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ABSTRACT
An international collaborative study (coded BSP083) was performed under the aegis of the Biological Standardisation
Programme supported by the Council of Europe and the European Commission, with the aim of replacing the in vivo
challenge assays for potency determination of combined acellular pertussis (aP) vaccines by a refined procedure also
allowing reduction of animal use.
This study investigates whether the immunogenicity of aP vaccine components could be assayed in a guinea pig
(gp) serology model, using the same vaccine immunising doses as for D and T components potency testing, instead
of using separate animals as is currently done. The BSP83 project is a follow up of 3 former collaborative studies
(coded BSP019, BSP034 and BSP035) on serological methods for the potency testing of tetanus (T) and diphtheria
(D) vaccines for human use. The use of gp instead of mice serology has the advantage of providing a larger volume
of good quality antiserum for the assay of several vaccine components in the same sample, hence providing the
opportunity for animal sparing.
The results of Phase I of the study demonstrated that gp serology may be a useful method for the immunogenicity assay
of acellular pertussis vaccines. This was confirmed in Phase II of the study, using 7 different combined aP vaccines in
an international collaborative study involving 17 laboratories from both public and private sectors.
Clear dose-response relationships were observed for different vaccines by ELISA, for antibodies against aP antigens, i.e.
pertussis toxin (PT), filamentous haemagglutinin (FHA), fimbrial agglutinogens-2/3 (Fim 2/3) and pertactin (PRN).
Intra- and inter-laboratory variations of aP ELISA results were found to be within an acceptable range.
For some combined vaccines, however, the range of vaccine dilutions for immunisation confirmed to be optimal for D
and T potency testing may not provide optimal dose-response for all aP components. Method adjustments may thus
be required and suitability should therefore be demonstrated for each vaccine combination and product prior to the
application of this assay.
The results of this study support the use of the gp serological method for the determination of the immunogenicity
of aP vaccines. The application of the method for batch release testing of combined D, T and aP vaccines could
significantly contribute to the implementation of the 3R principles through reduction of animal use and improved
animal welfare, whilst reducing costs.
As an outcome of this study, the Group of Experts No. 15 on Sera and Vaccines of the European Pharmacopoeia
(Ph. Eur.) decided in February 2009 to include the gp serological assay as an example in the Ph. Eur. General
chapter 2.7.16. on acellular pertussis vaccine assay.
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AIM
The aim of the present study was to investigate whether the
immunogenicity of aP vaccine components could be assayed
in the guinea pig model as D and T components and if the
same vaccine immunising doses as for D and T components
potency testing could be used instead of using separate
animals as currently done.

1. INTRODUCTION
This study is part of the efforts of the EDQM to promote
the 3Rs: Replacement, Reduction and Refinement of animal
assays as proposed by Russell and Burch in 1959 and
endorsed by the Council of Europe and the European Union
in 1986 [1, 2, 3]. In this study, the indirect ELISA method for
quantification of antibodies to aP antigens (PT, FHA, PRN
and Fim-2/3) was assessed as an assay of aP components
in combined vaccines, using sera from the same gp as for
potency testing of the D and T components.
A collaborative study on the evaluation of a gp serological
method for routine batch release testing of combined aP
vaccines was initiated in January 2005.

