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Two  major  techniques  are  currently  used  to  estimate  rabies  virus  antibody  values:  neutralization  assays,
such as  the  rapid  fluorescent  focus  inhibition  test  (RFFIT),  and  enzyme-linked  immunosorbent  assays
(ELISAs).  The  RFFIT  is  considered  the  gold  standard  assay  and  has  been  used  to  assess  the  titer of  rabies
virus  neutralizing  antibodies  for more  than  three  decades.  In  the  late  1970s,  ELISA  began  to  be  used
to  estimate  the  level  of  rabies  virus  antibody  and  has  recently  been  used  by some  laboratories  as  an
alternate  screening  test  for animal  sera.  Although  the  ELISA  appears  simpler,  safer  and  more  efficient,  the
assay is  less  sensitive  in  detecting  low  values  of  rabies  virus  neutralizing  antibodies  than  neutralization
tests.  This  study  was  designed  to evaluate  a  new  ELISA-based  method  for  detecting  rabies  virus  binding
antibody.  This  new  technique  uses  electro-chemi-luminescence  labels  and  carbon  electrode  plates  to

detect binding  events.  In  this  comparative  study,  the  RFFIT  and  the  new  ELISA-based  technique  were
used  to evaluate  the  level  of rabies  virus  antibodies  in  human  and  animal  serum  samples.  By using  a
conservative  approximation  of 0.15  IU/ml  as  a cutoff  point,  the  new  ELISA-based  technique  demonstrated
a  sensitivity  of  100%  and  a  specificity  of  95% for  human  samples  and  for  experimental  animal  samples.
The  sensitivity  and  specificity  for field  animal  samples  was  96%  and  95%,  respectively.  The  preliminary
results  from  this  study  appear  promising  and  demonstrate  a higher  sensitivity  than  traditional  ELISA

methods.

. Introduction

Rabies serological tests are essential for evaluating the immune
esponse to rabies virus antigens. The presence of antibodies
irected against rabies virus envelope glycoprotein is considered an

deal indicator of immune response after vaccination. Since Web-
ter and Dawson devised the Mouse Neutralization Test (MNT) in
935 [1],  several different methods have been developed to better
etect rabies virus antibody. The rapid fluorescent foci inhibition
est (RFFIT) was developed as one method for the measurement of
abies virus neutralizing antibodies [2].  A microtest, adapted from
he RFFIT, for use in micro-plates was developed to quantify rabies
irus neutralizing antibodies in human sera [3].  The fluorescent
ntibody virus neutralization (FAVN) test was also evaluated for
se in animal sera [4].  Briggs et al. compared the RFFIT and the

AVN test with animal sera and now these two methods serve as
he gold standards for rabies virus neutralizing antibody quantifi-
ation [5]. Alternatively, the enzyme-linked immunosorbent assay
ELISA) was first used in rabies serological test by Atanasiu et al.

∗ Corresponding author. Tel.: +1 404 639 1070.
E-mail address: hjv4@cdc.gov (X. Ma).
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Published by Elsevier Ltd.

[6] and now is used as a screening test in some laboratories [7].
Compared with the MNT, the RFFIT has apparent advantages, such
as eliminating the use of animals and faster results. However, the
RFFIT requires trained personnel and appropriate laboratory equip-
ment for cell culture and manipulating live rabies virus. In addition,
the RFFIT remains a complex and time consuming test, cell condi-
tion and sample quality can influence the test results. The RFFIT
is very sensitive to cytotoxicity in serum samples with poor qual-
ity such as wildlife sera collected under field conditions and may
produce false-positive results if read incorrectly. Furthermore, the
observation of fluorescing cells in the RFFIT is somewhat subjective,
which can cause variance of the endpoint titer between different
observations for the same sample.

The ELISA is a new generation of serological test used to estimate
the level of rabies virus antibodies and has recently been used by
some laboratories as an alternate screening test for animal sera.
Conventional ELISA tests appear simpler, safer, and more efficient
[8] but may  have lower sensitivity than neutralization tests [9–12],

and the concordance between the ELISA and neutralization assays
have not been satisfactory.

