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The NIH test is currently used to assess the potency of rabies vaccine, a key criterion for vaccine release.
This test is based on mice immunization followed by intracerebral viral challenge. As part of global efforts
to reduce animal experimentation and in the framework of the development of Sanofi Pasteur next
generation, highly-purified vaccine, produced without any material of human or animal origin, we
developed an ELISA as an alternative to the NIH test. This ELISA is based on monoclonal antibodies
recognizing specifically the native form of the viral G-protein, the major antigen that induces neutral-
izing antibody response to rabies virus. We show here that our ELISA is able to distinguish between
potent and different types of sub-potent vaccine lots. Satisfactory agreement was observed between the
ELISA and the NIH test in the determination of the vaccine titer and their capacity to discern conform
from non-conform batches. Our ELISA meets the criteria for a stability-indicating assay and has been
successfully used to develop the new generation of rabies vaccine candidates. After an EPAA international
pre-collaborative study, this ELISA was selected as the assay of choice for the EDQM collaborative study
aimed at replacing the rabies vaccine NIH in vivo potency test.

© 2017 The Authors. Published by Elsevier Ltd on behalf of International Alliance for Biological
Standardization. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction

Rabies is a viral disease of the central nervous system caused by
rabies viruses that is invariably fatal after clinical signs appear [1].
Rabies disease can be prevented using human vaccines in a pre- and
post-exposure context. The rabies vaccine production process in-
cludes a potency testing step to ensure that these vaccines have the
capacity to induce a protective immune response in vaccinated
individuals [2]. Potency testing of inactivated rabies vaccines is
traditionally performed using intra-cerebral challenge in mice. The
method was developed by the National Institute of Health (NIH)
and is currently required for vaccine release [2,3].

The NIH test has a number of limitations such as the use of mice
and virulent virus, its long duration and cumbersome nature [4].
During the International Workshop on Alternative Methods for
Human and Veterinary Rabies Vaccine Testing in 2011 (Ames, USA),
worldwide rabies experts agreed on the need to replace the NIH
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test by an enzyme-linked immunosorbent assay (ELISA) [5]. The
European monograph (Pharmacopoeia, 07/2014) additionally rec-
ommends an immunochemical method, such as a Single Radial
Immunodiffusion (SRID) assay, or tests based on antibody binding
to assess vaccine potency as well as antigen content.

Several ELISAs have been proposed as alternatives to the NIH
test, such as a method for rabies G-protein estimation using
monoclonal antibodies (mAbs) directed against site IIl [6,7] or site I
[8,9] of this protein. Both sites were identified as important to
achieve protection against the virus [10,11]. Assuming that the mAb
recognizes a correctly folded G-protein, the G-protein content is
indicative of the vaccine potency.

Two rabies vaccines manufactured by Sanofi Pasteur are
licensed, the Human Diploid Cell Rabies Vaccine (HDCV or, Imovax
rabies™) and the Purified Vero Cell Rabies Vaccine (PVRV or Ver-
orab®). Sanofi Pasteur has improved the current Verorab® vaccine
to develop a next generation, highly-purified vaccine, produced
without any material of human or animal origin (next-generation
purified Vero cell rabies vaccine [PVRV-NG]). During this vaccine
optimization production process, we developed and validated an
ELISA which can be used as release test and which is described here.

1045-1056/© 2017 The Authors. Published by Elsevier Ltd on behalf of International Alliance for Biological Standardization. This is an open access article under the CC BY-NC-
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This ELISA is based on two neutralizing mAbs that target G-proteins
sites I and III and has been used to monitor vaccine blending. The
ELISA detects specifically the native form of the G-protein and does
not respond to unfolded or chemically modified forms, thus
discriminating between potent and sub-potent vaccine lots.

