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Abstract

Neutralizing antibodies (nAbs) prevent the entry of viruses into permissive cells. Since nAbs

represent correlates of protection against the Rabies lyssavirus, the presence of sufficient

nAbs indicates effective vaccination. Accordingly, Rabies lyssavirus-specific nAb titers need

to be determined in routine diagnostics to identify individuals being at risk of Rabies lyssa-

virus infections due to insufficient immunity. The current gold standard for the quantification

of Rabies lyssavirus-specific nAbs is the rapid fluorescent focus inhibition test (RFFIT).

However, RFFITs are expensive and labor-intensive since multiple microplate wells must be

evaluated one-by-one by trained personnel through microscopic inspection, which limits the

number of samples that can be processed. To overcome this disadvantage, we established

a novel assay for Rabies lyssavirus-specific nAbs relying on an in-cell-ELISA (icELISA)-

based neutralization test (icNT). The icNT differs from the RFFIT in the readout phase, and

can be automatically quantified in minutes using broadly available microplate readers. Dur-

ing the establishment, icNT parameters such as antibody concentrations, permeabilization

procedures, blocking reagents, infectious doses, and the duration of infection were opti-

mized. Afterwards, a dose-dependent detection of Rabies lyssavirus neutralization was

demonstrated using the WHO Standard Rabies Immunoglobulin reference. A panel of 200

sera with known RFFIT titers revealed very good sensitivity and specificity of the icNT. Fur-

thermore, the icNT showed very good intra- and inter-assay precision. By recognizing

Rabies lyssavirus-specific antigens, the assay can be applied immediately to automatically

quantify the concentration of Rabies lyssavirus nAbs in routine diagnostics or for various

basic research questions such as screening for antiviral compounds.

Author summary

Rabies is caused by the Rabies lyssavirus, for which no approved antiviral drug is available,

and that is one of the deadliest virus infections that kills almost all individuals who

develop symptoms. According to the World Health Organization, millions of disability-
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adjusted life years are lost each year, and approximately 59,000 people die from rabies.

Since rabies can be prevented by a very safe and very effective vaccine, aforementioned

loss is particularly tragic.

For residents of areas where the Rabies lyssavirus is endemic as well as travelers visiting

these regions, vaccination and the verification of protective immunity conferred by neu-

tralizing antibodies are crucial for the global fight against rabies. To optimize this process,

we have developed and validated a simple, reliable, and cost-effective assay for the quanti-

fication of antibodies that neutralize the Rabies lyssavirus. The assay is based on an in-

cell-ELISA approach. We are convinced that our method is suitable to replace the cur-

rently used expensive and labor-intensive methods, so that additional neutralization tests

can be performed. This could help our colleagues in developing regions such as the trop-

ics, which are disproportionately affected, in the fight against rabies.

Introduction

Rabies is a ubiquitous zoonotic disease caused by the neurotropic Rabies virus (Rabies lyssa-

virus), which is a member of the genus Lyssaviruses, belonging to the family of Rhabdoviridae
[1]. With a mortality rate of up to 100% [2], Rabies lyssavirus is among the infectious agents

with the highest case-fatality rate. Dogs are the main carriers and the primary reservoir world-

wide [3], but Rabies lyssavirus can also circulate in a variety of other mammalian, predomi-

nantly carnivorous, species [4]. For several recognized Lyssavirus species, bats are the

principal reservoir [5]. In addition to carnivores, Rabies lyssavirus also circulates in New

World chiroptera [6]. While the primary mode of transmission occurs through bites by

infected animals, Rabies lyssavirus can also be transmitted in the context of transplantations

and through contamination of mucous membranes and open wounds with virus-containing

saliva and CNS fluids [7–13]. The probability of Rabies lyssavirus acquisition after a bite by an

infected animal depends on factors such as viral loads in the saliva, the virus strain, and the site

of the bite [14]. The usage of cellular entry receptors, e. g., neuronal cell adhesion molecule
(NCAM) and p75 neurotrophin receptor (p75NTR) [15] together with several virulence factors

(see e.g., [16,17]) enable Rabies lyssavirus to enter peripheral neurons and replicate there, fol-

lowed by a retrograde transport to the central nervous system [17]. Although most rabies

patients develop symptoms during a period of one to three months after infection, the local

replication as well as the efficacy of the retrograde axonal transport to the central nervous sys-

tem can influence the highly variable incubation time, which can range from weeks to years

[14]. Rabies lyssavirus causes an acute encephalitis, manifesting in humans either as the more

common furious or as the paralytic syndrome. Typical characteristics of the furious form are

hydrophobia, aerophobia, and/or aggressive behavior, while flaccid paralysis is the typical

manifestation of the paralytic form [14,18]. Unfortunately, once symptoms appear, the disease

almost inevitably leads to coma and death—typically by respiratory or heart failure [2,18,19].

For some reasons, rabies appears to be frequently underestimated or even neglected

[17,20]. It is known for approximately 4,000 years [21] and approximately three billion people

live in or travel through endemic regions. According to the WHO, each year more than 59,000

people die as consequence of rabies diseases [22]. Since children under the age of 15 are often

affected in Asia and Africa [18], Rabies lyssavirus infections annually cause a loss of over 3.7

million disability-adjusted life years (DALYs). Taken together, rabies constitutes a major pub-

lic health concern affecting many parts of the global population [23,24]. The toll in morbidity

and mortality is particularly upsetting given that rabies is preventable by a safe and effective
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prophylactic vaccine. Prior to symptom onset, the vaccine can even be applied as post-expo-

sure prophylaxis [18,25]. In the absence of complete pre-exposure vaccination or if the individ-

ual is immuno-suppressed, the active immunization should be supplemented with the

application of human Rabies immunoglobulin (HRIG) given as passive immunization [18,26].

In all cases and types of pre- or post-exposure vaccination, neutralizing antibodies (nAbs) are

considered to fulfil the protective role [18,27]. The WHO recommends the vaccination for

people at risk of exposure such as veterinarians, laboratory workers, and people who live in

endemic areas or travel there. For people with prolonged risk of exposure, the WHO further

recommends regular nAb titer controls [19,20,28]. If nAb titers fall below 0.5 IU/ml, a booster

vaccination is recommended. Currently accepted methods to determine Rabies lyssavirus nAb

titers are the above mentioned RFFIT [29] and the fluorescent antibody virus neutralization

test (FAVN) [30]. With proper validation, WHO also allows classic ELISAs, recognizing bind-

ing antibodies, for the evaluation of Rabies lyssavirus-specific immune responses, but the gold

standard to determine the vaccine response by evaluating Rabies lyssavirus-specific nAb titers

are the fluorescent antibody virus neutralization (FAVN) and the rapid fluorescent focus inhibi-
tion test (RFFIT) [22,28]. The RFFIT is a cell-based neutralization test (NT) using replication

competent Rabies lyssavirus strains such as the CVS-11 [28]. The evaluation is based on micro-

scopic inspection of infected cell cultures and the quantification of Rabies lyssavirus-induced

foci labelled by a fluorophore-coupled monoclonal antibody [22,29]. Like all clinical laboratory

tests, the RFFIT must be performed by trained personnel. Numerous modifications exist, but

according to the Office International des Epizooties (OIE) and the WHO, either 25–50 fields

of vision at a x160-200 magnification, or 20 fields of vision at x100-200 magnification shall be

evaluated. Taking into account typical dilution series, at least 50 and up to 100 fields must be

evaluated by microscopic inspection and counting [22,31] excluding repetitive parallel deter-

minations that would even further increase this number. Obviously, this is time-consuming

and expensive. Alternatively, “the percentage of infected cells is estimated by the reader and a

percentage of infected cells (from 0% to 100%) is attributed to each well”[22], which circum-

vents counting but may result in a lower degree of objectivity and reproducibility [22]. Hence,

the assay is time-consuming, expensive, to certain degree subjective, and restricted to laborato-

ries with sufficient skilled personnel. These disadvantages are limiting factors for a broader

application of RFFITs in developing regions in which Rabies lyssavirus circulates. Laboratories

in high-income regions are also affected by these limitations, since the hands-on-time is a criti-

cal determinant in cost-efficient routine diagnostics. Therefore, we aimed to establish an opti-

mized NT for Rabies lyssavirus and finally developed an in-cell-ELISA (icELISA) that can be

automatically quantified using broadly available microplate readers to rapidly provide quanti-

tative information concerning the Rabies lyssavirus immunization status.