The objective of this study was  to evaluate the performance of a
new technique called electro-chemi-luminescence (ECL) in deter-
mining anti-rabies glycoprotein antibodies in human and animal
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erum samples. The ECL assay is based on the Meso Scale Discovery
MSD) technology which utilizes a sulfo-tag-label that emits light
pon electrochemical stimulation. MSD  carbon electrode plates
upply a platform for the development of sandwich immunoas-
ays and have a 10 times greater binding capacity than polystyrene
sed in conventional ELISA. When a MSD  plate was loaded, the MSD
late reader applies an electrical current to the plate-associate elec-
rodes and causes the label bound to the electrode surface to emit
ight. The MSD  instrument measures intensity of the emitted light
o afford a quantitative measure of the amount of the target protein.
revious studies demonstrated that the ECL assay exhibits a wide
ynamic range and high sensitivity for detecting low concentra-
ions of antibodies in human serum samples [13,14]. In this study,
he RFFIT and the ECL test were used to evaluate the level of rabies
irus antibodies in human and animal serum samples. This report
s the first about the ECL test being used for detecting the level of
abies virus antibody.

. Materials and methods

.1. Serum samples

The samples used in this study included human sera, human
erebrospinal fluids (CSF), and animal sera. One hundred twenty
erum samples from vaccinated and naive humans collected under
DC-IRB Protocol #5506, along with 22 serum samples and 14
SF samples from clinical specimens submitted for human rabies
iagnosis were tested. In addition, 88 dog serum samples, 92 exper-

mental raccoon and 167 field raccoon serum samples were tested.
ll sera and CSF samples were heat inactivated at 56 ◦C for 30 min
rior to testing and stored at −20 ◦C. Test samples from vaccinated
umans and animals were blinded at the time of the RFFIT and the
CL test.

.2. Reference serum

Each test included a positive and a negative control sample from
accinated or unvaccinated subjects. The reference serum standard
sed in the RFFIT for determining anti-rabies neutralizing antibody

evels in human and animal serum samples was the U.S. Standard
abies Immune Globulin (SRIG), NIH Lot R-3, with an activity of
9 IU. A stock suspension was prepared to yield a solution con-
aining 2 IU/ml. This stock was dispensed in aliquots of 0.5 ml  and
tored at −20 ◦C. Both the SRIG and human serum samples that
ested positive by the RFFIT with 2 IU/ml of anti-rabies neutraliz-
ng antibody were used as positive control in the ECL test. Positive
eference samples for laboratory and field raccoons were selected
rom samples that tested positive by the RFFIT, with a neutralizing
ntibody level of 2 IU/ml. Negative control sera were obtained from
nvaccinated human and animal that tested negative by the RFFIT.

.3. Production of virus and purification of envelop glycoprotein

An Evelyn-Rokitnicki-Abelseth (ERA) strain of rabies virus
as propagated in a culture of BSR (a BHK-derived cell clone)

ells. Rabies virus was  collected and concentrated from super-
atant. Rabies glycoprotein was isolated and purified as previously
escribed [15–17].

.4. The RFFIT
The RFFIT was performed according to the technique described
y Smith et al. [2] to determine anti-rabies neutralizing antibody

evel in human and animal sera. In brief, serial five-fold dilutions of
est sera were made and incubated with a constant amount of chal-
enge virus-CVS 11 (50 FFD50/0.1 ml). The serial dilutions of SRIG
2012) 5358– 5362 5359