2. Materials and methods
2.1. Materials

2.1.1. Monoclonal antibodies

MADb D1-25 was obtained from P. Perrin (Pasteur Institute,
France) [12,13] and mAb WI 1112 from the Wistar Institute (also
referred to in the literature as 1112 or TJU 1112 from B. Dietzschold,
Jefferson University, USA) [14,15]. Biotinylated mAb D1-25 was
obtained by coupling biotin N-hydroxysuccinimide ester to primary
amine groups [16]. Biotinylated mAb was diluted in 50% (v/v)
glycerol and stored at —20 °C. Surface Plasmon Resonance (SPR)
experiment was performed to verify that biotinylation did not
affect virus recognition (Supp. Fig. 1.).

2.1.2. Reference antigen

In-house produced bulk vaccine lots were used as an internal
reference, which was titrated against the WHO International Rabies
standard (NIBSC ref. 07/162).

2.1.3. Rabies vaccine samples
All vaccine batches used in the study correspond to PVRV-NG
batches produced in-house.

2.14. Virus strains

Flury LEP, Challenge Virus Standard (CVS11) and Pitman-Moore
(PM) lyssavirus strains are viral suspensions from Sanofi Pasteur
produced from different cell lines (VERO for Flury LEP, BHK-21 for
CVS and MRC-5 for PM).

2.2. Methods

2.2.1. Determination of monoclonal antibody neutralizing activity

Neutralizing rabies-specific mAb titers were determined by the
Rapid Focus Fluorescent Inhibition Test (RFFIT) using the Nunc™
Lab-Tek™ II chamber slide™ system (ThermoFischer scientific, ref
154534). Approximately 100 CCIDs( of challenge rabies virus (Flury
LEP, CVS11 and PM) in 100 pul were added to 100 pl of successive
dilutions of mAbs and incubated for 90 min in a humidified cell
culture incubator (36 °C; 5% CO3). BHK-21 cells (100 pl; 10° cells/ml
[9]), were then added to the virus/mAb mixture and incubated for
24 h. Non-neutralized virus was detected by staining BHK-21 cells
with FITC anti-rabies monoclonal globulin (Fujirebio Diagnostics
Inc., ref. 800-092). Titers were determined by comparing the results
obtained for the mAbs with those obtained using the WHO inter-
national standard for anti-Rabies Immunoglobulin (NIBSC code:
RAI). Neutralizing potency was determined by comparing the 50%
neutralizing titer for the mAb to the 50% neutralizing titer of the
standard (2 IU/ml).

2.2.2. Generation of modified vaccine batches

2.2.2.1. Reduction/alkylation of inactivated virus. Inactivated virus
(vaccine bulk; 300 pg/ml) was dialyzed against buffer A (20 mM
Tris, 150 mM NaCl, pH 8.0) using 10 kDa cut-off membranes (Slide-
A-Lyzer™ Dialysis Cassettes, ThermoFischer Scientific); dithio-
threitol was added to a final concentration of 30 mM. The resulting
samples were incubated at 37 °C under stirring for 60 min, then at
4 °C for 5 min. Iodoacetamide was then added to a final concen-
tration of 120 mM. The mixture was kept at room temperature,

under stirring and in darkness, for 30 min, then dialyzed exhaus-
tively against buffer A and stored at 4 °C.

2.2.2.2. Excessive inactivation using beta-propiolactone. Bulk sam-
ples of non-inactivated virus were inactivated using beta-
propiolactone (BPL) at various final concentrations superior to
those used in vaccine production, i.e. 1/2000 to 1/500 (v/v) vs 1/
4000 (v/v). Samples were incubated at 12 °C for 32 h with the
mixtures containing different BPL concentrations. BPL was
neutralized by the addition of sodium thiosulfate (80 g/L) and the
mixture was incubated at 37 °C for 2.5 h. Samples were then
concentrated to 150 pg protein/ml using Amicon® Ultra Centrifugal
Filters with a 10 kDa cut-off (Millipore).

