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Background: Vaccination provides protection against infection by inducing VNAs mainly against RABV
surface GP. The measurement of VNAs to RABV is commonly used to assess the level of immunity in
humans and animals after vaccination. A VNA titer of � 0.5 IU/mL of sera indicates adequate response
to vaccination. Here, we report the development and validation of a RABV GP serology ELISA kit for
semi-quantitative measurement of VNA titers in sera of vaccinated human subjects.
Methods: Using a recombinant RABV GP expressed in mammalian cells as the capture antigen, the ELISA
method was established using HuMAb NM57 reference initially and HRIG reference subsequently. The
limit of detection (LOD), linear range, reproducibility, and precision of the method were examined.
Specificity and sensitivity were established to assess the diagnostic accuracy.
Results: RABV GP for ELISA plate coating and optimal dilution of human serum sample was 1 mg/mL and
1:20, respectively. Multiple assays were carried out by different technicians at different laboratories for
assay standardization. Using the HRIG reference, the LOD was found to be 0.02–0.06 IU/mL and the linear
range was 0.2–10.0 IU/ mL. The inter-assay CVs were in the range of 6.60–10.79%, indicating the repro-
ducibility. None of the 12 known negative human sera, tested positive by ELISA, highlighting the speci-
ficity. A total of 415 unknown positive human sera were double-blind tested by the RFFIT and ELISA. The
VNA titer cut-off value of ELISA was set at 1.5 IU/mL to ensure no false-positive. The diagnostic specificity
and sensitivity were 100% and 91.1%, respectively.
Conclusions: The validation data characterize this ELISA as a suitable method for semi-quantitative mea-
surement of VNA titers in human serum samples to assess vaccination status. The ELISA kit can offer sim-
plicity, speed, low cost and high throughput, making it a practical tool for monitoring the immune
response following vaccination.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Rabies continues to pose a public health threat worldwide,
especially in developing countries. It is feared for almost 100%
fatality rate in humans. The vast majority of human fatalities
reported globally came from Africa and Asia, with approximately
40% of cases in children aged <15 years. In most of the world, the
major reservoir for human rabies is the dog which is responsible
for up to 99% of human rabies cases [1]. Rabies prevention is
achieved either by pre- or post-exposure prophylaxis using mod-
ern tissue culture rabies vaccines. It happens to be one of the
few infectious diseases which can be prevented by vaccination
even after exposure [2]. The principal protection against rabies
exposure by vaccination is the development of virus neutralizing
antibodies (VNAs). The VNAs are primarily directed against the
RABV surface GP [3]. Induction of VNAs by the rabies vaccine is a
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key determinant of virus neutralization and protection against dis-
ease development. This event must occur before the RABV has
entered central nerve system [4]. The appropriate administration
of modern rabies biologics according to approved regimens virtu-
ally assures protection against the development of rabies [5]. The
measurement of VNAs to RABV is commonly used to assess the
level of immunity to rabies in humans and animals. The WHO
and OIE consider rabies vaccination to be adequate when VNA titer
is greater than or equal to 0.5 IU/mL in the serum of vaccinated
humans and animals [6,7].

Rabies serology methods fall under two categories; in vivo
method such as mouse neutralization test (MNT) [8] which is
obsolete, and in vitro methods, such as RFFIT and other cell
based functional assays [9,10], cell based binding assays [11]
and plate based binding assays/immunoassays [ELISA] [12]. The
antibodies targeted by the cell based functional assays are neu-
tralizing whereas by the binding assays are both neutralizing
and binding in nature. The cell based functional assays also
known as neutralization based assays, though well received
and accepted globally, have certain limitations. They require
the use of live challenge RABV, containment facility, highly
trained technicians and special laboratory infrastructure. In con-
trast, the ELISA is simpler, affordable and higher in throughput.
The ELISA methods using purified virus or vaccine as capture
antigens for measurement of VNAs were reported by several
researchers worldwide [13–15]. Nevertheless, there was a poor
correlation between the antibody titers and protections from
RABV challenge [16]. Interestingly, ELISA methods using purified
RABV GP offering improved assay specificity have been reported
to have better correlation with the RFFIT [17].

Obviously, preparation of enough quantities of native GP is
expensive, time consuming and challenging. Many attempts failed
to generate mg quantity of purified RABV GP, and have posed hin-
drance to solve its 3D structure.