This study (BSP083) is a follow up of 3 former collaborative
studies on guinea pig serological methods for testing of
T and D vaccines for human use (BSP019, BSP035 and
BSP034) [4, 5, 6]. The principal aim of these studies was to
considerably reduce the number of animals used for potency
determination of combined vaccines and to substitute the
direct challenge assays by serological methods, in line with
the 3Rs concept.
Before an alternative serological method for determination
of multiple components can be introduced in the Ph. Eur., it
is necessary to demonstrate that the dose-response curves
provide a useful regression in the range of doses to be tested
for each of the components simultaneously. This has been
shown to be achievable for the D and T components in a wide
range of vaccines on the European market in the studies
BSP034 and BSP035 [4, 5, 6]. However, for each vaccine
component, the condition of similarity of dose-response
curves (test vs. standard) has to be fulfilled in terms of
linearity and /or parallelism. Gps were chosen as the species
for immunisation as they are used in Ph. Eur. procedures for
potency testing of D and T vaccines [7, 8]. Use of gp instead
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of mice serology has inter alia the advantage of providing
sufficient good quality antiserum for assay of several vaccine
components, including D and T components, hence allowing
significant reduction of animal use.
To allow interim evaluation of test results and to monitor
study progress, the study BSP083 was divided into
2 phases. Pre-validation (Phase I) study was performed
in 2 laboratories (NoMA and NIBSC) to develop standard
operating procedures for detection of antibodies to PT, FHA,
PRN and Fim-2/3 using ELISA methods, and to investigate
whether the same gp sera used for serological assays of
the D and T toxoid components would provide suitable
dose-response curves for immunogenicity testing of various
pertussis antigens by a multidose assay.
The results from the Phase I study indicated that the
same sera used in the Phase III of the BSP034 study,
representing different combined vaccines and immunisation
schemes, could provide good dose response also for the
pertussis antigens. Sufficient information was obtained
to recommend the continuation to Phase II (collaborative
study), in which the reliability of the acellular pertussis
ELISA was studied by obtaining information on intra- and
inter- laboratory variation. The results of the collaborative
study are presented here.

2. PARTICIPANTS
Eighteen private and public sector medicines control
laboratories (OMCLs), all familiar and experienced in the
field of vaccine testing were invited to participate in the
collaborative study and 17 laboratories returned results.
Throughout this report, the laboratories are referred to by
their code numbers (1 to 17), allocated at random and not
necessarily corresponding to the order of appearance in the
list of participants (see section 8).

3. MATERIALS AND METHODS
A detailed standard operating protocol, elaborated in the
laboratories of the 2 project leaders during the Phase I of the
study, covering necessary equipment, reagents, chemicals
and ELISA procedures was provided to the participants.

3.1. Vaccines
Licensed lots of 7 different combined aP vaccines (coded
A, B, C, D, E, F,G), passing specifications for all components
as specified in the Ph. Eur. and marketing authorisation
documents, obtained from 4 different manufacturers,

were tested in this study. The vaccines were of the
following composition: DTaP, DTaP-IPV, DTaP-IPV-Hib,
DTaP-IPV-HepB, DTaP-HepB-Hib-IPV. The presence of the
aP antigens in the respective vaccines are given in Table 1.

3.2. Animals and immunisation protocol
The anti-aP antiserum against the respective vaccines were
produced in various laboratories, using gps maintained
under standard animal housing conditions. Depending
on the vaccine, 4-dose series with 2, 3 or 5-fold dilutions
were prepared in 0.9 % sterile saline solution. For most
of the vaccines, the starting dose was 1/5. Guinea pigs
meeting the requirements of the Ph. Eur. for assay of D
vaccine (adsorbed) [7] were immunised by subcutaneous
injection of a vaccine dose. Animals were bled after 5 or
6 weeks. Only diluted doses of vaccine F were injected
twice with an interval of 2 weeks and the gps bled 6 weeks
after the 1st injection. Blood was collected on anaesthetised
animals by heart puncture, in numbered tubes. The clotting
procedure varied between laboratories. One procedure
was to incubate the tubes at 37 °C for 1 hour and to store
them overnight at + 4 °C. The tubes were centrifuged
at 800 g for 20 minutes to separate the serum from the
cells. Sera were aliquoted and stored below - 20 °C. Serum
samples were shipped frozen, under temperature controlled
conditions between laboratories, EDQM and participants to
the collaborative study.

3.3. Sera
A total of 27 serum samples were provided to each
participating laboratory. All test vaccine antisera were pools
from at least 8-12 guinea pigs and were produced according
to the details in section 3.2. above.
In addition to the test vaccine antisera, the panel included:
— a gp reference antiserum produced for EDQM by

Sanofi Pasteur (EDQM code 30787); this antiserum
was used as a positive control serum to assign a
relative antibody titre expressed in arbitrary units (see
section 4);

— 2 negative control sera from non-immune gps :
Samples “Neg.” (also coded “17965”) and S68;

— 3 negative control sera from gps immunised against D
and T but not aP components: Sample “DT” (coded
21005 or 98/572), S11 and S61.