2.2.2.3. Heat treatment of inactivated virus. Vaccine doses (lyophi-
lized product) were incubated at 65 °C for 3 days. Product was
reconstituted in 0.4% (w/v) sodium chloride solution. A mixture of
equal volume of heated and non-heated product was made to
generate sub-potent batches.

2.2.24. ELISA. Maxisorp ELISA plates (Nunc) were coated with
mAb WI 1112 in carbonate—bicarbonate buffer (pH 9.6, 100 pl/well)
and incubated at 4 °C for 16 h. Plates were then washed three times
with PBS containing 0.05% (v/v) Tween-20 and blocked with 100 pl/
well of 1% (w/v) bovine serum albumin (BSA) in PBS at 37 °C for 1 h.
Standard antigen or rabies vaccine dilutions (100 ul) were added
and plates were incubated at 37 °C for 1 h. Plates were then washed
and 100 pl of dilution buffer (PBS, 0.05% (v/v) Tween-20, 0.1% (w/v)
BSA) containing biotin-labelled mAb D1-25 were added to each
well, followed by incubation at 37 °C for 1 h. Dilution buffer (100 pl)
containing streptavidin-peroxidase polymer (Southern Biotech-
nology Associates) was added to each well and incubated at 37 °C
for 1 h. After washing, 100 ul of chromogen substrate solution
(4 mg/mL O-phenylenediamine, Sigma—Aldrich) in 0.05 M citrate
buffer, pH 5.0, 0.009% (v/v) H,0, was added; plates were incubated
in the dark at room temperature for 30 min. The reaction was
stopped by adding 50 pl of 2N sulphuric acid. The ODgg2nm Was
determined using an ELISA reader (Molecular Devices). The G-
protein content, estimated as international units (IU/ml), was
calculated by the parallel line method, according to the European
Pharmacopoeia [17].

2.2.2.5. ELISA validation. Specificity was assessed using the vaccine
final bulk matrix (i.e. not containing antigen) and spiking the an-
tigen of interest. Standard rabies vaccine (WHO International
standard, NIBSC code: 07/162) was spiked in matrix. Linearity and
accuracy assessment was carried out by triplicate analyses on 5 test
formulations containing different quantities of standard rabies
vaccine. Repeatability was assessed by conducting sextuple repli-
cates by the same operator on the same day. These 6 independent
titrations were repeated 3 times by different operators, on different
days to assess intermediate precision.

2.2.2.6. Mouse potency assay. Mouse potency tests were performed
according to the European Pharmacopoeia guidelines [3]. The assay
was conducted in accordance with the EU Directive 2010/63/EU for
animal experiments. The NIH test involved intraperitoneal injection
(500 pl) of mice (16 OF-1 mice weighting from 11 to 15 g per
dilution) with vaccine dilutions 1/25,1/125,1/625 and 1/3125. After
immunizations at days 0 and 7, mice were challenged at day 14 with
an intracerebral injection (30 ul) of 30-fold the lethal dose of rabies
strain CVS11. Mice were observed until day 28 and the number of
animals surviving were used to calculate the EDsq of the vaccine,
which is normalized with the EDsg of the reference (internal
reference calibrated against WHO International standard NIBSC ref
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07/162) to obtain a titer in IU NIH/dose. To note that the human
endpoint as mentioned and accepted by European Pharmacopoeia
is used for animal observation and mice survival assessment.

3. Results
3.1. mAbs D1-25 and WI 1112 neutralize several rabies virus strains

The ELISA described here is based on the capacity of mAbs to
bind specifically to the native G-protein. MAb D1-25 recognizes the
antigenic site Il which is one of the major immune-dominant
epitopes [18]. MAb WI 1112 recognizes the antigenic site II
formed by a conformational and discontinuous epitope linked by
disulfide bridging [19,20]. These mAbs neutralized the 3 rabies
strains tested, namely CVS11, Pitman More and Flury LEP (Table 1).
MAb WI 1112 had a significantly higher neutralizing activity than
mAb D1-25. In addition, the neutralizing capacity of a given mAb
was comparable for the three virus strains.

