/5063659
https://doi.org/10.1056/NEJMoa050382
https://doi.org/10.1056/NEJMoa050382
http://www.ncbi.nlm.nih.gov/pubmed/15958806
https://doi.org/10.2460/javma.252.8.945
http://www.ncbi.nlm.nih.gov/pubmed/29595389
https://doi.org/10.1371/journal.pone.0207009