(2 IU/ml) were used as a positive control reference and included in
parallel in each test. After 90 min  incubation, mouse neuroblastoma
(MNA) cells in Eagle’s minimum essential medium with 10% fetal
bovine serum (MEM-10) were added to each serum-virus mixture.
The serum-virus-cell cultures were incubated for 20 h in a CO2  incu-
bator at 37 ◦C. The cultures were then removed from the incubator,
washed with phosphate buffered saline (PBS), fixed with acetone
and stained with FITC anti-rabies monoclonal globulin. Immunoflu-
orescence staining was  used as an indicator of viral growth. The
slides were observed under a fluorescence microscope for the pres-
ence of fluorescing cells. Twenty microscopic fields (160–200×)
were read for each serum dilution and the number of fields con-
taining fluorescing cells was recorded. A reduction of 50% or more
in the number of fields containing fluorescing cells indicated that
there were enough antibodies present to neutralize the virus. The
serum neutralization endpoint titer was  defined as the dilution fac-
tor of the highest serum dilution in which there is a 50% reduction
in the number of fluorescing foci. The United States Advisory Com-
mittee on Immunization Practices (ACIP) defines complete virus
neutralization at a 1:5 serum dilution by the RFFIT as an adequate
immune response, which is equivalent to approximately 0.10 IU/ml
[18].

2.5. The ECL test

Standard carbon-electrode Multi-array 96-well plates (Cat#:
L15XA-3, Meso Scale Discovery, Gaithersburg, Maryland, USA) were
coated with 30 �l/well of 4 �g/ml purified rabies virus glycoprotein
and were placed at 4 ◦C overnight. After washing with 150 �l/well
of diluted Tween20 (Cat#: P1379, Sigma–Aldrich, Saint Louis, MO,
USA) three times, the plates were blocked with 150 �l/well of
blocking buffer and incubated on a plate shaker for 1 h at room tem-
perature. After removing the blocking buffer, serum samples were
directly added into the wells and diluted 1:5 in sample buffer. Each
sample was tested at a single dilution in duplicate. After 1 h incu-
bation at room temperature on a plate shaker, serum samples were
removed and the plates were washed three times with 150 �l/well
of washing buffer. Pre-diluted 25 �l of 0.5 �g/ml Biotinylated anti-
species IgG (anti-human IgG, Cat. No. 16-10-06; anti-raccoon IgG,
Cat. No. 37-00-06; anti-dog IgG, Cat. No. 16-19-06; Kirkegaard
& Perry Laboratories, Inc., Gaithersburg, MD,  USA) and sulfo-tag-
streptavidin (Cat#: R32AD-5, Meso Scale Discovery, Gaithersburg,
MD,  USA) was added to each well of the plate. The plates were
incubated at room temperature on a plate shaker for 1 h and then
washed three times with 150 �l/well of washing buffer. Immedi-
ately before reading, 150 �l of reading buffer (1×)  was added to
each well of the plate and the plates were read on a MSD  Sector
Imager (Cat#: R31QQ-2, Meso Scale Discovery, Gaithersburg, MD,
USA). Serial five-fold dilutions of positive control reference sera
starting with a 1:5 dilution were included in parallel in each test
along with a negative control.

3. Results

3.1. Assessment of the ECL test for human serum and CSF samples

Titration of the 120 human sera with the ECL test and the RFFIT
is shown in Fig. 1. The cutoff values of 5.19 (log10 ECL value) for
the ECL test and -0.82 (log10 0.15 IU/ml) for the RFFIT were used to
distinguish positive and negative samples. The ECL cutoff value is

the mean of the log transformed ECL values of negative samples at
1:5 dilution plus two  standard deviations. The log transformed ECL
value of SRIG at a 1:5 dilution is 6.07 and the log transformed ECL
value of SRIG at a 1:125 dilution is 5.25, which is very close to the
ECL cutoff value. The actual ECL value of the reference serum SRIG
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Fig. 1. Comparison between the RFFIT and the ECL test with human sera.

Table 1
Diagnostic sensitivity and negative cutoff value of the ECL test established with sera
from vaccinated and unvaccinated human.

