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A B S T R A C T

Rabies is a major public health problem in developing countries in Asia and Africa. Although a number of
laboratory diagnoses can be used for rabies control, the WHO and OIE recommended gold standard for rabies
diagnosis is the direct fluorescent antibody test (FAT). However, FAT is not widely used in developing countries
because of deficient financial sources to procure fluorescent microscope. Recently the direct rapid im-
munohistochemical test (dRIT) has been developed and has a worldwide promising application, particularly in
developing countries, since its result can be read by inexpensive light microscopy, in addition to be consistent
with that of FAT. However, no commercial conjugated antibody is available to meet the laboratory demand. We
describe here the production of a monoclonal antibody (MAb) against rabies virus (RABV) N protein and its use
as a biotinylated conjugate in a dRIT. Tested against a batch of 107 brain specimens representing a wide phy-
logenetic diversity of RABV collected from different animal species with multiple geographical origins in China,
results showed that the dRIT had 100% specificity (95% CI 0.93–1.00) and 96.49% sensitivity (95% CI
0.88–1.00) as compared with the gold standard FAT. It therefore provides a simple, economical alternative to
FAT, particularly for use in rabies diagnosis in developing countries.

1. Introduction

Rabies is a fatal zoonotic disease of humans and other animals,
causing severe disfunction of the central nervous system (Hemachudha
et al., 2002). The 99% human rabies cases occur in developing coun-
tries, mainly in Asia and Africa (Knobel et al., 2005). Nearly all the
human rabies cases are caused by rabies viruses (RABVs) (WHO, 2004).
In order to eliminate dog-mediated human rabies by 2030 as proposed
by WHO, animal rabies surveillance, especially in less developed
countries and regions should be strengthened (Tan et al. 2017). Vali-
dated diagnostic tests that confirm the presence of variant RABVs have
been the foundation of rabies control strategies (Duong et al., 2016;
Mani and Madhusudana, 2013). The WHO and OIE recommend the
direct fluorescent antibody test (FAT) as the gold standard of rabies
diagnosis, This test allows the visualization of RABV antigens by
fluorescent microscopy (Dean et al., 1996). However, fluorescent

microscopes are expensive and not widely used in resource-limited
developing countries, and therefore opportunities to conduct animal
rabies surveillance and diagnosis are severely constrained. A direct
rapid immunohistochemical test (dRIT) was developed to detect RABVs
using an immunoperoxidase technique by the Centers for Disease
Control and Prevention (CDC) of USA. This method uses highly con-
centrated and purified biotinylated MAbs against RABV and shows high
sensitivity and specificity when testing good quality brain samples as
compared with the gold standard FAT (Lembo et al., 2006). Moreover,
an important advantage of the dRIT is the use of a light microscope
rather than an expensive fluorescence one, and the test is therefore
within the reach of laboratories in developing countries. Unfortunately,
the necessary biotinylated MAb conjugates have not been available
commercially to meet the laboratory demand for rabies diagnosis
(Duong et al., 2016). Here we report the development of a biotinylated
MAb conjugate against RABV N protein, and have established use of it
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in a dRIT. The high consistency with FAT so obtained supports its ap-
plication as an alternative to FAT in rabies diagnostic laboratories.

2. Materials and methods

2.1. Cell lines and virus

Mouse SP2/0 myeloma cells (ATCC CRL-1581) were maintained in
RPMI-1640 medium (Gibco BRL Life Technologies, Grand Island, NY)
and supplemented with 20% fetal bovine serum (FBS; Gibco), 0.2 mM L-
glutamine and antibiotics (100 IU/ml penicillin and 100 μg/ml strep-
tomycin, Sigma-Aldrich, St. Louis, USA) at 37℃, in a 5% CO2 atmo-
sphere. BHK-21 cells (ATCC CCL-10) were cultured in Dulbecco’s
Modified Eagle's Medium/Nutrient Ham F12 (DMEM F12; Gibco) with
10% FBS and antibiotics at 37℃, in a 5% CO2 atmosphere. Avirulent
RABV strain SRV9 was grown in BHK-21 cells to reach a titer of
10−7 TCID50/ml after propagation in DMEM containing 5% FBS (Hou
et al., 1995), then was inactivated by heating at 56℃ for 30min prior
to use.