3.2. Virus modification dramatically reduces the ELISA titer

We generated modified virus samples by either protein reduc-
tion/alkylation or BPL inactivation using doses that were signifi-
cantly higher than those used for vaccine production. SDS-PAGE
analysis of these modified samples revealed no significant changes
in the protein content (Supp. Fig. 2). Virus reduction treatment
modifies G protein conformation as demonstrated by Differential
Scanning Calorimetry (DSC) analysis as previously published [21].
Regular BPL treatment (1/4000) does not seem to alter G protein
conformation [21]. Evaluation by electron microscopy revealed
significant alterations in viral structure for both type of samples
reduced/alkylated and BPL overinactivated (Supp. Fig. 3).

Both types of modified virus showed a significant decrease in
the ELISA titer (Table 2). There was an agreement between the
ELISA response obtained with BPL-inactivated samples and the BPL
dose used for inactivation. This indicates that the mAbs used in our
ELISA are able to discriminate native from altered structure of the G
protein.

3.3. Validation of the ELISA

Our ELISA was validated according to the guidelines of the In-
ternational Conference on Harmonisation of Technical Re-
quirements for registration of Pharmaceuticals for Human Use [22].
Specificity, linearity, accuracy and precision were assessed. The data
obtained for linearity were also used to evaluate the accuracy of the
assay and to determine the measurement interval.

Validation using only the matrix (i.e. no antigen) showed high
specificity of the assay, with an OD lower than the OD value of the
lowest sample concentration in the reference curve (0.033 vs
approximately 0.250). Specificity to the antigen of interest was
tested by spiking the WHO International Rabies Standard (0.310 [U
as determined by in vitro assay) in the matrix. The ratio (expressed
as percentage) of the experimental and theoretical antigen con-
centrations was 94%. A method is considered specific if this per-
centage lies in between 80% and 120%.

Table 1
Neutralization activity of mAbs D1-25 and WI 1112 against CVS11, PM and Flury LEP
rabies virus strains.

mAb Neutralizing activity (IU/ug mAb)

CVS11 strain PM strain Flury LEP strain
D1-25 0.079 0.16 0.10
WI 1112 322 2.66 2.72

Table 2

A: ELISA results on reduced/alkylated virus samples. B: ELISA results on BPL inac-
tivated virus samples. Different batches were used for reduction/alkylation and BPL
inactivation treatment which explains ELISA titer difference of control samples.

Sample treatment ELISA titer (IU/ml)

A

Reduction/alkylation control® 21.1
Reduced/alkylated sample Not detectable
B

BPL over-inactivation control” 30.7

BPL 1/4000 (v/v) 314

BPL 1/2000 (v/v) 26.8

BPL 1/1000 (v/v) 19.7

BPL 1/500 (v/v) 6.2

¢ Same sample treatment without reduction/alkylation.
b Same sample treatment without BPL inactivation.

Linearity was tested by conducting triplicate runs performed by
2 operators on different days. Each run involved the determination
of 5 concentrations (3 diluted, 1 undiluted and 1 spiked vaccine
samples). As illustrated in Fig. 1, the method was linear over the
range 2.4—26.6 IU/mL with a corresponding coefficient of deter-
mination (R?) of 1.0. Accuracy of measurement was observed over
the same range as evidenced by an average recovery of 98% (95%
confidence limits, 96—101%). This method can be considered pre-
cise since the 95% confidence interval of the average precision is
multiplied or divided by 1.07 for 1 run. The ELISA was thus specific,
linear, accurate, and precise and therefore valid to quantify G pro-
tein in PVRV-NG vaccine.