Material and methods

Sera, controls, cells, and virus

Clinical serum samples were obtained from the routine diagnostics and stored at -20˚C.

WHO-2 Standard Rabies Immunoglobulin (SRIG) (code RAI, NIBSC 30 IU) and HRIG (Ber-

irab, CSL Behring GmbH, No: 107a/89) were adjusted to 1 IU/ml by dilution and served as ref-

erences. Baby hamster kidney fibroblasts subclone 13 (BHK-21 C13; ATCC CCL-10) cells

were grown in MEM Eagle with Earle’s Balanced Salt Solution (EBSS), L-Glutamine (292 mg/

L), and 2.2 g/L NaHCO3 (PAN-Biotech Cat. No. P04-08500) supplemented with 10% (v/v)

fetal calf serum (FCS), 1% (v/v) ZellShield (Minerva cat. no. 13–0150), and NaHCO3 (Merck

cat. no. 1.06329.1000) solution to get a final pH of 7.5–7.8. Cells were cultivated at 37˚C in an

atmosphere of 5% CO2 and approved to be free of mycoplasma periodically. Challenge Virus
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Standard (CVS-11) stock was received from Friedrich-Löffler-Institut, Wusterhausen, Ger-

many. Virus stocks were aliquoted and stored at -80˚C. Viral titers were determined by

TCID50 titration. All steps in which CVS-11 was handled prior to chemical fixation and virus

inactivation were conducted in a BSL2 laboratory specifically dedicated to Rabies lyssavirus

work. Only employees who had been successfully vaccinated against Rabies lyssavirus had

access to this area.

Ethics statement

The assessment of existing samples for the improvement of diagnostic procedures has been

approved by the ethics committee of the Medical Faculty of the University of Duisburg-Essen

(approval number #18-8309-BO). Residual material from clinically indicated tests was applied

for the establishment and validation of the novel diagnostic procedure (icNT). For this pur-

pose, donors remained anonymous and no personal data were included in the analysis. There-

fore, individual consent was not obtained.

Rapid fluorescent focus inhibition test RFFIT

The RFFIT was performed as version modified for 96-well microtiter plate platform format.

Each test included WHO-2 SRIG, HRIG, and internal standards that were tested in the same

manner as serum samples. Prior to the use, serum samples were heat-inactivated at 56˚C for

30 minutes to destroy the complement. Five-fold serial dilutions of serum samples and con-

trols were prepared with an initial predilution of ½ and a final volume of 100μl. 100μl Rabies

lyssavirus (adjusted to 1000 TCID50 per ml; TCID50: median tissue culture infectious dose)

was added and incubated at 37˚C. After 70 minutes, 100μl freshly trypsinized BHK-21 cells

were added (2.4x105 cells/ml). At 22 hours post-infection, the supernatant was aspirated, cells

were rinsed once with 300μl cold 80% (v/v) Acetone/PBS per well and fixed with cold 80% (v/

v) Acetone/PBS for 10 minutes at -20˚C. Following fixation, cells were rinsed two times with

PBS. The Anti-Rabies Monoclonal Globulin (50μl/well) (Fuji Rebio Cat# 800–092, RRID:

AB_2802166) was added at a 1/200 dilution and incubated for 35–40 minutes at 37˚C. Follow-

ing incubation, cells were rinsed two times with PBS. Rabies lyssavirus-infected cell foci were

manually counted by fluorescence microscope. Six fields of vision were examined per well at

x400 magnification to score foci. The Spearman-Karber method was used to calculate 50%

endpoint (ED50). The ED50 titer of the test serum was then transformed into international

units (IU)/ml by comparing the sample titer with the WHO-2 SRIG titer with a known

potency value.

In-cell-ELISA-based neutralization test (icNT) for Rabies lyssavirus

The icNT was performed on 96-well plates while each test included WHO-2 SRIG, HRIG, and

internal standards, tested in the same manner as serum samples. Prior to use, serum samples

were heat-inactivated at 56˚C for 30 minutes to destroy the complement. A detailed icNT pro-

tocol is provided in the S1 Text. Briefly, 2.5-fold serial dilutions of serum samples and controls

were prepared with an initial predilution of 1/10 and a final volume of 100μl. Rabies lyssavirus

(4 PFU/cell) was added and incubated. After 70 minutes, 50μl freshly trypsinized BHK-21 cells

were added. The cell number was adjusted in order to reach a confluent cell layer with approx-

imately 5x104 cells/well of a 96-well plate at the time point of analysis. At 48 h post-infection,

cells were fixed for 15 minutes in 3.5% (w/v) paraformaldehyde/PBS, by addition of 150μl/well

8% (w/v) PFA, followed by three washes with PBS. By adding 100μl PBS, plates can be stored

for several days at 4˚C. Cells were permeabilized with 1% (v/v) Triton-X-100/PBS for 30 min-

utes and blocked with 3% (v/v) FCS/PBS for two hours. The Anti-Rabies Monoclonal Globulin
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(50μl/well) (Fuji Rebio Cat# 800–092, RRID:AB_2802166) was added at a 1/4200 dilution and

incubated overnight at 4˚C or for 35–40 minutes at 37˚C. Following incubation, cells were

washed three times with 0.05% (v/v) Tween-20/PBS and peroxidase-labelled goat anti-mouse

antibody (Jackson ImmunoResearch Labs cat. no. 115-035-003, RRID:AB_10015289) at 1/

2000 dilution was added, incubated for two hours and washed four times with 0.05% (v/v)

Tween-20/PBS. Tetramethylbenzidin (TMB) substrate was added and the ELISA reaction was

started. The reaction was stopped with 0.5 M HCl. Subsequently, the absorbance was measured

using a microplate multireader (Mithras2 LB 943; Berthold Technologies).

Statistical analysis

Statistical analysis was performed with GraphPad Prism (Version 6.0). Results were expressed

as mean plus/minus standard deviation (SD). Significance was calculated by an unpaired two

tailed t test. Results with p values less than 0.05 were considered significant. The coefficient of

determination was used to analyze the assay linearity. The Pearson correlation coefficient was

used to analyze the linear regression. The coefficient of variation (CV) was determined [%CV

= (SD (standard deviation)/average) x 100] to analyze intra- and interassay precision. The cal-

culation of sensitivity and specificity was done using algorithms online available at https://

www.medcalc.org/calc/diagnostic_test.php.