2.2. Production of monoclonal antibodies

Two female BALB/c mice of age group 4–6 weeks (16–20 g) pur-
chased from Beijing Vital River Laboratory Animal Technology Co., Ltd.
were injected with 0.1mL inactivated SRV9 strain in an equal volume
of Complete Freund’s Adjuvant (Sigma–Aldrich) at day 0 and boosted
twice in Incomplete Freund’s Adjuvant (Sigma–Aldrich) at days 15 and
22 (Harlow and Lane, 1988). Tail bleeds of mice were collected and
tested for antibody titers against the virus by ELISA 7–10 days after
each injection. ELISA was established by coated with inactivated SRV9
in 96-well plates, and then incubated with different dilutions of the
mouse sera. The mouse IgG Fc-specific HRP-conjugated goat-anti-
mouse (Pierce, IL, USA) was used as secondary antibodies. When the
highest endpoint dilution of antibody titers ≥1:50,000, the mice were
euthanized and their spleens were collected aseptically. Cultures of
splenocytes were then fused with SP2/0 myeloma cells following the
procedure manual of the ClonaCell-HY Hybridoma Cloning Kit (Stem-
Cell Technologies, Vancouver, Canada). Culture supernatants from in-
dividual hybridoma clones were then screened by ELISA. The clones
demonstrated reactivity to SRV9 (OD > 0.5) and were further
screened in an immunofluorescence assay. BHK-21 cells were infected
with SRV9 at 104 TCID50 virus/well for immunofluorescence assay.
After 48 h infection, cells were fixed with 80% acetone and reacted with
supernatants collected from hybridoma cultures. Goat anti-mouse IgG
labeled with Alexa Fluor 555 (Invitrogen, Carlsbad, CA, USA) was used
as the secondary antibody. The selected positive antibodies were pur-
ified by a protein G column to test their reactivity with SRV9.

2.3. Identification of MAbs

To identify MAbs recognizing RABVs, western blotting was per-
formed after running 200 ng SRV9 on SDS-PAGE. SRV9 was purified by
sucrose density gradient centrifugation method in advance. After
transfer of the gel to a PVDF membrane (Bio-Rad, CA, USA), RABV
proteins on the membrane were probed with each of the clones (1 μg/
ml), followed by goat anti-mouse antibodies conjugated with perox-
idase (1:2000) (Promega, Madison, WI, USA). Protein bands were vi-
sualized in a Dual color infrared laser imaging system (Odyssey, USA).

2.4. Biotinylation of MAb

MAb selected as above was dialyzed against PBS overnight at 4℃
and then biotinylated using an EZ-Link Sulfo-NHS Biotinylation Kit
(Thermo Scientific, USA) according to the manufacturer’s instructions.
Briefly, the biotinylation process was performed by mixing 2mg clar-
ified MAb preparation with 30 μL reconstituted Sulfo-NHS biotin

compound (10mM). The reaction mixture was incubated at room
temperature for 1 h and then desalted by passage through a dextran
desalting column (Thermo Scientific, USA).

2.5. Establishment of dRIT

The dRIT diagnostic assay was developed according to a method of
Lembo et al., 2006. Glass slides with brain tissue impressions were fixed
in 10% buffered formalin and then immersed in 3% hydrogen peroxide
for 10min. To optimize the concentration of reagents, different dilu-
tions of the above biotinylated MAb and commercial peroxidase-labeled
streptavidin at 0.5 mg/ml (Kirkegaard & Perry Laboratories, Inc., Gai-
thersburg, MD, USA) were tested using 10 weakly FAT-positive brain
tissue smears. A stock AEC solution was prepared by dissolving 20mg
3-amino-9-ethylcarbazole (Sigma, Germany) in 4mL N, N-di-
methylformamide (Sigma, Germany). The slides were incubated with a
working dilution of AEC (1mL AEC stock solution in 14mL 0.1mol/L
acetate buffer and 0.15mL 3% hydrogen peroxide) and then counter-
stained with Gill’s hematoxylin (Solarbio, China). Finally, the im-
pression smears were mounted with coverslips using a water-soluble
mounting medium (BioMeda Corp., Foster City, CA, USA) and ex-
amined by light microscopy.