3.4. Consistency of vaccine production

Assessment of the consistency of vaccine production requires
analytical tools that permit a rapid assessment of antigen during
the production process as well as in the final product. For the PVRV-
NG vaccine, this ELISA as well as the NIH test were performed in
parallel at the final product stage. European Pharmacopoeia version
8.2 required 2.5 IU/dose, as determined by NIH test, in order to
guarantee vaccine efficacy. In the current study, for all batches that
were found to comply with the NIH potency specification (2.5 U/
dose), consistent results were obtained with the ELISA (Fig. 2).

3.5. Agreement of G-protein ELISA estimates with mouse potency
tests

We assessed the relationship between the ELISA and the mouse
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Fig. 1. Linearity of the ELISA. Plot of the log transformation of the theoretical against
the experimentally determined G-protein concentrations.
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potency tests. NIH tests were performed for batches formulated at
1.1, 4.1 and 5.3 IU/dose as determined by ELISA. A dose-dependent
variation of the NIH titer could be observed (Fig. 3). The batch at 1.1
ELISA IU/dose was tested twice by the NIH test, resulting in doses of
1.1 and 0.5 IU/dose. The batch at 4.1 ELISA IU/dose was tested 9
times by NIH, with titers varying between 3.7 and 8.3 IU/dose. The
batch at 5.3 ELISA IU/dose was tested 8 times by NIH, with titers
varying between 5.8 and 14.9 IU/dose. The ELISA was therefore able
to detect subpotent batch obtained by formulation at different
antigen concentration targets.

Secondly, subpotent samples were prepared by mixing potent
lots with a heat-denatured lot. After heat inactivation no active G-
protein could be detected by ELISA, or by the NIH test (Table 3).
However, the heat-treated lot could protect 6 out of 16 mice
injected with the lowest vaccine dilution (1/25), indicative of some
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Fig. 3. Capacity of the NIH and ELISA tests to discriminate between potent and
subpotent batches. Shown are data from the analysis of several batches formulated at
different antigen content target: 1.1, 4.1 and 5.3 IU/dose (diamond shaped symbols) by
the ELISA and the NIH test.

Table 3

activity that could not be quantified by the NIH test or the ELISA.
The intact lot had 3.3 ELISA IU/dose and 6.2 NIH IU/dose (Table 3). A
mixture of equal volumes of a potent and a heat-denatured lot
contained 1.4 ELISA IU/dose and 1.5 NIH IU/dose (Table 3), indi-
cating that the ELISA can discriminate between potent and non-
potent lots.

The agreement between NIH and ELISA tests was demonstrated
by formulating three different bulks at concentrations of 3, 6 and 8
ELISA IU/dose. The 3 formulations of each bulk were tested in the
same series of NIH tests. The results, representing duplicate ex-
periments (individual batch values are reported in Table 4), showed
a good agreement between the NIH test and the ELISA (Fig. 4).

3.6. Vaccine stability

To document the stability of the Filled Product, stability was
assessed under ICH conditions, at the recommended storage tem-
perature of 5 °C + 3 °C with 4 different batches. Over a 24-month
storage period, no trend was observed and the stability data com-
plied with the specifications (Supp. Fig. 4). Additionally, the ELISA
detected decreased levels of antigen after sample treatment at
higher temperatures (Suppl. Fig. 5). The ELISA therefore meets the
criteria for a stability-indicating assay based on its capacity to
detect antigen degradation; the ELISA is also more powerful than
the NIH test, a test with inherent variability.

4. Discussion

The present study was conducted as part of a global initiative to
replace animal-based tests by alternative methods. Whereas the
SRID test requires animal antiserum and has inherent difficulties in
preparation and characterization, ELISA offers a rapid alternative
based on the use of mAbs instead of animal antiserum. Here we
developed an ELISA based on WI 1112 mAb for capture and D1-
25 mADb for detection. We showed it can discriminate between
native and modified forms of the rabies virus. This ELISA is able to
quantify the rabies viral G-protein with high specificity, linearity,
accuracy, and precision.