Results

To overcome aforementioned limitations of RFFIT, we set out to establish and validate an icE-

LISA-based Rabies lyssavirus neutralization test (icNT) applying ELISA microplate readers,

which are usually present at routine diagnostics laboratories, to automatically quantify the

Rabies lyssavirus infection and the inhibition by nAbs. Fig 1A displays a schematic compari-

son of the RFFIT and the icNT. It is worth mentioning that the Rabies lyssavirus-permissive

cells, the replicating Rabies lyssavirus strain, and the Rabies lyssavirus-specific antibody

applied in the WHO-approved RFFIT and in the herein described icNT are all the same. Thus,

the principle mode of recognition is virtually identical.

Establishment and optimization of the icELISA

Based on our aim to set up an assay that provides precise information on the Rabies lyssavirus-

specific nAb status and enables automated readout, an icELISA-based approach for the recog-

nition of Rabies lyssavirus antigens was established. A direct transfer of all experimental

RFFIT parameters concerning the infection conditions including the low MOI into the icE-

LISA did not yielded sufficient signal to noise ratios. Therefore, all relevant experimental

parameters were carefully evaluated and optimized to improve the signal-to-background ratio.

In the end, we obtained optimal results using the following conditions: two days of Rabies lys-

savirus infection (S1 Fig) similar to FAVN [30], a fixation of cells by using a final concentra-

tion of ~3.5% (w/v) PFA (S2 Fig), permeabilization of cells with 1% (v/v) Triton-X-100 (S3

Fig), a blocking of unspecific background using 3% (v/v) FCS (S4 Fig), and a primary antibody

dilution between 1/3200 and 1/6400 (S5 Fig). Without a permeabilization step or when other

detergents were used, the icELISA did not provide sufficient signal-to-background signals (S3

Fig), suggesting that the response largely relies on intracellular viral antigens. Conversely, dif-

ferent blocking reagents can be applied (S4 Fig). Please note that the icELISA signal was largely

diminished if infected cells were not incubated long enough to enable Rabies lyssavirus replica-

tion (S1 Fig) or not permeabilized appropriately (S3 Fig), indicating that intracellular Rabies

lyssavirus antigens generated during Rabies lyssavirus replication dominate the icELISA

signal.
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The icELISA allows a quantitative assessment of Rabies lyssavirus antigens

After the optimized icELISA approach for Rabies lyssavirus had been established, we tested its

applicability for neutralization tests. A Rabies lyssavirus-positive control serum sample with a

known high titer of Rabies lyssavirus-specific nAbs was compared to a negative control serum

sample, both of which used as standard controls in the routine diagnostics. As expected, Rabies

lyssavirus-infected cells induced a pronounced icELISA signal in comparison to the mock-

infected control cells. While the non-neutralizing serum sample did not reduce the signal, the

serum sample with Rabies lyssavirus-specific nAbs reduced the icELISA signal-to-baseline

ratio, indicating that an icELISA-based icNT can be applied to identify sera with Rabies lyssa-

virus-neutralizing capacities (Fig 1B). To test if the icNT is capable to report on quantitative

differences in terms of the quantity of Rabies lyssavirus-specific nAbs, serial two-fold dilutions

of the serum sample containing Rabies lyssavirus-specific nAbs were assessed. We observed a

stepwise and significant increase in the Rabies lyssavirus-specific signal upon dilution of the

nAbs (Fig 1B), indicating that the icNT is applicable to discriminate between different levels of

Rabies lyssavirus neutralization.

The neutralization of Rabies lyssavirus dose-dependently diminishes the

icELISA signal

To test whether there is a correlation between the icELISA signal, the Rabies lyssavirus infec-

tious dose, and the neutralization, three different infectious doses (5, 1, and 0.2 PFU/cell) were

comparatively assessed. As expected, the Rabies lyssavirus-specific icELISA signal correlated

very well with the infectious doses (Fig 1C). In all cases, serum samples containing Rabies lys-

savirus-specific nAbs dose-dependently reduced the icELISA signal (Fig 1C). Please note that

only the highest serum concentration fully neutralized the high MOI infection (5 PFU/cell),

whereas infections performed with lower MOIs (1 or 0.2 PFU/cell) were fully neutralized by

more diluted serum. This indicates that the icNT is capable to discriminate gradual differences

in terms of the relationship between virus loads and Rabies lyssavirus-specific nAbs.

RFFIT and icNT show comparable results

To validate the icNT for possible use in routine diagnostics, RFFIT and icNT were performed

side-by-side. The same serum samples and controls as well as same dilutions were applied to

both tests in parallel. As expected, an inverse correlation between RFFIT and icNT responses

and the concentration of Rabies lyssavirus-specific nAbs was evident. The comparison indi-

cated that RFFIT and icNT in principle yield similar results (Fig 1D and 1E). However, due to

the underlying test principle, the RFFIT did not resolve differences of the higher dilutions,

since the evaluation is based on a binary decision system in a way that evaluated fields of vision

Fig 1. The icNT results correlate with the RFFIT. (A) Schematic overview of the newly established assay, icNT, and the currently used

assay, RFFIT. Serum samples were incubated with Rabies lyssavirus. After 70 minutes, a suspension of BHK-21 cells was added. For the

analysis by icNT at 48 hours post-infection (h p. i.), cells were permeabilized and infected cells were detected by a specific primary

antibody. A peroxidase-labelled secondary goat anti-mouse antibody was added and the ELISA reaction was started by use of TMB

substrate and stopped with 0.5 M HCl. The absorbance was quantified by use of a microplate multireader. For the analysis by RFFIT at

22 h p. i., infected cells were detected by a specific FITC-labelled primary antibody and evaluated microscopically. (B) Rabies lyssavirus

was incubated with a negative control serum, a positive control serum or left untreated. A twofold dilution was done with the positive

control. Neutralization was evaluated by icNT. 4-fold replicates of samples were determined. The boxes range from the 25th to the 75th

percentile. The line within the box depicts the median value. The whiskers indicate minimum and maximum values. Significance was

calculated by an unpaired two-tailed t test, �p< 0.05; ��p< 0.01; ���p< 0.001; ����p< 0.0001. Linear regression for the linearity was

analyzed by coefficient of determination, R2 = 0.94. (C) icNT was performed with different doses of infection of Rabies lyssavirus (MOI

5, 1 and 0.2). (D)(E) RFFIT and icNT were performed in parallel. Same sera and same dilutions were used. Bars depict the mean

values ± SD. Dots show the values of the individual measurements. Samples were analyzed in sixfold determinations.

https://doi.org/10.1371/journal.pntd.0010425.g001
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either contain infected cells or not. One field of vision is judged as positive irrespective of the

actual number of infected cells present in this field of vision. Conversely, the icELISA generates

continuous data sets proportional to the amount of antigen and the number of infected cells

(Fig 1E). In our hands, the icNT was superior to the RFFIT in terms of data quality and data

granularity—at least in this RFFID modification and pre-dilution schema and when a limited

number of serum dilutions that is feasible for routine diagnostics are assessed.

In comparison to the classical RFFIT, our icNT protocol applies higher virus doses. Since

this difference may affect the outcome, we sought to test the influence of this alteration. How-

ever, the RFFIT is not easily applicable with increased virus titers because it would result in

more foci than can be differentiated and counted. The icNT in turn requires sufficient viral

antigens for an optimal signal-to-background ratio. To address whether the increased virus

inoculum used in our icNT affects the neutralization, we performed an icNT using a low virus

dose that is applied in RFFIT assays (1000 PFU per well), establishing “RFFIT-like” conditions

during the incubation period during which antibodies recognize and neutralize the virions. To

compensate for the low amounts of viral antigens, we afterwards allowed the non-neutralized

virus to replicate for 72h. This “RFFIT-like” icNT and our usual icNT protocol yielded almost

identical results (Fig 2), indicating that increased virus doses do not significantly influence the

test results.