Range of log ECL reading of negative samples 3.8175–5.1899
Mean of log ECL reading of negative samples 4.4881
Standard deviation (SD) 0.3526
Log  ECL reading of SRIG 5.2516
Negative cutoffa 5.1933
Range of log ECL reading of positive samples 5.2959–6.1531
Diagnostic sensitivity 64/64 (100%)
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rabies antibodies for raccoon serum samples collected under field
a The negative cutoff value is the mean of log ECL reading of negative samples + 2
D.
he diagnostic sensitivity is established by using the value of negative cutoff of
.1933.

t a 1:5 dilution is 1,173,697, which is 28 times the average ECL
alue of negative serum samples (41,805). Establishing the cutoff
alue for the ECL test is explained in Table 1.

Of the 120 human sera, 64 that tested positive by using the RFFIT
ere collected from vaccinated individuals and also positive when

ested using the ECL test. Among the 56 sera that tested negative
y using the RFFIT, 53 were negative and 3 were positive by using
he ECL test. One of the sera that tested negative by both the RFFIT
nd the ECL test was collected from a previously (31 years ago)
accinated individual. The other negative sera were collected from
abies vaccine naïve persons. The ECL test resulted in 100% sensi-
ivity and 95% specificity using a cutoff value of 0.15 IU/ml for the
FFIT (Table 2).

Thirty six samples (22 sera and 14 CSF) from patients suspected
f rabies were analyzed by the RFFIT and the ECL test. All serum
amples that tested negative (n = 18) or positive (n = 4) by using the

FFIT were also negative or positive by using the ECL test, respec-
ively. Of 14 CSF samples, one tested positive and 13 tested negative
y using the RFFIT. The ECL test gave the same results as RFFIT for
he CSF samples. The sensitivity and specificity of the ECL test in

able 2
ross classification of the ECL test results by the RFFIT results for the human serum
amples.

RFFIT 0.15 IU/ml cut-off ECL test

Negative Positive Total

Negative 53 3 56
Positive 0 64 64
Total 53 67 120
Fig. 2. Comparison between the RFFIT and the ECL test with raccoon sera.

human rabies diagnosis were both 100% in this comparison. The
four human samples positive by using the RFFIT and the ECL test
were from confirmed cases of human rabies. Vaccination histories
obtained on human clinical specimens were in direct correspon-
dence to the results obtained by RFFIT in relation to standard used
in our laboratory.

3.2. Assessment of the ECL test for raccoon serum samples

The comparison between the RFFIT and the ECL test with the
raccoon sera collected under laboratory condition is shown in Fig. 2.
The cutoff values −0.82 (log10 0.15 IU/ml) for the RFFIT was also
used to distinguish positive and negative raccoon samples. An ECL
cutoff value of 4.98 is the mean of the log transformed ECL values
of negative samples at 1:5 dilution plus two standard deviations.
The ECL value of a 1:5 dilution of a reference raccoon serum sample
with 2 IU/ml neutralizing rabies virus antibody is 572,160, which
is more than 21 times the average ECL value of negative serum
samples (26,788).

Among the 92 experimental raccoon serum samples, 32 samples
collected from vaccinated raccoons were positive by using both the
RFFIT and the ECL test. The remaining 60 samples (58 from unvac-
cinated and 2 from vaccinated raccoons) tested negative by using
the RFFIT, of which 57 negative and 3 positive when tested by the
ECL test. Using 0.15 IU/ml as a cutoff point, the ECL test demon-
strated the same sensitivity (100%) and specificity (95%) for raccoon
serum samples collected under laboratory conditions as for human
samples (Table 3).

The sensitivity and specificity of the ECL test in detecting anti-
conditions were also evaluated. Three raccoon serum samples with
cytotoxicity present using RFFIT were excluded. For 167 samples
tested by using both methods, the ECL test demonstrated a sen-
sitivity of 96% and a specificity of 95% (Table 4). The 26 positive

Table 3
Cross classification of the ECL test results by the RFFIT results for the experimental
raccoon serum samples.

RFFIT 0.15 IU/ml cut-off ECL test

Negative Positive Total

Negative 57 3 60
Positive 0 32 32
Total 57 35 92
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Table 4
Cross classification of the ECL test results by the RFFIT results for the field raccoon
serum samples.