Table 1 summarises all sera used.
Table 1 – Vaccine composition and resulting serum samples

Immunisation vaccine aP components in vaccine
Serum sample No.

Code Composition PRN PT FHA Fim-2/3

S11 DT - - - -

S44-46 A DTaP-IPV + Hib x x x -

S61 DT - - - -

S64-66 B DTaP-IPV-Hep B x x x -

S69-71 C DTaP-IPV - x - -

S72-74 D DTaP-IPV-Hib x x x x

S76-78 E DTaP - x - -

S79-81 F DTaP-IPV-Hib with booster x x x x

S87-89 G DTaP-IPV x x x x

Reference (30787) Ref. DTaP-IPV-Hib with booster x x x x

Negative controls:

Neg. (17965) - - - - -

S68 - - - - -

DT (21005 or 98/572) DT - - - -
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Table 2 – Proposed pre-dilution values of test sera

Immunisation (injection volume:1ml) Assay predilution of sera

VaccineStudy sample
vaccine

dilution
PRN PT FHA Fim-2/3

S11 DT 1/6.25 1/5 1/5 1/5 1/5

S44 DTaP-IPV-Hib 1/5 1/200 1/800 1/800 1/800

S45 DTaP-IPV-Hib 1/45 1/10 1/400 1/400 1/400

S46 DTaP-IPV-Hib 1/15 1/50 1/400 1/800 1/800

S61 DT 1/15 1/10 1/10 1/10 1/10

S64 DTaP-IPV-HepB 1/5 1/50 1/400 1/800 1/800

S65 DTaP-IPV-HepB 1/15 1/40 1/800 1/800 1/800

S66 DTaP-IPV-HepB 1/45 1/10 1/800 1/400 1/800

S69 DTaP-IPV 1/5 1/40 1/40 1/40 1/40

S70 DTaP-IPV 1/15 1/20 1/20 1/20 1/20

S71 DTaP-IPV 1/45 1/5 1/5 1/5 1/5

S72 DTaP-IPV-Hib 1/1.67 1/50 1/400 1/800 1/400

S73 DTaP-IPV-Hib 1/5 1/5 1/400 1/800 1/200

S74 DTaP-IPV-Hib 1/15 1/5 1/200 1/400 1/50

S76 DTaP 1/5 1/50 1/50 1/50 1/50

S77 DTaP 1/15 1/10 1/10 1/10 1/10

S78 DTaP 1/45 1/5 1/5 1/5 1/5

S79 DTaP-IPV-Hib with booster 1/5 1/5 1/100 1/100 1/100

S80 DTaP-IPV-Hib with booster 1/25 1/5 1/50 1/50 1/50

S81 DTaP-IPV-Hib with booster 1/125 1/5 1/25 1/25 1/25

S87 DTaP-IPV 1/5 1/5 1/800 1/800 1/100

S88 DTaP-IPV 1/10 1/5 1/400 1/800 1/20

S89 DTaP-IPV 1/20 1/5 1/400 1/400 1/10

Ref. DTaP-IPV-Hib with booster 1/2 1/1280 1/1600 1/1600 1/1600

Neg. - - 1/5 1/5 1/5 1/5

S68 - - 1/5 1/5 1/5 1/5

DT DT - 1/5 1/5 1/5 1/5

Proposed pre-dilutions of antisera were provided (Table 2)
to help in the ELISA assay, but participants were informed
that optimum pre-dilution to achieve the best dose-response
curve may need to be determined in-house.

3.4. Reagents
Antigens for coating of ELISA plates, PRN, PT, FHA and
Fim-2/3 were generous donations from 2 manufacturers.
Commercial reagents, such as Horse Radish Peroxidase
(HRP) conjugated anti-gp antibody (eg. Sigma A-7289),
2,2 azino-di-3-ethylbenzothiazoline sulphonate (ABTS, eg.
Sigma A-9941) substrate, dried skimmed milk and buffers
were procured by each participant.

3.5. Acellular pertussis ELISA
The titres of antibodies directed against PRN, PT, FHA
and Fim-2/3 in gp antiserum were determined by ELISA.
Participants were advised to use samples that have not been
freeze-thawed repeatedly for the ELISA.