The icNT shows very good intra- and interassay precision

In order to validate a novel diagnostic test for clinical routine application, sufficient intra- and

interassay precision shall be confirmed. To evaluate potential variations within icNT results,

multiple replicates of samples were measured on the same 96-well plate. For this purpose, a

six-fold determination of every sample was conducted in one run (intraassay precision). Based

on the primary data, it was immediately evident that the six replicates cluster together very

well (Fig 3A). To further evaluate the reproducibility, the coefficients of variation (CV) was

calculated.

The icNT results had a low overall CV of 14.5% indicating good reproducibility. Further-

more, the same samples were determined in independent assays at two different occasions to

assess the interassay precision. For comparison, the Pearson’s correlation coefficient was calcu-

lated (Fig 3B, 3C, 3D, 3E, 3F and 3G), yielding in a very good coefficient value (r = 0.98;

including all data shown in B-G), confirming a high interassay precision. Furthermore, CVs

for stratified neutralization subgroups such as negative and positive samples were calculated.

For each category, a low CV was apparent, emphasizing the very good interassay precision for

the entire set of standards, controls, negative, intermediate, and positive samples. Overall, the

icNT data had a CV of 11.2% (Fig 3B, 3C, 3D, 3E, 3F and 3G), indicating a high degree of

interassay reproducibility enabling the application of the Rabies lyssavirus icNT in clinical rou-

tine diagnostics.

The icNT shows very good sensitivity and specificity

To evaluate the sensitivity and specificity, samples were comparatively analyzed by icNT and

RFFIT. In the first approach, 50 serum samples were prediluted 1/10 and 1/25 and measured

in both assays (S6 Fig). This dilution already enabled a distinction between Rabies lyssavirus

neutralizing and non-neutralizing serum samples. To further increase the resolution of the

icNT assay and to evaluate it, we exemplarily assessed 25 negative, 25 positive, and 25 highly

positive sera at graded 2.5-fold dilutions ranging from 1/10 to 1/976.5625 (Fig 4A). Again, the

icNT clearly distinguished between positive and negative sera. Furthermore, icNT was able to

discriminate between positive and highly positive neutralizers if higher serum dilutions are
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taken into account (Fig 4A, right panel). To directly compare icNT results with reference

results determined by RFFIT, the icELISA signal had to be converted into international units

per ml (IU/ml). According to the WHO Rabies lyssavirus analysis guidelines, nAb titers have

to be calculated by the Reed-Muench method, used to determine the 50% end point (ED50)

titer of neutralization [22,32]. Subsequently, ED50 titers can be converted to IU/ml values by

comparison to a defined reference serum sample such as the WHO Standard Rabies immuno-

globulin [33]. According to the standard protocol, the determination of RFFIT ED50 titer is

based on the evaluation of 80 fields (four dilutions and 20 fields of vision each) of vision per

serum sample or the estimation of the percentage of infected cells by specifically trained per-

sonnel [22]. Based on the Reed-Muench method, the icELISA signal was converted into a per-

centage of infected cells, taking into account the axiom that the signal of the mock-infected

control cells equals to zero percent infection and wells in which the virus was treated with a

negative control serum, resulting in maximal infection, corresponding to 100 percent infec-

tion. Within these boundaries, the icELISA signal was calculated into a percentage of infection.

The WHO defines a cut-off titer of 0.5 IU/ml as being the minimum protective antibody level.

Fig 2. The increased virus inoculum does not affect icNT results. Two icNT protocols were performed in parallel

either using the usual “high” dose of Rabies lyssavirus (see standard protocol) or a “RFFIT-like” low-dose infection

(~100 TCID50 per well). The high-dose version was fixed, processed, and evaluated by icELISA at 48 h p. i., while the

low dose icNT was analyzed at 72 h p. i. to allow replication of the non-neutralized residual virus. Samples were

determined in duplicate.

https://doi.org/10.1371/journal.pntd.0010425.g002
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In the present analysis, this titer was used as discriminating titer based on which the results

were stratified into positive and negative samples and then compared to RFFIT results. Based

on the analysis of 200 serum samples (Fig 4B), 82 samples were negative in both assays and

103 were positive in both assays. The icNT indicated that 12 samples are negative despite

RFFIT values exceeding 0.5 IU/ml. Three samples were negative in the RFFIT but positive in

Fig 3. The icNT shows very good intra- and interassay precision. (A) HRIG, WHO-2 SRIG, negative control, twofold dilution of positive control, six

negative, three intermediate, three positive, and 3 highly positive serum samples with known RFFIT titers were analyzed by icNT. 6-fold replicates of

samples within one microplate were determined (intraassay precision). Bars depict the mean values ± SD. Dots show the values of the individual

measurements. (B)-(G) Same samples as in (A) were determined on two different days (interassay precision). The abscissa and the ordinate each represent

one determination. The dashed line represents a Coefficient of Variability (CV) of 0%. Dots show the values of the individual measurements. The

determinations were grouped and visualized in separate graphs. Linear regression for the interassay precision was analyzed by the Pearson correlation

coefficient, r = 0.98, p (two-tailed) = 0.0001. Samples were determined in duplicate.

https://doi.org/10.1371/journal.pntd.0010425.g003

Fig 4. The icNT shows very good sensitivity and specificity. (A) 25 seronegative, 25 positive, and 25 highly positive exemplarily chosen serum samples with

known RFFIT titers were analyzed by icNT at indicated serum dilutions. (B) Concordance of icNT versus RFFIT according to nAb titer, both calculated by the

Reed-Muench method for n = 200 sera. Since our diagnostic RFFIT does not further stratify negative (<0.3 IU/ml) and highly positive (>4 IU/ml) samples,

negative and highly positive sera were arbitrarily set to 0.1 and 5 IU/ml, respectively, in both assays. Please note: 80 negative and 29 highly positive sera are

superimposed (indicated by bigger dots). The dashed line depicts the ideal linear regression line. The dotted line depicts the cut-off titer of 0.5 IU/ml and the

intermediate range (0.3–0.7 IU/ml) is shaded in grey. Linear regression was analyzed by the Pearson correlation coefficient, r = 0.9505, p (two-tailed)< 0.0001.

(C) icNT results of the sera shown in (B). Serum samples were stratified based on the RFFIT results to the indicated groups.

https://doi.org/10.1371/journal.pntd.0010425.g004
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the icNT. Judged on these RFFIT data, the sensitivity and specificity of the icNT were 96.47%

and 89.57%, respectively, and positive and negative predictive values were 87.23 and 97.17%,

respectively.