Recently, we have developed a Chinese hamster ovarian (CHO)
cell line stably expressing RABV GP at 50 mg/L (paper just submit-
ted). Using the mammalian cell expressed RABV GP as the capture
antigen in combination with a RABV neutralizing anti-GP HuMAb
NM57 [18,19] and WHO-recommended HRIG [20] as standards,
we have developed and validated a RABV GP serology ELISA kit
for semi-quantitative measurement of the VNA titers against RABV
in the sera of vaccinated human subjects. We believe that this
RABV GP serology ELISA kit will be a meaningful addition to the
existing tool kits meant to address the needs of resource poor
countries to combat rabies. The data pertaining to development
and validation of RABV GP serology ELISA kit are presented and
discussed.
2. Materials and methods

2.1. Reagents and supplies

High-binding 96-well ELISA plates were purchased from Corn-
ing, USA. L-glutamine, antibiotics, and TMB substrates were from
Sigma-Aldrich, St. Louis, USA. ELISA buffers and solutions were pre-
pared using analytical reagent-grade chemicals unless specified
otherwise. Recombinant RABV GP expressed in CHO cell line was
obtained from ZhenGe Biotechnology, China. Goat anti-human
IgG (H + L) peroxidase conjugate was sourced from Jackson
Immunoresearch, USA. FITC conjugated anti-rabies monoclonal
globulin was obtained from Fujerebio Diagnostic Inc., USA. Recom-
binant RABV neutralizing anti-GP HuMAb NM57 with a VNA titer
of 883 IU/mg, kindly supplied by Huabei Pharmaceuticals, Shiji-
azhuang, China and the HRIG sourced from the EDQM were used
as the reference standards.
2.2. Rabies virus GP serology ELISA kit

The RABV GP serology ELISA is based on the principle reported
elsewhere, albeit with necessary modifications [13]. Briefly, known
amount of recombinant RABV GP was diluted in PBS (10 mM, pH
7.4) and 100 mL of the solution was added to each well of 96-well
high binding ELISA plates (8 wells/strip, Corning, USA) and incu-
bated overnight at 2–8 �C. The wells were emptied and washed
twice with PBS and unsaturated sites were blocked with 3% BSA
in PBS by incubating for 1 h at room temperature. The coated
plates were air-dried and sealed in plastic bags and stored at 2–
8 �C until used.

Anti-RABV GP neutralizing mAb HuMAb or HRIG standards
were first diluted in negative human serum (pooled serum from
12 human subjects who never been vaccinated against rabies).
Prior to test, human serum samples and the standards were diluted
in sample dilution buffer, 20% Calf-serum (CS) in PBS. 100 mL of
appropriately diluted sample was added to each well of the RABV
GP-coated plates and incubated for 1 h at 37 �C with constant
shaking. The wells were emptied and washed twice with PBS.
100 mL of appropriately diluted goat anti-human IgG (H + L) perox-
idase conjugate in 3% BSA-PBS was added to the respective wells
and incubated for another 1 h at 37 �C with constant shaking.
The wells were emptied and washed five times with PBS contain-
ing 0.1% Tween 20 (PBS-T) before addition of TMB substrate solu-
tion. The chromogenic development was stopped using 0.1 M
H2SO4 after 15 min of incubation in the dark. Optical density
(OD) was measured at 450 nm wave length in a microplate spec-
trophotometer (Thermo Scientific, Multiskan MK3). The quantity
of anti-RABV GP antibody was calculated using the standard curve
of the known amount of HuMAb NM57 or HRIG.

2.3. Rapid fluorescent focus inhibition test (RFFIT)

BSR cells were cultured in Dulbecco’s Modified Eagle’s Medium/
Nutrient Ham F12 (DMEM F12) with 10% heat-inactivated FBS and
antibiotics at 37 �C in a 5% CO2 atmosphere. Challenge virus stan-
dard (CVS 11) RABV strain was grown in BSR cells. The dose of
CVS 11 RABV strain which caused 80% infection of BSR cells after
24 h was mixed with serial dilutions of the sera to be titrated. A
reference serum adjusted to 30 IU/mL was included in each test.
After 1 h of incubation at 37 �C, 200 mL of the freshly trypsinized
BSR cells was added to each well. After 24 h of incubation at
37 �C in a 5% CO2 atmosphere, the cells were washed and fixed,
then incubated with FITC-conjugated anti-rabies monoclonal anti-
body from Fujerebio. The percentage of infected cells at each serum
dilution was determined. This allowed the determination of the
VNA titer of the test human sera by comparison with the reference
serum. The VNA titer of the test human sera was expressed in
terms of IU/mL as practiced universally.