2.6. Evaluation of dRIT

To evaluate whether the selected MAb was suitable for dRIT, 107
animal brain tissue samples were assayed. The samples had been col-
lected between 2005–2016 and tested initially by FAT with FITC Anti-
rabies monoclonal globulin (Fujerebio Diagnostic Inc., Malvern, PA,
USA) (Dean et al., 1996). Of the total, 57 were RABV positive and other
50 were negative (Table 1). Information of the animal samples (species,
sex, clinical signs, domestic or feral, collection sites and date) were
recorded. Sequencing and phylogenetic analysis of the N gene of RABV-
positive samples showed that they contained strains of Asian 1, Asian 2,
Arctic-related and Cosmopolitan clades (Feng et al., 2016). All samples
were blind tested by two separate persons. For any sample that gave a
contradictory result with FAT, the dRIT was repeated a further three
times. Mouse brain tissue samples experimentally infected by CVS-11
and stored in a 50% glycerol solution in 0.01M phosphate-buffered
saline were used to test the shelf life of the biotinylated antibody.

2.7. Data analysis

Normalized data were used for statistical analysis with SAS 9.1. The
kappa test and McNemar chi-square tests were used for statistical
comparison of the diagnostic tests (SAS command proc freq; table/
agree). The confidence interval was calculated by assuming a binomial
distribution.

Table 1
Animal brain tissue species and their diagnostic results based on FAT.

Species Total Number Positive Negative

dog 75 35 40
sheep 7 5 2
cattle 8 7 1
camel 5 4 1
donkey 1 1 0
wild fox 2 2 0
mouse 9 3a 6
total 107 57 50

a Experimentally infected.
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3. Results

3.1. Generation of monoclonal antibodies

Splenocytes of one of the SRV9-immunized mice with a serum an-
tibody titer ≥1:50,000 by ELISA assay were fused with SP2/0 cells to
generate hybridomas. In total, 32 monoclonal hybridomas were sub-
jected to ELISA screening with 20 clones having OD values> 0.5 and
showing fluorescent foci in RABV-infected BHK-21 cell monolayers.
Among these positive clones, 7 hybridomas having the highest endpoint
dilution (> 1:50,000) in ELISA were selected as candidates for MAb
production.

3.2. Western blotting analysis of anti-RABV monoclonal antibodies

Among the positive hybridomas, only MAb from hybridoma 5H7

was found to recognize N protein of RABV in Western blotting, while
other hybridomas did not recognize any protein of RABV (Fig. 1).
Therefore MAb 5H7 was used to prepare the conjugate.

3.3. Establishment of the dRIT

The lowest concentrations of biotinylated MAb 5H7 (5 μg/ml) and
peroxidase-labelled streptavidin (2.5 μg/ml) that detected positives
were determined by testing 10 weak FAT-positive brain tissue samples
against a range of dilutions. Results were considered positive based on
the presence of magenta inclusions visible on a blue neuronal back-
ground (Fig. 2A), while negative results were taken as showing only the
blue neuronal background (Fig. 2B).

3.4. Evaluation of the dRIT

To validate the use of biotinylated MAb 5H7 conjugate, 107 animal
brain tissue samples were tested, 55 of them being found dRIT positive,
with the remaining 52 dRIT negative. These samples had previously
tested by FAT (Feng et al., 2014; Feng et al., 2016) resulting in 57
positives and 50 negatives. All 50 FAT negative samples were also ne-
gative by dRIT, showing 100% specificity (95% CI 0.93–1.00) (Table 2),
while 55 of the 57 FAT positive samples were positive also by dRIT,
showing 96.25% agreement (95% CI 91.12–1.00) and 96.49% sensi-
tivity (95% CI 0.88–1.00). As shown in Fig. 3 the conjugate could detect
the RABV from brain tissues of all animal species tested, showing no
difference in comparison with FAT. In addition, the conjugate could
also detect the virus in CVS-11 infected mouse brain tissues stored in a
50% glycerol solution for at least 8 months, indicating that long-time
storage of infected brain tissues in 50% glycerol did not impact the
result.

4. Discussion

The dRIT was established as an alternative means to FAT, which was
suitable in low income countries (Lembo et al., 2006). But one potential
hindrance associated with the widespread application of the dRIT is the
lack of commercial supply of the biotinylated MAb or a dRIT kit (Fooks

Fig. 1. Western blotting was performed by using MAb 5H7 against SRV9 on SDS-PAGE to
identify MAb recognizing linear epitope of the RABV nuclear protein.