As expected, some samples fall into the indiscriminate range of 0.3–0.7 IU/ml at which a

clear interpretation is difficult (shaded in grey in Fig 4B and 4C). It is questionable, if different

assessments would reliably come to the same conclusion for such border-line serum samples

and the clinical decision would be to prescribe a booster vaccination in case of doubts of pro-

tection. When we stratified the results of the sera according to the RFFIT results into negative

(<0.3 IU/ml), intermediate (0.3–0.7 IU/ml), positive (>0.7 and<4 IU/ml), and highly positive

(>4 IU/ml) NT titers, and plotted the icNT results, it became apparent that aforementioned

non-uniform results originate from the group of intermediate samples (Fig 4C). The accuracy

of icNT was further tested by calculating the Pearson’s correlation coefficient. The overall

accordance of RFFIT and icNT results based on a coefficient value of r = 0.9505 with a linear

regression function of Y = 0.8984�X + 0.09491 (mean, median and maximal deviation from

the regression function were ~0.155, ~0.085, and ~0.413, respectively). Based on the fact that

the mean, median, and maximal deviation between RFFIT and icNT were 0.319, 0, and 2.701,

respectively, the overall correlation between both assays was very good, emphasizing the high

degree of consistency between RFFIT and icNT results.

Discussion

The RFFIT has been the assay of choice for almost 50 years [29]. However, several authors

emphasized important disadvantages of the RFFIT such as the intense hands-on-time, high

costs, and the restricted degree of objectivity [34–37]. Moreover, WHO recommendations

highlight the complexity of virus neutralization tests principles and point out that sensitivity

and specificity depend on various factors. For optimal performance, stringent quality control

procedures and specifically trained personnel are required [20]. Accordingly, others proposed

imaging-based optimizations [34,38] that, however, have not gained broad application in the

field. With the purpose of maintaining the advantages of the RFFIT and overcoming above-

mentioned disadvantages, we established an icELISA-based Rabies lyssavirus neutralization

test. The icNT assay is simple, rapid regarding the hands-on-time during the readout, objec-

tive, and a large number of samples can be evaluated simultaneously. Approximately 6–8 plates

can be easily evaluated in one run, which is equivalent to processing 114–152 samples simulta-

neously. For this number of samples, the icNT requires an additional hands-on-time of about

1.5 hours for the pipetting steps. In contrast, performing the RFFIT would, according to the

standard recommendation by the WHO, require microscopic readout of 9,120–12,160 fields of

vision for the same number of samples, which is of course much more time-consuming than

1.5 hours and takes about one working day. In Germany, this additional working day would

cost approximately 150€. Thus, per sample 1€ is saved. Furthermore, a lower dilution of the

primary antibody is applied in the classical RFFIT (1/200 [v/v]) compared to the icELISA (1/

4200 [v/v]), saving reagents and further reducing costs.

For ELISAs, acceptable CVs are below 20 [39]. It is well known, that cell-based neutraliza-

tion assays exhibit a higher degree of variability. The values for intra- and interassay precision

for the icNT were found to be 14.5% and 11.2%, respectively. Furthermore, all negative, posi-

tive, and highly positive serum samples were correctly diagnosed. Accordingly, the icNT had a

sensitivity and specificity of 96.47% (95% confidence interval [CI]: 90.03–99.27%)% and

89.57% (95% CI: 82.48–94.49%), respectively, in an analysis of 200 sera, and correlated very

well with the RFFIT (r = 0.9505; p<0.0001). All non-uniform result differing between RFFIT

and icNT originate from samples that had shown an intermediate NT response in the RFFIT
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(0.3–0.7 IU/ml; Fig 4C). Those very good validation values confirm the high quality of icNT as

well as the potency for its immediate application in routine diagnostics.

Compared to the RFFIT, three working steps have been added: cell permeabilization, incu-

bation with an HRP-coupled secondary antibody, and the enzymatic TMB reaction. Despite

these additional steps, the over-all hands-on time is still decreased, since the evaluation of the

RFFIT is based on a time-consuming readout of 80 fields of vision per sample or alternatively

an inaccurate rough estimate of the entire well [22]. To put it in a nutshell, the icNT needs a lit-

tle bit more pipetting but far less microscopic counting efforts. One could argue that a disad-

vantage of the icNT is the dependence on a microplate/ELISA reader. However, such devices

are present in almost all routine diagnostic laboratories. While ELISA readers are required for

various routine diagnostic applications, fluorescent microscopes are often exclusively main-

tained and serviced in virology diagnostics laboratories for Rabies lyssavirus-specific nAb titer

determinations.

Alternative neutralization tests have been established for Rabies lyssavirus, based on geneti-

cally modified viruses (e.g., GFP-expressing Rabies lyssavirus mutants [40]) or the application

of genetically modified pseudotyped viruses [41]. Given that genetically modified viruses are

usually either completely forbidden in routine diagnostics or at least associated with extensive

bureaucratic and biosafety efforts, such approaches may be valuable for research but are not

favorable for routine diagnostic purposes.

In the past, surrogate ELISA approaches have been proposed [35–37,42] that rely on the

recognition of antibodies binding to Rabies lyssavirus-encoded proteins. Without measuring

nAbs directly, such assays try to infer the vaccination status in terms of nAbs based on correla-

tions between binding and neutralizing IgG. It may well be that the likelihood to have nAbs is

to a certain extent correlated with the overall abundance of Rabies lyssavirus-binding antibod-

ies. However, as in the case of most viruses, there is an intermediate range of uncertainty in

which the level of binding antibodies does not faithfully discriminate between individuals with

sufficient versus insufficient neutralization capacities. Mostly the envelope glycoprotein G is

used as antigen source, since it is also the target of nAbs [37,43]. Obviously, the vast majority

of antigen-binding antibodies recognizing a viral entry protein such as gG fail to elicit neutral-

izing capacities. Previous work further depicted that up to 1,000 monoclonal antibodies,

directed to glycoprotein G, can bind a single Rabies lyssavirus virion without neutralizing it

[27]. Hence, conventional ELISAs are simply inadequate as work-around for true neutraliza-

tion tests, since they can only correctly predict protection for a fraction of sera. In contrast,

our icNT detects genuine nAbs, which is paramount based on the fact that the presence of

nAbs is essential to prevent Rabies lyssavirus infections [27,44]. In addition, conventional

ELISA systems are vulnerable towards cross-reactions with antibodies against related viruses,

whereas icNT is not affected by such inaccuracy, based on the use of one defined virus pur-

posely introduced into the cell culture. In particular, for a disease with such a high case-fatality

rate [20], an accurate and specific indication of the level of protection is of highest priority.

Considering that successful vaccination is the sole means to prevent rabies [19], the vaccina-

tion status is of vital importance. Accordingly, none of the ELISA surrogate assays has replaced

the RFFIT.

Moreover, others and we demonstrated that icELISA-based assays can quantify different

viral antigens, e.g. derived from Cytomegaloviruses [45] and/or can be utilized to determine

nAb titers of RNA viruses such as SARS-CoV-2 [46,47]. Given that we provide a third example

here, it is tempting to speculate that icELISAs and icNTs can also be applied to other viruses

for which the current methodology for the detection and quantification of nAbs is suboptimal.

Taken together, we established and clinically validated a rapid and cost-effective readout

for Rabies lyssavirus-specific nAbs which constantly need to be quantified in routine
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diagnostics. We hope that others will make use of the provided laboratory protocol to indepen-

dently evaluate, and ideally implement this assay.

Supporting information

S1 Fig. The icELISA signal can be largely enhanced by infecting cells for two days. BHK-21

cells were infected with Rabies lyssavirus using the indicated virus dose. At 9, 22, 29, 49, 55, 71

and 77 h p. i., cells were fixed and analyzed by icELISA. Bars depict the mean values ± SD.

Dots show the values of the individual measurements. Four-fold replicates of samples were

determined.