2.4. Serum samples for assay

Negative serum samples were obtained from human subjects
(n = 12) that never received rabies vaccination but vaccinated with
HBV, tetanus, and many other vaccines previously. Serum samples
were also obtained from human subjects (n = 415) that received
rabies vaccination. Informed consent was obtained from all the
human subjects who participated in the study after the nature
and possible consequences of this study had been fully explained
and the protocols were approved by the institutional ethical com-
mittee. The serum samples were split into two parts after inactiva-
tion at 56 �C for 30 min, one being used for the ELISA assay for
specificity, sensitivity and correlation, another for the RFFIT assay,
using HRIG as the reference. The serum samples were stored at
�20 �C until used. For ELISA, each serum sample, including the
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QC sera (0, 0.5 and 1.5 IU/mL of HRIG) was tested in duplicates and
45 samples can be accommodated on one plate. The VNA levels
were semi-quantitatively determined by OD interpolation against
the two positive QC sera. Samples with OD450 values less than
the one from 0.5 IU/mL HRIG QC serum were assigned a VNA titer
of <0.5 IU/mL; greater than or equal to the one from 1.5 IU/mL of
HRIG QC serum were assigned a VNA titer of �1.5 IU/mL; greater
than or equal to the one from 0.5 IU/mL of HRIG QC serum but less
than the one from 1.5 IU/mL of HRIG QC serum were assigned a
VNA titer of 0.5–1.49 IU/mL. The assay acceptance criteria (AAC)
are OD450 value for 0.5 IU/mL (ranging from 0.64 to 0.80) and
1.5 IU/mL (ranging from 1.35 to 1.80).
2.5. Data analysis

The mean QC value for each test was calculated according to
standard curve of the HRIG. Normalized data were used for statis-
tical analysis with Sigmaplot [21]. ROC curves were used to evalu-
ate correlation between ELISA and RFFIT. The confidence interval
was calculated by assuming a binomial distribution. The test data
were expressed in the form of a Levey-Jennings graph.
3. Results

3.1. Determination of optimal concentration of RABV GP for coating

Fatal nature of the rabies necessitates the generation of a VNA
response sufficient enough to confer protection. Standardization
of assays including both assay components and test conditions
are highly recommended [20].

To evaluate the effect of RABV GP coating concentration for
capturing anti-RABV antibodies in test serum sample, each well
of 96-well ELISA plate was coated with 100 mL of RABV GP at three
Table 1
Concentration of RABV GP for plate coating.

Coating Conc.

NM57 (ng/mL) 0.1 lg/mL (OD450) 0

102,400 2.046 1.993 2
25,600 1.542 1.539 2
6400 1.039 1.032 1
1600 0.75 0.731 1
400 0.654 0.621 0
100 0.568 0.601 0
25 0.597 0.528 0
0 0.573 0.501 0

Note: Each well was coated with 100 lL of RABV GP at three different concentrations, pro
standards prepared in 1% negative human serum-PBS. After washes, the immune complex
3% BSA-PBS). TMB substrate solution was added and OD measured at 450 nm wave leng

Table 2
Determination of optimal dilution of human serum samples.

Sample dilution

NM57 (ng/mL) 1:20 (OD450)

3200 1.888 1
1600 1.501 1
800 1.017 1
400 0.713 0
200 0.51 0
100 0.421 0
50 0.375 0
0 0.333 0

Note: Each well was coated with 1 mg/mL RABV GP, 100 lL of 1:20 or 1:40 diluted referenc
20% CS-PBS were added to each well. After the incubation, wells were washed and prob
After wash, TMB substrate solution was added for colour development and OD measure
different concentrations (0.1, 0.3 and 1 mg/mL) in 10 mM PBS pH
7.4 at 2–8 �C overnight. The solid phase RABV GP was probed using
appropriately diluted humanized RABV neutralizing anti-GP mon-
oclonal antibody HuMAb NM57 (0, 25, 100, 400, 1600, 6400,
25600, 102400 ng/mL) in negative human serum (pooled serum
from 12 human subjects who never been immunized with rabies
vaccine). The resulting immune complex was detected using per-
oxidase conjugated goat anti-human IgG (H + L) antibodies to tar-
get both IgG and IgM antibodies. As shown in Table 1, at all
three different coating concentrations of RABV GP, the OD values
showed dose dependency, while the maximal OD values increased
with increasing coating concentration of RABV GP. Since the back-
ground OD values did not change significantly, 1 mg/mL concentra-
tion of RABV GP was considered optimal for coating of ELISA plate
for kit manufacture.
3.2. Determination of optimal dilution of human serum samples

There is a need to dilute test human serum samples since
matrix components, especially the host antibodies, can contribute
to high assay background if undiluted. A set of anti-RABV GP
HuMAb NM57 standards (3200, 1600, 800, 400, 200, 100, 50 ng/
mL) were tested at two different dilutions to experimentally deter-
mine the optimal dilution of human serum samples. As shown in
Table 2, using 20% calf serum (CS)-PBS as diluent, the overall
signal-to-noise ratio was found to be better with 1:20 dilution.
3.3. Determination of the LOD and linearity of the kit

Limit of Detection (LOD): The LOD is defined as being the mean
absorbance value of a blank sample (pooled negative human sera)
in duplicate plus three times the standard deviation [22].
.3 lg/mL (OD450) 1 lg/mL (OD450)

.722 2.509 2.494 2.795

.665 2.491 2.569 2.777

.902 1.887 2.689 2.689

.121 1.041 1.946 2.011

.709 0.73 0.958 0.959

.601 0.599 0.625 0.606

.589 0.611 0.56 0.497

.616 0.602 0.506 0.5

bed with different concentrations of RABV neutralizing anti-GP MAb HuMAb NM57
es were detected with Goat anti-human IgG (H + L) peroxidase conjugate (1:5000 in
th in a microplate spectrophotometer.