RFFIT 0.15 IU/ml cut-off ECL test

Negative Positive Total

s
v
t
b
a
a
t

3

t
l
f
i
n
E
2
t

c
n
t
a
r
f
a
a

4

t
p

Table 5
Cross classification of the ECL test results by the RFFIT results for the dog serum
samples.

RFFIT 0.15 IU/ml cut-off ECL test

Negative Positive Total
Negative 135 6 141
Positive 1 25 26
Total 136 31 167

amples tested by the RFFIT were collected from the oral rabies
accination (ORV) area, of which 25 were positive and 1 negative
ested by the ECL test. Among the 135 positive samples tested by
oth the RFFIT and the ECL test, 75 were collected from the ORV
rea and 60 from the non-ORV area. The 6 samples that were neg-
tive by the RFFIT and positive by the ECL test were collected from
he ORV area.

.3. Assessment of the ECL test for dog serum samples

A panel of laboratory dog serum samples was  tested using both
he RFFIT and the ECL test. The results are shown in Fig. 3. A lower
og transformed RFFIT cutoff value (−1.0, log10 0.10 IU/ml) was used
or evaluating the test results. The ECL cutoff value for dog sera
s 5.19, which is the mean of the log transformed ECL values of
egative samples at 1:5 dilution plus two standard deviations. The
CL value of a 1:5 dilution of a reference dog serum sample with

 IU/ml neutralizing rabies virus antibody is 790,616, which is 22
imes the average ECL value of negative serum samples (36,627).

Among the 88 dog serum samples collected under laboratory
onditions, 47 samples that collected from unvaccinated dogs were
egative by using both the RFFIT and the ECL test. Of the 41 samples
hat tested positive by the ECL test, 39 were positive and 2 were neg-
tive when tested by the RFFIT. Of the two dog sera with discrepant
esults, one was collected from an unvaccinated dog; another was
rom a vaccinated dog on day 15 after vaccination. Using 0.10 IU/ml
s a cutoff point, the ECL test demonstrated a sensitivity of 100% and

 specificity of 96% for dog serum samples (Table 5).
. Discussion

This is the first study that evaluates the performance of the ECL
est, a new ELISA-based technique, for detecting anti-rabies glyco-
rotein antibodies in human and animal serum samples collected

Fig. 3. Comparison between the RFFIT and the ECL test with dog sera.
Negative 47 2 49
Positive 0 39 39
Total 47 41 88

under different conditions. By using electro-chemi-luminescent
labels and carbon electrode plate, the ECL test demonstrated ultra-
sensitive detection of antibodies. The assay developed in this study
was  able to detect rabies virus antibodies level in a 1:5 dilution of
serum samples. Therefore, the new method is able to capture very
low level of antibodies in test sera.

Results from the ECL test for 120 unvaccinated and vaccinated
human serum samples had a100% sensitivity by using the RFFIT
as the gold standard and 0.15 IU/ml as a cutoff point. The ECL test
was  also evaluated for diagnosis of human rabies cases and demon-
strated a 100% concordance with the RFFIT by using 36 serum and
CSF samples from patients suspected of rabies.

Performance of the ECL test for experimental animal samples
was  similar to that for human samples. The ECL test demonstrated
a sensitivity of 100% in detecting rabies virus antibodies in animal
serum samples collected under laboratory conditions.