(TIF)

S2 Fig. The background signal can be reduced by fixing cells with PFA. Rabies lyssavirus

was treated with HRIG, WHO-2 (diluted in cell culture media), SRIG, WHO-2 aqua (diluted

in water) without serum, negative control serum or positive control serum. A twofold dilution

was done with the positive control. Sera were prediluted 1/10 or 1/25. At 48 h p. i., cells were

fixed with 4% paraformaldehyde (PFA), 3.5% PFA or 80% acetone and analyzed by icELISA.

Bars depict the mean values ± SD. Dots show the values of the individual measurements. Two-

fold replicates of samples were determined.

(TIF)

S3 Fig. Intracellular Rabies lyssavirus antigens generated during Rabies lyssavirus replica-

tion dominate the icELISA signal. BHK-21 cells were infected with Rabies lyssavirus using

the indicated virus dose. At 22 h p. i., cells were fixed, permeabilized with 1% Triton-X-100,

0.2% Saponin, or without detergents and analyzed by icELISA. Bars depict the mean

values ± SD. Dots show the values of the individual measurements. Cell were fixed after 22 h p.

i. because the experiment was conducted prior to the experiments that assessed the influence

of different infections periods. Four-fold replicates of samples were determined.

(TIF)

S4 Fig. The background signal can be reduced by blocking with 3% FCS. BHK-21 cells were

infected with Rabies lyssavirus using the indicated virus dose. At 22 h p. i., cells were fixed,

blocked with 1% Bovine serum albumin (BSA), 5% milk powder (MP), or 3% fetal calf serum

(FCS) and analyzed by icELISA. Bars depict the mean values ± SD. Dots show the values of the

individual measurements. Cell were fixed after 22 h p. i. because the experiment was con-

ducted prior to the experiments that assessed the influence of different infections periods.

Four-fold replicates of samples were determined.

(TIF)

S5 Fig. Prolonged infection time reduces the necessary amount of primary antibodies.

BHK-21 cells were infected with Rabies lyssavirus using the indicated virus dose. (A) At 22 h

p. i., cells were fixed and analyzed by icELISA using indicated dilutions of Anti-Rabies Mono-

clonal Globulin. Three-fold replicates of samples were determined. (B) At 48 h p. i., cells were

fixed and analyzed by icELISA using indicated dilutions of Anti-Rabies Monoclonal Globulin.

Four-fold replicates of samples were determined. Bars depict the mean values ± SD. Dots show

the values of the individual measurements.

(TIF)

S6 Fig. The icNT shows very good sensitivity and specificity. HRIG, WHO SRIG, negative

control serum, twofold dilution of positive control serum, 20 seronegative, 10 intermediate, 10

positive, and 10 strongly positive serum samples with known RFFIT titers were analyzed by

icNT. Serum samples were prediluted 1/10 or 1/25. The different graphs each represent one
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predilution. Each measurement was performed in duplicate.

(TIF)

S1 Text. Supplementary information: icNT and icELISA protocol. A detailed laboratory

protocol for the icNT and the icELISA is provided.

(DOCX)
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Writing – review & editing: Lara Schöler, Vu Thuy Khanh Le-Trilling, Ulf Dittmer, Melanie

Fiedler, Mirko Trilling.

References
1. Yousaf MZ, Qasim M, Zia S, Khan M, Ashfaq UA, Khan S. Rabies molecular virology, diagnosis, pre-

vention and treatment. Virol J. 2012; 9:50. Epub 2012/02/22. https://doi.org/10.1186/1743-422X-9-50

PMID: 22348291; PubMed Central PMCID: PMC3307483.

2. Koraka P, Martina B. Antivirals for human use against rabies and prospects for their future application.

Rev Sci Tech. 2018; 37(2):673–80. Epub 2019/02/13. https://doi.org/10.20506/rst.37.2.2832 PMID:

30747118.

3. Fooks AR, Cliquet F, Finke S, Freuling C, Hemachudha T, Mani RS, et al. Rabies. Nat Rev Dis Primers.

2017; 3:17091. Epub 2017/12/01. https://doi.org/10.1038/nrdp.2017.91 PMID: 29188797.

4. Fisher CR, Streicker DG, Schnell MJ. The spread and evolution of rabies virus: conquering new fron-

tiers. Nat Rev Microbiol. 2018; 16(4):241–55. Epub 2018/02/27. https://doi.org/10.1038/nrmicro.2018.

11 PMID: 29479072; PubMed Central PMCID: PMC6899062.

5. Kuzmin IV, Bozick B, Guagliardo SA, Kunkel R, Shak JR, Tong S, et al. Bats, emerging infectious dis-

eases, and the rabies paradigm revisited. Emerg Health Threats J. 2011; 4:7159. Epub 2011/01/01.

https://doi.org/10.3402/ehtj.v4i0.7159 PMID: 24149032; PubMed Central PMCID: PMC3168224.

6. Kuzmin IV, Shi M, Orciari LA, Yager PA, Velasco-Villa A, Kuzmina NA, et al. Molecular inferences sug-

gest multiple host shifts of rabies viruses from bats to mesocarnivores in Arizona during 2001–2009.

PLOS NEGLECTED TROPICAL DISEASES Optimized neutralization test for Rabies lyssavirus

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010425 May 10, 2022 15 / 18

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010425.s007
https://doi.org/10.1186/1743-422X-9-50
http://www.ncbi.nlm.nih.gov/pubmed/22348291
https://doi.org/10.20506/rst.37.2.2832
http://www.ncbi.nlm.nih.gov/pubmed/30747118
https://doi.org/10.1038/nrdp.2017.91
http://www.ncbi.nlm.nih.gov/pubmed/29188797
https://doi.org/10.1038/nrmicro.2018.11
https://doi.org/10.1038/nrmicro.2018.11
http://www.ncbi.nlm.nih.gov/pubmed/29479072
https://doi.org/10.3402/ehtj.v4i0.7159
http://www.ncbi.nlm.nih.gov/pubmed/24149032
https://doi.org/10.1371/journal.pntd.0010425


PLoS Pathog. 2012; 8(6):e1002786. Epub 2012/06/28. https://doi.org/10.1371/journal.ppat.1002786

PMID: 22737076; PubMed Central PMCID: PMC3380930.

7. Maier T, Schwarting A, Mauer D, Ross RS, Martens A, Kliem V, et al. Management and outcomes after

multiple corneal and solid organ transplantations from a donor infected with rabies virus. Clin Infect Dis.

2010; 50(8):1112–9. Epub 2010/03/09. https://doi.org/10.1086/651267 PMID: 20205588.

8. Ross RS, Wolters B, Hoffmann B, Geue L, Viazov S, Gruner N, et al. Instructive even after a decade:

Complete results of initial virological diagnostics and re-evaluation of molecular data in the German

rabies virus "outbreak" caused by transplantations. Int J Med Microbiol. 2015; 305(7):636–43. Epub

2015/09/20. https://doi.org/10.1016/j.ijmm.2015.08.013 PMID: 26384867.

9. Vetter JM, Frisch L, Drosten C, Ross RS, Roggendorf M, Wolters B, et al. Survival after transplantation

of corneas from a rabies-infected donor. Cornea. 2011; 30(2):241–4. Epub 2010/09/18. https://doi.org/

10.1097/ICO.0b013e3181e4572a PMID: 20847660.