1:40 (OD450)

.86 1.537 1.496

.463 0.979 1.063

.013 0.681 0.652

.706 0.44 0.424

.531 0.34 0.333

.424 0.283 0.267

.398 0.251 0.259

.351 0.273 0.242

e HuMAb NM57 standards (0–3200 ng/mL spiked in pooled negative human sera) in
ed with goat anti-Human IgG (H + L) peroxidase conjugate (1:5000 in 3% BSA-PBS).
d at 450 nm wave length in a microplate spectrophotometer.



Fig. 1. 4-PL curve using either NM57 or HRIG as standards. 4-PL curves of HuMAb NM57 and HRIG standards. 100 lL of 1:20 diluted reference HuMAb NM57 or HRIG
standards at different concentrations were added to each well coated with RABV GP. Two 4-PL curves (A & B) was plotted by having concentrations of NM57 or HRIG
standards on ‘X axis’ and OD values on ‘Y axis’. [Equation: y = A2 + (A1-A2)/(1 + (X/X0)^P)] C. The characteristics of two 4-PL curves are listed, A1 indicated the estimation of
asymptotes under curves, A2 referred to the estimation of asymptotes on curves, X0 refers to the concentration for 50% of maximal effect, and P represented the slope of curve.

Fig. 2. 4-PL curves of six different test runs using HRIG as the standards. 4-PL curves of the HRIG standards. 100 lL of 1:20 diluted HRIG standards (0–10.00 IU/mL spiked
in negative human serum) in 20% CS-PBS were added to each well coated with RABV GP. Six curves (A-F) came from six runs altogether performed by three people on two
different days. The 4-PL curves were plotted by having concentrations of the HRIG standards on ‘X axis’ and OD values on ‘Y axis’ [Equation: y = A2 + (A1-A2)/(1 + (X/X0)^P)].
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Linearity: It was determined by using the linear correlation coef-
ficient of the standard curve established with the references either
RABV neutralizing HuMAb NM57 standard samples (0, 50, 100,
200, 400, 800, 1600, 3200 ng/mL) or HRIG (0, 0.01, 0.05, 0.1, 0.2,
0.5, 1, 2, 5, 10 IU/mL). Each reference standard was tested in dupli-
cate by ELISA. The linearity was calculated by plotting a 4-PL stan-
dard curve by having concentration of reference standards on ‘X
axis’ and OD values on ‘Y axis’. As shown in Fig. 1A, using HuMAb
NM57 as standards, the LOD of RABV GP ELISA was 44 ng/mL with
a linear range between 50 and 3200 ng/mL, and R2 = 0.9983. Also



Table 3
LOD and linear range of assay using HRIG as standards.

HRIG Test run 1 Test run 2 Tes runt 3 Test run 4 Test run 5 Test run 6

LOD (IU/mL) 0.0491 0.0529 0.0196 0.0516 0.0319 0.0339
Linear range (IU/mL) 0.2–10 0.2–10 0.2–10 0.2–10 0.2–10 0.2–10
R2 0.9999 0.9969 0.9997 0.9966 0.9990 0.9990

Note: Six test runs were carried out by three different technicians on two different days. 100 lL of 1:20 diluted reference HRIG standards (0–10 IU/mL spiked in negative
human serum) in 20% CS-PBS were added to each well coated with RABV GP. LOD, Limit of Detection, is derived from the formula: LOD = NC + 3SD (NC indicated average OD
readings of duplicate negative control wells and SD represented the standard deviation). R2 is adjusted R-square, represents the correlation co-efficient of each curve.

Fig. 3. Levey-Jennings graphs for quality control. Levey-Jennings graphs for
monitoring performance of the ELISA using the HRIG. A. Two HRIG QC sera at 0.5 IU/
mL and 1.5 IU/mL were tested for 30 times and the VNA titers calculated from the
standard curves. l denotes the mean of calculated VNA titers and r represents the
standard deviation. Each data point represents the mean of each QC serum tested in
duplicate. B. Statistics obtained from 30 test runs including the mean and standard
deviation.
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shown in Fig. 1B, using HRIG as standards, the ELISA’s LOD was
0.0529 IU/mL with a linear range between 0.2 and 10 IU/mL and
R2 = 0.9969.