Purified Bordetella pertussis antigens (PRN, PT, FHA or
Fim 2/3, see 3.4.) were diluted in a carbonate buffer (pH
9.6) at their optimal concentration (4 μg/ml for PRN and 2
μg/ml for PT, FHA and Fim-2/3).

Flat-bottomed 96 well-microplates (eg. Nunc Maxisorp,
cat. no. 442404) were coated with 100 μl/well of the
appropriate antigen solution and incubated overnight at
4 °C in a humid atmosphere. The plates were washed 4
times with Washing Buffer (phosphate buffered saline pH
7.4 containing 0.05 % Tween 20). The plates were blocked
by addition of 150 μl of Blocking buffer (Washing buffer
containing 5 % dried skimmed milk) per well, followed by
incubation for 1 hour at 37 °C in a humid atmosphere.
After thorough washing with Washing Buffer and drying,
the plates could be kept wrapped in foil for up to 1 week at
4 °C before use.

Two-fold dilution series of the serum samples prepared in
Sample Buffer (Washing buffer containing 1 % skimmed
milk) using appropriate pre-dilution values (see 3.3.) were
added to the coated wells (200 μl/well). A reference serum
(“Ref.”) and several negative gp control sera were included
in each plate to monitor the performance of the assay and
for trend analysis (see item 3.3). Plates were incubated at
37 °C for 2 hours with the test sera, then washed before
incubation for 1 hour at 37 °C in a humid atmosphere with
HRP-conjugated goat anti-guinea pig antibody diluted in
Sample Buffer (100 μl/well). After washing, the bound
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antibodies were detected by incubation with an appropriate
substrate (eg. ABTS, diluted in Sample buffer, 100 μl/well,
for 30 minutes at room temperature and protected from
light). Absorbance was read at 405 nm in the same order as
during the addition of the substrate solution.

3.6. Study design
Participants were required to titrate each serum sample in 2
valid independent assays for detection of antibodies to each
of the 4 aP antigens: PT, PRN, FHA and Fim-2/3, using the
provided protocol and suggested pre-dilution of each serum.
Experimental data were reported using the electronic data
sheets provided. Participants were requested to report all
modifications to the SOP in these datasheets.

4. STATISTICAL EVALUATION
The data were analysed at the EDQM using multi-parameter
logistic curve analysis. Antibody titres were calculated in
relation to the provided reference antiserum (EDQM code
30787, see Table 1). Intra-laboratory and inter-laboratory
variations were assessed with standard methods for analysis
of variance.
The data were analysed by fitting a 4-parameter logistic
curve using the CombiStats software (version 4.0) [9]. The
equation relating the responses y to the log-transformed
doses x is:

in which is an error term. Samples for which the first
dilution (Row A of the plate) yielded an OD of less than
1/25th above the minimum observed OD on the whole
plate relative to the difference between the maximum and
minimum observed OD on that plate were considered to be
below the quantification limit and therefore not included in
the model. So, only samples with responses satisfying the
criterion:

were included. In 5 of the 413 assays there was not sufficient
data available to estimate the upper asymptote in which
cases a 3-parameter exponential curve was used instead:

5. RESULTS
Seventeen laboratories submitted results from a total of
413 micro-titre plates, representing nearly 40,000 individual
readings. Most laboratories carried out 2 assays for each
of the 4 antigens as requested but additional assays were
sometimes performed when assays were considered to be
invalid. Laboratory 5 reported data for the PT antigen only.
All datasets were analysed as described in section 4.
The quality of the fit for individual ELISA assays was in
general excellent with correlation coefficients (r) above 0.99
in 98.3 per cent of the assays, above 0.995 in 94.2 per cent
of the assays and above 0.999 in 49.9 per cent of the assays.
The minimum observed correlation coefficient was 0.982.
Tables 3.1 to 3.3 show the estimated activity for each of the
sera by antigen and by laboratory. The values shown are
the geometric mean of the estimates from the 2 assays. In
cases where more than 2 assays were performed, only the
last 2 assays were included. In cases where only 1 result was
available, that value is printed in bold and italic. When both
results were below the quantification limit, the combined
result was also considered to be below quantification (shown
as <). When only one result was below quantification limit,