10. Srinivasan A, Burton EC, Kuehnert MJ, Rupprecht C, Sutker WL, Ksiazek TG, et al. Transmission of

rabies virus from an organ donor to four transplant recipients. N Engl J Med. 2005; 352(11):1103–11.

Epub 2005/03/24. https://doi.org/10.1056/NEJMoa043018 PMID: 15784663.

11. Vora NM, Basavaraju SV, Feldman KA, Paddock CD, Orciari L, Gitterman S, et al. Raccoon rabies

virus variant transmission through solid organ transplantation. JAMA. 2013; 310(4):398–407. Epub

2013/08/07. https://doi.org/10.1001/jama.2013.7986 PMID: 23917290; PubMed Central PMCID:

PMC7552820.

12. Saeed B, Al-Mousawi M. Rabies Acquired Through Kidney Transplantation in a Child: A Case Report.

Exp Clin Transplant. 2017; 15(3):355–7. Epub 2017/04/16. https://doi.org/10.6002/ect.2017.0046

PMID: 28411355.

13. Zhang J, Lin J, Tian Y, Ma L, Sun W, Zhang L, et al. Transmission of rabies through solid organ trans-

plantation: a notable problem in China. BMC Infect Dis. 2018; 18(1):273. Epub 2018/06/15. https://doi.

org/10.1186/s12879-018-3112-y PMID: 29898712; PubMed Central PMCID: PMC6000923.

14. Mahadevan A, Suja MS, Mani RS, Shankar SK. Perspectives in Diagnosis and Treatment of Rabies

Viral Encephalitis: Insights from Pathogenesis. Neurotherapeutics. 2016; 13(3):477–92. Epub 2016/06/

22. https://doi.org/10.1007/s13311-016-0452-4 PMID: 27324391; PubMed Central PMCID:

PMC4965414.

15. Lafon M. Rabies virus receptors. J Neurovirol. 2005; 11(1):82–7. Epub 2005/04/05. https://doi.org/10.

1080/13550280590900427 PMID: 15804965.

16. Finke S, Conzelmann KK. Replication strategies of rabies virus. Virus Res. 2005; 111(2):120–31. Epub

2005/05/12. https://doi.org/10.1016/j.virusres.2005.04.004 PMID: 15885837.

17. Schnell MJ, McGettigan JP, Wirblich C, Papaneri A. The cell biology of rabies virus: using stealth to

reach the brain. Nat Rev Microbiol. 2010; 8(1):51–61. Epub 2009/12/01. https://doi.org/10.1038/

nrmicro2260 PMID: 19946287.

18. WHO. Rabies vaccines: WHO position paper, April 2018—Recommendations. Vaccine. 2018; 36

37:5500–3. https://doi.org/10.1016/j.vaccine.2018.06.061 PMID: 30107991

19. Jochmans D, Neyts J. The path towards effective antivirals against rabies. Vaccine. 2019; 37

(33):4660–2. Epub 2017/12/28. https://doi.org/10.1016/j.vaccine.2017.12.051 PMID: 29279280.

20. WHO, editor Background paper: Proposed revision of the policy on rabies vaccines and rabies immuno-

globulins2017 2017.

21. Rosner F. Rabies in the Talmud. Med Hist. 1974; 18(2):198–200. Epub 1974/04/01. https://doi.org/10.

1017/s0025727300019451 PMID: 4606976; PubMed Central PMCID: PMC1081547.

22. Rupprecht CE, Fooks AR, Abela-Ridder B, Organization WH. Laboratory techniques in rabies, volume

1. 2018. https://doi.org/10.12688/aasopenres.12872.2 PMID: 32259023

23. Singh R, Singh KP, Cherian S, Saminathan M, Kapoor S, Manjunatha Reddy GB, et al. Rabies—epide-

miology, pathogenesis, public health concerns and advances in diagnosis and control: a comprehensive

review. Vet Q. 2017; 37(1):212–51. Epub 2017/06/24. https://doi.org/10.1080/01652176.2017.1343516

PMID: 28643547.

24. Ross RS, Wolters B, Viazov SO, Roggendorf M. Awareness of rabies risks and knowledge about pre-

ventive measures among experienced German travel health advisors. J Travel Med. 2006; 13(5):261–

7. Epub 2006/09/22. https://doi.org/10.1111/j.1708-8305.2006.00058.x PMID: 16987124.

25. Giesen A, Gniel D, Malerczyk C. 30 Years of rabies vaccination with Rabipur: a summary of clinical data

and global experience. Expert Rev Vaccines. 2015; 14(3):351–67. Epub 2015/02/17. https://doi.org/10.

1586/14760584.2015.1011134 PMID: 25683583.

26. World Health O. Rabies vaccines: WHO position paper, April 2018—Recommendations. Vaccine.

2018; 36(37):5500–3. Epub 2018/08/16. https://doi.org/10.1016/j.vaccine.2018.06.061 PMID:

30107991.

PLOS NEGLECTED TROPICAL DISEASES Optimized neutralization test for Rabies lyssavirus

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010425 May 10, 2022 16 / 18

https://doi.org/10.1371/journal.ppat.1002786
http://www.ncbi.nlm.nih.gov/pubmed/22737076
https://doi.org/10.1086/651267
http://www.ncbi.nlm.nih.gov/pubmed/20205588
https://doi.org/10.1016/j.ijmm.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26384867
https://doi.org/10.1097/ICO.0b013e3181e4572a
https://doi.org/10.1097/ICO.0b013e3181e4572a
http://www.ncbi.nlm.nih.gov/pubmed/20847660
https://doi.org/10.1056/NEJMoa043018
http://www.ncbi.nlm.nih.gov/pubmed/15784663
https://doi.org/10.1001/jama.2013.7986
http://www.ncbi.nlm.nih.gov/pubmed/23917290
https://doi.org/10.6002/ect.2017.0046
http://www.ncbi.nlm.nih.gov/pubmed/28411355
https://doi.org/10.1186/s12879-018-3112-y
https://doi.org/10.1186/s12879-018-3112-y
http://www.ncbi.nlm.nih.gov/pubmed/29898712
https://doi.org/10.1007/s13311-016-0452-4
http://www.ncbi.nlm.nih.gov/pubmed/27324391
https://doi.org/10.1080/13550280590900427
https://doi.org/10.1080/13550280590900427
http://www.ncbi.nlm.nih.gov/pubmed/15804965
https://doi.org/10.1016/j.virusres.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15885837
https://doi.org/10.1038/nrmicro2260
https://doi.org/10.1038/nrmicro2260
http://www.ncbi.nlm.nih.gov/pubmed/19946287
https://doi.org/10.1016/j.vaccine.2018.06.061
http://www.ncbi.nlm.nih.gov/pubmed/30107991
https://doi.org/10.1016/j.vaccine.2017.12.051
http://www.ncbi.nlm.nih.gov/pubmed/29279280
https://doi.org/10.1017/s0025727300019451
https://doi.org/10.1017/s0025727300019451
http://www.ncbi.nlm.nih.gov/pubmed/4606976
https://doi.org/10.12688/aasopenres.12872.2
http://www.ncbi.nlm.nih.gov/pubmed/32259023
https://doi.org/10.1080/01652176.2017.1343516
http://www.ncbi.nlm.nih.gov/pubmed/28643547
https://doi.org/10.1111/j.1708-8305.2006.00058.x
http://www.ncbi.nlm.nih.gov/pubmed/16987124
https://doi.org/10.1586/14760584.2015.1011134
https://doi.org/10.1586/14760584.2015.1011134
http://www.ncbi.nlm.nih.gov/pubmed/25683583
https://doi.org/10.1016/j.vaccine.2018.06.061
http://www.ncbi.nlm.nih.gov/pubmed/30107991
https://doi.org/10.1371/journal.pntd.0010425


27. Moore SM, Hanlon CA. Rabies-specific antibodies: measuring surrogates of protection against a fatal

disease. PLoS Negl Trop Dis. 2010; 4(3):e595. Epub 2010/03/17. https://doi.org/10.1371/journal.pntd.