Based on above data, the best manufacturing and key testing
parameters for the RABV GP serology ELISA kit were selected as
(1) 1 lg/mL RABV GP for plate coating, (2) 1:20 dilution of human
sera using 20% CS-PBS as sample diluent, (3) 1:5000 dilution of
goat anti-human IgG (H + L) peroxidase conjugate using 3% BSA/
PBS as diluent for detection.
3.4. Reproducibility: Intra-assay and inter-assay precisions

Several batches of the RABV GP serology ELISA kits were manu-
factured at two different locations, and used by different techni-
cians on different days for assessing the reproducibility of
Table 4
Inter-assay CV.

Theoretical Titer (IU/mL) Calculated Titer (IU/mL)

Test run 1 Test run 2 Test run

2.0 2.27 1.94 1.99
1.0 0.98 1.03 1.15
0.5 0.49 0.48 0.41

Note: Six test runs were carried out by three different technicians on two different day
calculated from the standard curves.
manufacturing and testing. The reference HRIG standards (0–
10 IU/mL) were tested independently by two technicians on three
different days employing kits belonging to two different batches.
As shown in Fig. 2 and Table 3, the LODs of six test runs were all
less than 0.1 IU/mL and the linear ranges were from 0.2 to 10 IU/
mL with R2 � 0.9966. Also shown in Fig. 3, two QC sera of HRIG
at 0.5 and 1.5 IU/mL were tested for 30 times on the same plates
and the VNA titers were calculated from the standard curves. The
intra-assay precision of samples (%CV) were in the range of 8.95–
9.87%.

To assess the inter-assay precision of samples (CV), three QC
sera of HRIG at 0.5, 1.0 and 2.0 IU/mL were examined in duplicate
by three different technicians and the VNA titers were calculated
from the standard curves. Summarized in Table 4, all three CVs
were in the range of 6.60–10.79%, which is within the acceptable
criterion of less than or equal to 15%.

3.5. Correlation between RABV GP serology ELISA and RFFIT

The diagnostic specificity of the kit was demonstrated by test-
ing 12 serum samples derived from humans that received vaccines
other than rabies vaccine (HBV, TT, DT, IPV, etc). The 12 serum
samples together with one positive control were double blind
tested by RFFIT and ELISA at two independent laboratories situated
in different locations. While the positive control turned positive, all
12 test serum samples tested negative i.e., VNA titer less than
0.5 IU/mL by both RFFIT and ELISA, showing 100% specificity (see
Table 5).

In addition, a total of 415 samples from rabies vaccinated
human subjects were double-blind tested using both the methods
(RFFIT and ELISA). For ELISA, in addition to test samples, 3 HRIG QC
sera (0, 0.50, 1.50 IU/mL) were included on each 96-well plate. As
shown in Table 6.1, 38 samples were determined with VNA titers
less than 0.5 IU/mL, 58 samples were with VNA titers between
0.50 and 1.49 IU/mL and 319 samples were �1.50 IU/mL by ELISA.
Fifteen out of 38 samples with ELISA VNA titers <0.5 IU/mL were in
agreement with RFFIT assay. On the other hand, 4 samples with
RFFIT VNA titers between 0.20 and 0.49 IU/mL were determined
to be between 0.50 and 1.49 IU/mL by ELISA.

As shown in Table 6.2, if we set the cut-off value at 0.5 IU/mL, 4
of the 19 RFFIT-negative samples would be falsely reported as pos-
itive by ELISA, with specificity at 78.9%. Since rabies is a fatal dis-
ease and a false positive indication of a sufficient VNA response
could be a disaster to the patient and it is not acceptable. Therefore,
CV (%)

3 Test run 4 Test run 5 Test run 6

1.94 2.00 1.91 6.60
0.93 0.99 1.09 7.78
0.56 0.5 0.44 10.79

s. Three HRIG standards at 0.5, 1.0 and 2.0 IU/mL were tested and the titers were



Fig. 4. ROC curve analysis of ELISA and RFFIT. The VNA titres obtained by ELISA was fit
the ROC curve analysis at cut-off of 0.5 IU/mL. The curves were plotted by having 1-sp
coincidence rate and specificity denoted the negative coincidence rate. B. The statistics

Table 6.2
Sensitivity and specificity of ELISA in comparison with RFFIT.