In the United States, an oral vaccination (ORV) program has
been established since 1997 in an attempt to prevent the westward
spread of raccoon rabies [19]. Serological testing is one method
used to monitor anti-rabies antibody in the animals collected from
areas with an ongoing ORV program. The baits distributed con-
tain a vaccinia-rabies glycoprotein (VRG) vaccine, which induces
antibodies against the envelope G protein [20,21]. Hence, the ECL
test that uses G protein coated plates has a theoretically good
correlation with the RFFIT. The ECL test for 167 vaccinated and
unvaccinated field raccoons resulted in a very high concordance
with the results of those tested with the RFFIT. A sensitivity of 96%
was  produced by the ECL test by using 0.15 IU/ml as the RFFIT cutoff,
although the quality of field raccoon sera was relatively poor com-
pared with experimental animal sera. The CDC receives thousands
of serum samples from raccoons each year for sero-surveillance of
ORV zones. Processing these samples by RFFIT is time consuming. A
high throughput method for assessing anti-rabies antibody levels
is needed to improve and expand processing of this large number of
sera. Although simpler, safer, and more rapid, the traditional ELISA
methods have not been widely accepted for determining rabies
antibody levels because of a lack of sensitivity [9–12]. Apparent
false-negative results are one major problem that prevents broader
application of traditional ELISA in detecting anti-rabies antibody
levels. Although traditional ELISA and the RFFIT have shown con-
cordance under optimal serum conditions, they did not correlate
well when using serum collected under field conditions [22]. The
ultra-sensitivity of the ECL test overcomes the sensitivity limitation
of the traditional ELISA for detecting low level rabies virus antibod-
ies. The elimination of cell culture with the ECL test also reduces
concerns of false-positive results seen with the RFFIT when testing
cytotoxic serum samples [7,17].

The MSD  Sector imager is very sensitive to the signal generated
by binding events. Shorter incubations may  cause lower ECL read-
ing. Total volume and dilution of the serum are also important for
the MSD  Sector imager to generate a consistent reading. The selec-

tion of positive controls is another consideration for the ECL test.
Serum samples from the same species with a value of 2 IU/ml anti-
rabies antibody is a good choice for establishing a threshold of the
ECL reading to distinguish negative samples from positive. Posi-
tive samples with very high titers should not be used for positive
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ontrols with the ECL test because the signal generated at a 1:5 dilu-
ion may  exceed the reading saturation of the MSD  Sector imager.

The application of the ECL assay depends on the testing pur-
oses. To evaluate the effectiveness of oral vaccination, the ECL
ssay appears to have a promising potential to distinguish seropos-
tive samples from negative samples. Our ECL test results reliably
emonstrated herd immune response in raccoons after oral vac-
ination with a sensitivity of 96% and a specificity of 95% using
.15 IU/ml as a cutoff. At this level, additional testing would likely
ot be done since the focus is on determining the proportion of the
opulation with detectable rabies virus antibody levels.

The ECL test also appears to be an alternative choice for detect-
ng rabies virus antibodies in human and laboratory animals. Using
.15 IU/ml as a cutoff, the ECL test demonstrated a sensitivity of
00% for both the human and laboratory raccoon serum samples.
he results of laboratory dog serum samples demonstrated a sensi-
ivity of 100% and a specificity of 96%, with a threshold of 0.10 IU/ml.

The high sensitivity is a major advantage of the ECL test com-
ared with a traditional ELISA. However, the MSD  imager (reader)

s fairly expensive, although the ECL test costs approximately one
hird of the RFFIT in terms of reagents and other related supplies.
he application of the ECL test with a wide range of animals, such as
kunks and bats is limited at present, by whether the anti-species
ntibody is available commercially.

For clinical diagnostic purposes, the ECL test is able to produce
 faster result. However, it would likely be necessary to retest ECL
ositive samples to distinguish rabies virus neutralizing antibodies
rom antibodies without detectable neutralizing function.

The ECL assay is still a binding test, not a neutralizing test, with
he inherent limitation of all ELISA methods versus a functional
est. Compared with the RFFIT, the ECL test generated few false pos-
tive results in the human and animal samples. However, protection
gainst rabies in vivo is complex and rabies virus neutralization
s a partial contributor in protection [23]. When a test is aimed
t determining protective levels of antibodies, it is important for

 serological assay to detect non-neutralizing antibodies. The ECL
est provides valuable results for further investigation of those indi-
iduals that do not have rabies neutralizing antibody but may  have
ther specific antibodies against rabies virus.
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