the other result is printed. When the difference between
both results was more than 3.36-fold (1.75 dilution step), the
geometric mean is printed on a black background. When the
difference was less than 3.36-fold but more than 2.38-fold
(1.25 dilution step), the geometric mean is printed on a grey
background. These thresholds were chosen for consistency
with the tables published in BSP034 [6]. It can be seen that
the majority of cases where more than 2.38-fold difference
was found are for very low titre sera (below 1 AU/ml) where
this difference is not of great importance. In the few cases
where for higher titre sera a large difference between the
2 assays was found, the result also tends to differ from the
other laboratories (see e.g. S72, Lab 16, FHA).
A graphical impression of the results is given in Figures 1
to 4. The results are shown as box-and-whisker plots per
serum (see ANNEX I for explanations). They are grouped by
vaccine and in order of descending activity per serum. Sera
S45 and S46 are shown in reverse order because their labels
were accidentally swapped prior to running the collaborative
study.

6. DISCUSSION
Results of this study confirm the good specificity of
the aP-ELISA tests used. On the whole, no antibody
against components absent from the immunising vaccine
was detected in the corresponding serum samples
(Tables 3.1-3.3).
Control sera produced against DT vaccines (samples
11, 61 and DT negative control) were negative for all
4 aP components tested. Similarly, serum samples from
animals immunised with combined aP vaccines lacking PRN
(S69-71, S76-78), FHA (S69-71, S76-78) or Fim-2/3 (S44-46,
S64-66, S69-71, S76-78) components did not contain
detectable levels of antibodies against the corresponding
antigens. Furthermore, none of the non-immune negative
control sera (Neg. and S68) contained detectable levels of
antibodies against the 4 aP antigens tested. In this study, no
false positive antibody responses were seen for any of the aP
antigens. Due to the sequence homology of surface antigens
(such as of PRN) in different Bordetella species close to
B. pertussis, sera from previously infected animals can cause
cross reactions and high background values in aP ELISA. It
is therefore important that the sanitary status of the gps is
well monitored before serum sampling to ensure the absence
of antibodies against species such as B. bronchiseptica. The
negative control serum should preferably be taken from
the same group of animals as used for the immunisation of
test vaccines in the same animal facility and from the same
suppliers to avoid bias if inadvertently a subclinical infection
should have taken place (‘sentinel animals’).
The statistical analyses of the datasets showed that
intra-laboratory and inter-laboratory variations of the aP
ELISA methods used in this study are within acceptable
range among the study participants (Tables 3.1-3.3 and
Figures 1-4).
Reasonable median dose-response relationship was found
in most cases, although the shape of the regression curve
could vary considerably between vaccines. This supports
the need for product- or product class- (vaccines of similar
antigen and/or adjuvant composition) specific reference
vaccines in routine testing.
This study used a single serum sample for each vaccine
dilution group, which gave acceptable results. A modification
of this method with titration of individual sera, as it may be
expected during routine lot testing, may result in greater
precision, accuracy, parallelism and linearity. The need of
adjustments of the predilution values by each participating
laboratory was limited. The proposed pre-dilution value
(predicted during phase I study) of test sera in general
provided acceptable titration curves in ELISA, with mainly
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excellent fits. However, predilution values could have been
adapted to obtain improved titration curves for some serum
samples. For example, sera produced with vaccines A and
B could have been more diluted for PT- and FHA-ELISA
(i.e. 1/100 instead of 1/50). For Vaccine D, the predilution
values could have been lower for PRN and higher for PT-
and FHA-ELISA, but were satisfactory for Fim-2/3-ELISA.

It must however be noted that the sub-optimal predilutions
of some serum samples did not impair the calculation of
individual titres and did not affect the conclusions and
outcome of this study.

In order to provide higher discriminative power between the
vaccine batches, the guinea pigs were injected with a single
immunising dose for the production of test serum samples,
as recommended by the Ph. Eur. for D and T assays [7, 8].
In order to investigate if a common guinea pig reference
serum could be used in this study, regression curves for the
respective aP antigens of vaccine D and F were compared in
the Phase I of this study. The results indicated that similar
titration curves were obtained whether 1 or 2 immunising
doses were given to the animals. It was further substantiated
in the collaborative study that the booster dose did not
impact on the shape of the regression curves of individual
sera. Consequently the Reference serum, produced in guinea
pigs given 2 doses of a vaccine containing 5 components
was used in this study.