Fig. 2. Impressions of rabid and healthy dog brain
tissues tested by FAT and dRIT. Magenta inclusions are
visible on the blue neuronal background of the rabid
dog brain tissue processed by dRIT (A), while no ma-
genta inclusion is visible on negative brain impression
(B). Magnification, 100×. Apple-green fluorescent
inclusions are visible on the reddish counterstained
neuronal background of the rabid dog brain tissue
processed by FAT (C), while no apple-green fluor-
escent inclusion is visible on negative brain impression
(D). Magnification, 200×.
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et al., 2009). Considering this, MAbs against RABV have been produced
in this study. Among 7 MAbs recognized viral antigens in RABV-in-
fected cells by immunofluorescent assay, only MAb 5H7 with linear
epitope recognized RABV antigen. These results further confirmed that
other 6 MAbs recognized conformational epitopes on RABV. While
MAbs to linear epitopes were suitable for diagnosis as described pre-
viously (Dietzschold et al., 1987), MAb 5H7 was selected for developed
dRIT. Previous studies showed that the dRIT had a sensitivity and
specificity equivalent to those of the FAT in testing fresh samples in
laboratories in China, India, Afghanistan, Iraq and Africa by using
biotinylated MAb provided by the U.S. CDC (Tao et al., 2008;
Madhusudana et al., 2012; Saturday et al., 2009; Durr et al., 2008).
Coetzer et al. (2014) compared the biotinylated MAbs and polyclonal
antibody (PAb) in both dRIT and FAT. The sensitivities of two in-
dividual MAbs, MAb cocktail and PAb were 83.50%, 90.78%, 91.75%
and 100%. The specificities of two individual MAbs, MAb cocktail and
PAb were 97.96%, 100%, 97.96% and 100%. In our study, 107 animal
brain tissue samples were tested both by FAT and dRIT. Our MAb 5H7
in dRIT had a diagnostic sensitivity of 96.5% and a diagnostic specifi-
city of 100%. However, the sensitivity of dRIT in this study was slightly
lower than FAT in detection of poor quality samples (Durr et al., 2008),
with kappa values of between 0.13 and 0.48. This is consistent with our
results. In our study, two FAT positive samples tested negative by our
dRIT. One was of a dog brain tissue in poor condition (decomposed,
dried and hardened). Another was brain tissue of a rabid sheep, which
tested positive 2/5 times by FAT, showing weak and sparse fluores-
cence. This sample was also tested five times by dRIT with every test
negative. This result indicated that the sensitivity of our biotinylated
MAb 5H7 was slightly lower than that of widely used Fujerebio FITC
anti-rabies MAb conjugate. For this reason, fresh brain tissues are re-
commended for rabies diagnosis if using dRIT.

A glycerol saline solution is a suitable storage media for brain tissue
samples in the absence of cold storage (Fooks et al., 2009). Viral antigen
could be detected in glycerol preservative samples after considerable
time periods (Lembo et al., 2006). In our study, the dRIT could detect

the viral antigen of the brain tissues stored for a minimum of 8 months
in 50% glycerol in room temperature after washing step (data not
shown). The dRIT is therefore suitable for field rabies diagnosis or for
resource-limited laboratories with a lack of cold storage (Duong et al.,
2016). In addition to detect brain tissue smears, the dRIT established in
our study could be used to detect RABV-infected cells as effectively as
FAT in tissue culture.

To obtain optimal results in the dRIT, careful attention must be
applied to the details. First, the impression smears of brain tissue should
not be too thick because the overlapping nerve cells in brain tissue will
interfere with the observation. Second, the protocol, and particularly
the incubation times of each step, must be followed precisely.

In general, the dRIT, can be used in the field as an alternative to
FAT, particularly in response to rabies outbreaks in remote areas, as it
does not require refrigeration. The dRIT not only has a significant po-
tential for diagnosing rabies, but also could be used for studies invol-
ving growth of RABV in cell cultures. To promote its wide application,
the commercialization of the biotinylated MAb will be needed.
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Table 2
Test comparison of 107 animal brain tissues between FAT and dRIT.

n FAT dRIT

True positive False positive True negative False negative True positive False positive True negative False negative Correlation (%)

107 57 0 50 0 55 0 50 2 0.9625 (95% CI 91.12–1.00)

Fig. 3. The detection of brain tissues from rabid animals (A. Dog; B. Sheep; C. Donkey; D. Camel, E. Cattle, F. Wild fox, G. Experimental mouse) and a healthy dog (H) tested by dRIT.
Rabies-positive results were based on the presence of magenta inclusions visible on the blue neuronal background in infected brain tissue (arrowed), while no magenta inclusion is visible
in negative brain tissue. Magnification, 100×.
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