The NIH test has numerous limitations and disadvantages. The
route of challenge differs from the natural infection route [23—25],
which may lead to differences in the resultant immune response.
The ELISA developed in the current study is based on the fact that
the rabies viral G-protein is responsible for inducing neutralizing

Table 4

Individual batch values for duplicate NIH test.
Batch NIH test 1 NIH test 2 Mean
S34-1 3.58 2.25 2.8
S34-3 5.1 7.4 5.9
S34-2 7.0 6.6 6.8
S31-1 3.58 3.48 35
S31-3 591 9.30 7.8
S31-2 8.16 15.38 10.2
S35-1 11.74 8.97 9.9
S35-3 15.68 8.59 10.5
S35-2 17.23 16.45 16.8

Parallel analyses of the rabies vaccine lots at the filled batch stage by the NIH and ELISA tests.

Assay Regular batch Heat-inactivated batch Equivolume mixture of regular and heat-inactivated batch
IU/dose IU/dose IU/dose

ELISA 33 <0.1 14

NIH test 6.2 below quantification level 1.5
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Fig. 4. Agreement between NIH test and ELISA assay. Shown are results of the
analysis of three different bulks (square, round, triangle symbols) formulated each at 3
different targets (9 batches) by the ELISA and NIH tests. The 3 formulations of each
bulk were tested in the same NIH series (3 samples in one NIH serie). Shown are the
means of two NIH assays.

antibodies and that the structure of the G-protein influences its
immunological properties. Indeed, approximately 83% of the
neutralizing Abs are directed against the G-protein domain III [26]
and this property depends on the three-dimensional structure of
the G-protein [27]. The soluble or denatured G-protein is less
immunogenic than its virion attached form [8,28,29].

Another feature underlying the usefulness of our ELISA resides
in the low variability of the G-protein sequence among rabies
strains [30]. Currently, rabies virus strains display a low variability
of sites Il and III, which should not interfere with mAb-G-protein
interaction, indicating that the ELISA can detect a broad spectrum
of rabies strains. A necessary requirement for potency tests is their
capacity to distinguish between potent and subpotent batches. We
show here that the ELISA is able to detect slight changes in the
antigen concentration enabling the detection of batches that
contain insufficient antigen amounts.

The ELISA is better suited to quantify antigen amounts than the
NIH test, since the latter is characterized by a higher variability, due
to its biological nature. The European Pharmacopoeia defined
confidence limits of 25—400% [17], which implies that the NIH test
is inappropriate for batch-to-batch consistency analyses. The
higher precision of the ELISA permits its use for vaccine blending, as
a release test or for the in-process monitoring.

Here, we undertook different approaches to modify the antigen
and in each case the ELISA was able to detect G-protein alterations
that could be related to potential process deviation such as BPL
over-inactivation. Previous studies have advocated the replacement
of the NIH test by the ELISA [12,31—33]; in-line with these studies,
we observed a satisfactory agreement between the two tests in the
current study (Fig. 4). Recently, an international workshop con-
ducted by the NTP Interagency Centre for the Evaluation of Alter-
native Toxicological Methods, the Interagency Coordinating
Committee on the Validation of Alternative Methods and their
partners recommended a study showing a correlation between
estimates of G-protein and potency [34]. As a consequence of this
meeting, the European Partnership for Animal Alternatives (EPAA)
set up a working group composed of Health Agencies and Experts
to lead this NIH test replacement project. This ELISA was included
in an EPAA pre-collaborative study, which has the objective to
select the best antigen quantification assay based on its ability to
recognize potent and subpotent lots from different origin and
manufactured with different strains of rabies virus. It was

considered as a good candidate and therefore selected for the Eu-
ropean Directorate for the Quality of Medicines and Healthcare
(EDQM) collaborative study [35] that will generate the scientific
data towards the regulatory steps for the replacement of human
rabies vaccine in vivo potency test by this ELISA in European
pharmacopoeia. Our findings thus support efforts to achieve the
goal of this replacement project.
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