Cut-off (IU/mL) Sensitivity Specificity Total coincidence rate

0.50 94.2% (373/396) 78.9% (15/19) 93.5% (388/415)
1.50 91.1% (319/350) 100% (65/65) 92.5% (384/415)

Note: 415 human serum samples from people vaccinated against rabies were
double-blind tested by RFFIT and ELISA. For each 96-well plate assay, in addition to
test samples, 3 HRIG QC controls (0, 0.50, 1.50 IU/mL) were included. For sample
with OD450 less than the one from 0.50 IU/mL of HRIG QC, its VNA titer is defined as
less than 0.50 IU/mL. For sample with OD450 greater than or equal to the one from
0.50 IU/mL of HRIG QC, but less than the one from 1.50 IU/mL of HRIG QC, its VNA
titer is defined as 0.50–1.49 IU/mL. For sample with OD450 greater than or equal to
the one from 1.50 IU/mL of HRIG QC, its VNA titer is defined as �1.50 IU/mL.

Table 5
Specificity of ELISA.

RFFIT

Positive Negative Sum

ELISA Positive 1 0 1
Negative 0 12 12
Sum 1 12 13

Note: 12 human serum samples from people never vaccinated against rabies and
one HRIG positive control (0.5 IU/mL) were assayed by RFFIT and ELISA. For ELISA,
the positive indicated that the OD450 of serum samples is greater than or equal to
the OD450 of HRIG standard (0.5 IU/mL).

Table 6.1
VNA titers of rabies vaccinated patients.

ELISA (IU/mL)

<0.50 0.50–1.49 �1.50 Total

RFFIT (IU/mL) <0.20 5 0 0 5
0.20–0.49 10 4 0 14
0.50–0.99 9 20 0 29
1.00–1.49 5 12 0 17
�1.50 9 22 319 350
Total 38 58 319 415
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we prefer to set the cut-off value at 1.5 IU/mL, although the sensi-
tivity dropped from 94.2% to 91.1%, the specificity reached 100%,
with a total coincidence rate of 92.5%.

The VNA titres obtained by ELISA were compared with the ones
from RFFIT at two different cut-off values. At cut-off of 0.5 IU/mL,
the ROC curve area was 0.9499, with a 95% confidence interval
from 0.9218 to 0.9780, and the P value is under 0.0001. At cut-
off of 1.5 IU/mL, the ROC curve area was 0.9723, with a 95% confi-
dence interval from 0.9580 to 0.9866, and the P value is under
0.0001 (see Fig. 4).

Based on the above data, with the cut-off value set at 1.5 IU/mL,
the ELISA kit meets the criterion for intended application of first-
line quick screening. For those patients with ELISA VNA titers
between 0.5 and 1.49 IU/mL, we would recommend them to
receive an additional vaccine boost.
4. Discussion

Vaccine preventable nature of deadly diseases like rabies,
makes disease prevention quite straight forward. Quality con-
trolled modern cell culture rabies vaccines are made available
and accessible to the global population at risk. The presence of
0.5 IU/mL of VNAs in serum is considered as a reliable indicator
of adequate immune response to vaccination [23–26] ensuring sat-
isfactory sero-conversion against rabies [26,27]. Cell based func-
tional assays such as RFFIT and FAVN are the two classical
reference assays prescribed by the WHO and OIE. However, alter-
native assays have been developed essentially to overcome the
limitations associated with the classical assays. Reliability, low
cost, high throughput and short turnaround time are the key dri-
vers of development of alternative rabies serology assays. Irrespec-
tive, the serology assays are primarily used to determine the
immunization status of subjects that have received rabies vaccina-
tion. Additionally, they are useful for evaluation of vaccines or new
schedules of rabies prophylaxis, determination of immunization
status of animals prior to importation to rabies-free countries,
screening of plasma donors for RIG production and benchmarking
of newly developed serological methods [13].
with results of RFFIT at two different cut-off values. A. The statistics obtained from
ecificity on ‘X axis’ and sensitivity on ‘Y axis’. The sensitivity denoted the positive
obtained from the ROC curve analysis at cut-off of 1.5 IU/mL.
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Indirect ELISA is one of the simple assay formats available for
measurement of antibodies specific to antigenic targets in biologi-
cal samples e.g. serum. Serum antibodies are trapped using a rele-
vant antigen immobilized on the solid phase. The solid phase
antigens such as purified whole virus (inactivated) antigen,
freeze-dried vaccine antigen and purified RABV subunit e.g. GP
and RABV GP expressing transformed cell line have been evaluated
for serology assays thus far. However, purified RABV GP is better
than the whole virus antigens in terms of highly defined nature,
homogeneity and lack of interfering substances. It also provides a
better evaluation of specific neutralizing antibodies [16]. In that,
natively folded RABV GP biochemically purified from inactivated
whole virus antigen has been in use for quite sometime. However,
recombinant RABV GP expressed in eukaryotic cells can potentially
replace the conventional RABV GP when structural and functional
characteristics are found to be comparable. In this study, we have
shown that there exists a typical dose dependency between RABV
GP concentration and the binding of a humanized RABV neutraliz-
ing anti-GP HuMAb NM57. It is evident from the results that 1 mg/
mL concentration of recombinant RABV GP was found to be ideal
for coating the ELISA plates. At an expression level of 50 mg/L,
the cost of recombinant RABV GP coated per 96-well plate worked
out cheaper than the cost of the plate itself.