0000595 PMID: 20231877; PubMed Central PMCID: PMC2834733.

28. WHO. WHO expert consultation on rabies: third report: World Health Organization; 2018.

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

Bull World Health Organ. 1973; 48(5):535–41. Epub 1973/05/01. PMID: 4544144; PubMed Central

PMCID: PMC2482941.

30. 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. Epub

1998/07/22. https://doi.org/10.1016/s0022-1759(97)00212-3 PMID: 9671155.

31. OIE. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals 2018.

32. Reed LJ, Muench H. A simple method of estimating fifty per cent endpoints. American journal of epide-

miology. 1938; 27(3):493–7.

33. Timiryasova TM, Hodge SA, Zheng L, Singer A, Vincent D, Rahman M, et al. Preparation and qualifica-

tion of internal rabies reference standards for use in the rabies rapid fluorescent focus inhibition test. Sci

Rep. 2020; 10(1):9893. Epub 2020/06/20. https://doi.org/10.1038/s41598-020-66754-8 PMID:

32555434; PubMed Central PMCID: PMC7303118.

34. Timiryasova TM, Luo P, Zheng L, Singer A, Zedar R, Garg S, et al. Rapid fluorescent focus inhibition

test optimization and validation: Improved detection of neutralizing antibodies to rabies virus. J Immunol

Methods. 2019; 474:112626. Epub 2019/06/23. https://doi.org/10.1016/j.jim.2019.06.017 PMID:

31228423.

35. 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. Epub 2009/05/12. https://doi.org/10.1099/jmm.0.006064-0 PMID:

19429758.

36. 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. Epub 2007/02/27. https://doi.org/10.1016/j.ijid.2006.09.013 PMID: 17321182.

37. 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. Epub 2007/01/17. https://

doi.org/10.1016/j.vaccine.2006.12.012 PMID: 17224214.

38. Peharpre D, Cliquet F, Sagne E, Renders C, Costy F, Aubert M. Comparison of visual microscopic and

computer-automated fluorescence detection of rabies virus neutralizing antibodies. J Vet Diagn Invest.

1999; 11(4):330–3. Epub 1999/07/29. https://doi.org/10.1177/104063879901100406 PMID: 10424648.

39. Food and Drug Administration H. Bioanalytical Method Validation: FederalRegister; 2018.

40. Burgado J, Greenberg L, Niezgoda M, Kumar A, Olson V, Wu X, et al. A high throughput neutralization

test based on GFP expression by recombinant rabies virus. PLoS Negl Trop Dis. 2018; 12(12):

e0007011. Epub 2018/12/15. https://doi.org/10.1371/journal.pntd.0007011 PMID: 30550592; PubMed

Central PMCID: PMC6310286.

41. Nie J, Wu X, Ma J, Cao S, Huang W, Liu Q, et al. Development of in vitro and in vivo rabies virus neutral-

ization assays based on a high-titer pseudovirus system. Sci Rep. 2017; 7:42769. Epub 2017/02/22.

https://doi.org/10.1038/srep42769 PMID: 28218278; PubMed Central PMCID: PMC5316940.

42. Chabaud-Riou M, Moreno N, Guinchard F, Nicolai MC, Niogret-Siohan E, Seve N, et al. G-protein

based ELISA as a potency test for rabies vaccines. Biologicals. 2017; 46:124–9. Epub 2017/02/19.

https://doi.org/10.1016/j.biologicals.2017.02.002 PMID: 28214171.

43. Li C, Zhang F, Lin H, Wang ZC, Liu XJ, Feng ZQ, et al. Generation and characterization of the human

neutralizing antibody fragment Fab091 against rabies virus. Acta Pharmacol Sin. 2011; 32(3):329–37.

Epub 2011/02/01. https://doi.org/10.1038/aps.2010.209 PMID: 21278782; PubMed Central PMCID:

PMC4002766.

44. Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine Immunol. 2010; 17(7):1055–

65. Epub 2010/05/14. https://doi.org/10.1128/CVI.00131-10 PMID: 20463105; PubMed Central

PMCID: PMC2897268.

45. Le-Trilling VTK, Becker T, Nachshon A, Stern-Ginossar N, Scholer L, Voigt S, et al. The Human Cyto-

megalovirus pUL145 Isoforms Act as Viral DDB1-Cullin-Associated Factors to Instruct Host Protein

Degradation to Impede Innate Immunity. Cell Rep. 2020; 30(7):2248–60 e5. Epub 2020/02/23. https://

doi.org/10.1016/j.celrep.2020.01.070 PMID: 32075763.

PLOS NEGLECTED TROPICAL DISEASES Optimized neutralization test for Rabies lyssavirus

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010425 May 10, 2022 17 / 18

https://doi.org/10.1371/journal.pntd.0000595
https://doi.org/10.1371/journal.pntd.0000595
http://www.ncbi.nlm.nih.gov/pubmed/20231877
http://www.ncbi.nlm.nih.gov/pubmed/4544144
https://doi.org/10.1016/s0022-1759%2897%2900212-3
http://www.ncbi.nlm.nih.gov/pubmed/9671155
https://doi.org/10.1038/s41598-020-66754-8
http://www.ncbi.nlm.nih.gov/pubmed/32555434
https://doi.org/10.1016/j.jim.2019.06.017
http://www.ncbi.nlm.nih.gov/pubmed/31228423
https://doi.org/10.1099/jmm.0.006064-0
http://www.ncbi.nlm.nih.gov/pubmed/19429758
https://doi.org/10.1016/j.ijid.2006.09.013
http://www.ncbi.nlm.nih.gov/pubmed/17321182
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/10.1177/104063879901100406
http://www.ncbi.nlm.nih.gov/pubmed/10424648
https://doi.org/10.1371/journal.pntd.0007011
http://www.ncbi.nlm.nih.gov/pubmed/30550592
https://doi.org/10.1038/srep42769
http://www.ncbi.nlm.nih.gov/pubmed/28218278
https://doi.org/10.1016/j.biologicals.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28214171
https://doi.org/10.1038/aps.2010.209
http://www.ncbi.nlm.nih.gov/pubmed/21278782
https://doi.org/10.1128/CVI.00131-10
http://www.ncbi.nlm.nih.gov/pubmed/20463105
https://doi.org/10.1016/j.celrep.2020.01.070
https://doi.org/10.1016/j.celrep.2020.01.070
http://www.ncbi.nlm.nih.gov/pubmed/32075763
https://doi.org/10.1371/journal.pntd.0010425


46. Conzelmann C, Gilg A, Gross R, Schutz D, Preising N, Standker L, et al. An enzyme-based immunode-

tection assay to quantify SARS-CoV-2 infection. Antiviral Res. 2020; 181:104882. Epub 2020/08/02.

https://doi.org/10.1016/j.antiviral.2020.104882 PMID: 32738255; PubMed Central PMCID:

PMC7388004.
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