It was determined that the optimal dilution of human sera is
1:20 using 20% CS-PBS as a diluent. Such high dilution of sera, in
addition to reduction of matrix complication, reduced the volume
of serum samples from 2 to 3 mL blood for RFFIT, to be drawn by
nurses or professionals at clinic or hospital, to 4–5 drops of blood
which can be done at home by the patients themselves. It adds
extra convenience.

The RABV GP serology ELISA kit was standardized for manufac-
turing and assay parameters such as linearity, LOD, precision
(inter- and intra-assay), and reliability of production were evalu-
ated. The validated RABV GP serology ELISA kit is found to be fit
for purpose i.e. semi-quantitative measurement of VNA concentra-
tion in serum samples derived from vaccinated human subjects.

This RABV GP serology ELISA kit was the product of collabora-
tions of national laboratories, regulatory agencies, as well as com-
mercial manufacturer. The RABV GP serology ELISA kits have been
manufactured at a GMP facility with a capacity of 100,000 kits per
year, enough to perform 4,500,000 tests. Leading by the Chinese
CDC, in collaborations with more than 10 hospitals, a post-market
study of at least three different rabies vaccines enrolling tens of
thousands of patients will be carried out to understand the relation-
ship between in vitro measurement and in vivo protection.

5. Conclusions

The validation data characterize this ELISA as a suitable method
for semi-quantitative measurement of VNA titer in human serum
samples as a part of assessment of their vaccination status. The
RABV GP serology ELISA kit can offer simplicity, speed, low cost
and high throughput, making it a practical tool for monitoring
the immune response of human subjects following mass rabies
vaccination campaigns.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The study was supported by grants for Small Business Research
from Innovation Zone of Quzhou City, Zhejiang, China (to L. Sun).
We would like to thank the reviewers for their insightful com-
ments which helped to improve the quality of our paper. We
appreciate the support of all kinds extended by Rongxu Zhang,
Meng Jin, Linqiang Ying, Yin Zou, Xiaoxu Lian, Xinkun Mao, Xiafei
Hu, Ying Sun, Junchi Su, Jinmei He, Mingliang Zhang, Hunter Sun
and Dee Hong throughout this study.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.vaccine.2019.08.043.

References

[1] Tarantola A. Four thousand years of concepts relating to rabies in animals and
humans, its prevention and its cure. Trop Med Infect Dis 2017;2:1–21.

[2] Lafon M, Edelman L, Bouvet JP, Lafage M, Montchatre E. Human monoclonal
antibodies specific for the rabies virus glycoprotein and N protein. J Gen Virol
1990;71:1689–96.

[3] Xiang ZQ, Knowles BB, McCarrick JW, Ertl HCJ. Immune effector mechanisms
required for protection to rabies virus. Virology 1995;214:398–404.

[4] Cox JH. Rabies virus glycoprotein. II. Biological and serological
characterization. Infect Immun 1977;16:754–9.

[5] Rotz LD, Hensley JA, Rupprecht CE, Childs JE. Large-scale human exposures to
rabid or presumed rabid animals in the United States: 22 cases (1990–1996). J
Am Vet Med Assoc 1998;212:1198–200.

[6] WHO. WHO expert consultation on rabies. Third report. Geneva, Switzerland:
World Health Organization; 2018. p. 121.

[7] Oie AHS. Manual of diagnostic tests and vaccines for terrestrial animals. Bull
Off Int Epizoot 2015:1092–106.

[8] Webster LT, Dawson JR. Early diagnosis of rabies by mouse inoculation.
Measurement of humoral immunity to rabies by mouse protection test. Proc
Soc Exp Biol Med 1935;32:570–3.

[9] Smith JS, Yager PA, Baer GM. A rapid reproducible test for determining rabies
neutralizing antibody. Bull World Health Organ 1973;48:535–41.

[10] Cliquet F, Aubert M, Sag L. Development of a fluorescent antibody virus
neutralisation test (FAVN test) for the quantitation of rabies-neutralising
antibody. J Immunol Methods 1998;212:79–87.

[11] Messenger S, Rupprecht CE. An indirect fluorescent antibody test for the
serological detection of rabies virus immunoglobulin G and immunoglobulin
M antibodies. In: Rupprecht CE, Nagarajan T, editors. Chapter 14. Current
laboratory techniques in rabies diagnosis research & prevention. 1st ed. vol 2.
USA: Academic Press; 2015. p. 157–73.

[12] Servat A, Cliquet F. Collaborative study to evaluate a new ELISA test to monitor
the effectiveness of rabies vaccination in domestic carnivores. Virus Res
2006;120:17–27.

[13] 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;25:2244–51.

[14] Zhang S, Liu Y, Zhang F, Hu R. Competitive ELISA using a rabies glycoprotein-
transformed cell line to semi-quantify rabies neutralizing-related antibodies
in dogs. Vaccine 2009;27:2108–13.

[15] Wasniewski M, Guiot AL, Schereffer JL, Tribout L, Mahar K, Cliquet F.
Evaluation of an ELISA to detect rabies antibodies in orally vaccinated foxes
and raccoon dogs sampled in the field. J Virol Methods 2013;187:264–70.

[16] Perrin P, Versmisse P, Delagneau JF, Lucas G, Rollin PE, Sureau P. The influence
of the type of immunosorbent on rabies antibody EIA; advantages of purified
glycoprotein over whole virus. J Biol Stand 1986;14:95–102.

[17] Wang H, Na F, Yang S, Wang C, Wang T, Gao Y, et al. A rapid
immunochromatographic test strip for detecting rabies virus antibody. J
Virol Methods 2010;170:80–5.

[18] Dietzschold B, Gore M, Casali P, Ueki Y, Rupprecht CE, Notkins AL, et al.
Biological characterization of human monoclonal antibodies to rabies virus. J
Virol 1990;64:3087–90.

[19] Li G, Cheng LJ, Zhao W. Effect of pH value on stability of recombinant human
anti-rabies monoclonal antibody. Chinese J Biol 2009;22:891–4.

[20] Zwahlen RD. Collaborative study for the establishment of human rabies
immunoglobulin Biological Reference Preparation batch no. 1. Pharmeuropa
Bio 1999;99:10–8.

[21] DeLong ER, DeLong DM, Clark-Pearson DL. Comparing the areas under two or
more correlated receiver operating characterisitc curves: a non-parametric
approach. Biometrics 1988;44:837–45.

[22] Armbruster DA, Pry T. Limit of blank, limit of detection and limit of
quantitation. Clin Biochem Rev 2008;29:S49–52.

[23] Clark KA, Wilson PJ. Postexposure rabies prophylaxis and preexposure rabies
vaccination failure in domestic animals. J Am Vet Med Assoc
1996;208:1827–30.

[24] Moore SM, Ricke TA, Davis RD, Briggs DJ. The influence of homologous vs.
heterologous challenge virus strains on the serological test results of rabies
virus neutralizing assays. Biologicals 2005;33:269–76.

https://doi.org/10.1016/j.vaccine.2019.08.043
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0005
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0005
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0010
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0010
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0010
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0015
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0015
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0020
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0020
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0025
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0025
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0025
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0035
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0035
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0040
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0040
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0040
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0045
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0045
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0050
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0050
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0050
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0060
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0060
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0060
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0065
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0065
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0065
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0065
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0065
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0070
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0070
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0070
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0075
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0075
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0075
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0080
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0080
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0080
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0085
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0085
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0085
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0090
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0090
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0090
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0095
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0095
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0100
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0100
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0100
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0105
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0105
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0105
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0110
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0110
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0115
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0115
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0115
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0120
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0120
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0120


R. Zhao et al. / Vaccine 37 (2019) 6060–6067 6067
[25] Johnson N, Cunningham AF, Fooks AR. The immune response to rabies virus
infection and vaccination. Vaccine 2010;28:3896–901.

[26] Aubert MF. Practical significance of rabies antibodies in cats and dogs. Rev Sci
Tech 1992;11:735–60.
[27] Brown D, Fooks AR, Schweiger M. Using intradermal rabies vaccine to boost
immunity in people with low rabies antibody levels. Adv Prev Med
2011:601789.

http://refhub.elsevier.com/S0264-410X(19)31107-7/h0125
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0125
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0130
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0130
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0135
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0135
http://refhub.elsevier.com/S0264-410X(19)31107-7/h0135

	Rabies virus glycoprotein serology ELISA for measurement of neutralizing antibodies in sera of vaccinated human subjects
	1 Introduction
	2 Materials and methods
	2.1 Reagents and supplies
	2.2 Rabies virus GP serology ELISA kit
	2.3 Rapid fluorescent focus inhibition test (RFFIT)
	2.4 Serum samples for assay
	2.5 Data analysis

	3 Results
	3.1 Determination of optimal concentration of RABV GP for coating
	3.2 Determination of optimal dilution of human serum samples
	3.3 Determination of the LOD and linearity of the kit
	3.4 Reproducibility: Intra-assay and inter-assay precisions
	3.5 Correlation between RABV GP serology ELISA and RFFIT

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