In the present study, a reference serum (Ref 30787) was
used only to assign an arbitrary unitage to relative titres
and was confirmed suitable for most of the tested vaccines.
Reference vaccine was not used. The combined vaccines
tested in the study contained 3, 4 or 5 vaccine components.
In general, no obvious relationship between the degree of
agreement and the number of vaccine components could
be identified. For one 5-component vaccine tested (vaccine
D), almost similar ELISA-titration curves were obtained for
each aP component.

Using reference antiserum for calculation of potency of
acellular Pertussis vaccines would be in contrast to the
Ph. Eur. requirements of the monograph 1356 for the
assay on Pertussis vaccine acellular, component, adsorbed
performed in mice [10]. The capacity of the vaccine to
induce the formation of specific antibodies is compared with
the same capacity of a reference preparation examined in
parallel. In line with this, the antibody titres in the sera of
gps immunised with reference and test vaccines should be
calculated. From the values obtained, the potency of the
test vaccine in relation to the reference vaccine should be
calculated by the usual statistical methods.

An unexpected lack of dose response was observed for
vaccine B (DTaP-IPV-Hep B, serum samples 64-66), which
showed very high antibody titres against PT and FHA. This
might be due to the specific composition of this vaccine, as
these 2 aP antigens are present in higher concentrations
than PRN. Moreover, product-specific features cannot be
excluded. It must be noted that vaccine A (S44-46) has
a similar aP antigen composition to vaccine B but gave
good dose-response curves for all aP antigens. These 2
vaccines however differed in the non- aP components:
vaccine B includes HepB while vaccine A contains Hib
component. It might be possible that the HepB component
or the adjuvant used for this combined vaccine increases
the immunogenicity of all aP antigens. The response
against the PRN antigen was slightly lower than with other
components in vaccine A (Figure 1, particularly at the 2nd
and 3rd doses). The enhanced response against aP antigens,
possibly due to the presence of the HepB component or
to the composition of the adjuvant, could explain that the
decreasing dose-response against PT and FHA components

could not be observed in vaccine B at the immunising doses
used in this study.
The immunising doses of the vaccines used in BSP083 were
determined according to previous experiments in order
to be optimal for D and T. It might be possible that these
doses are not suitable for all aP components for all licensed
vaccines. Further optimisation of the dilution range for the
immunisation of the guinea pigs might thus be required for
some products (such as vaccine B) to allow serology testing
of all D, T and aP components in the same serum sample.

7. CONCLUSIONS
The current compendial (Ph. Eur.) assay of pertussis vaccine
(acellular) [11] is an immunogenicity test in the mouse where
the formation of specific antibodies induced by a test vaccine
is compared with the same capacity of a reference vaccine
preparation examined in parallel. The specific antibodies
are determined using suitable immunochemical methods,
e.g. ELISA.
The present results demonstrate that the aP antigens of
combined vaccines can also be assayed in the guinea pig
model, moreover using the same animal groups and with
the same vaccine doses as for the potency testing of D
and T components, for most of the vaccines. Where this
is achievable, the number of animals can be considerably
reduced during testing.
In order to avoid false positive results, negative control
serum should preferably originate from sentinel individuals
from the same group as used for the immunisation of the
test vaccine and the sanitary status of the animals should be
monitored, in particular for infection with B. bronchiseptica.
Because of the possible interaction between vaccine
components, each laboratory will need to confirm if
immunising doses are suitable and perform adjustments, if
necessary, to validate the assay for the tested product.
As an outcome of this collaborative study, the Group
of Experts for Sera and Vaccines (15) of the Ph. Eur.
considered in February 2009 the addition of the serology
method in guinea pigs as an example in the Ph. Eur. general
chapter 2.7.16. on acellular pertussis vaccine assay.
This would allow to perform the serological assay of acellular
pertussis vaccine in the same group of guinea pigs used
for the assay of tetanus vaccine (adsorbed) and diphtheria
vaccine (adsorbed), for combined vaccines containing
acellular pertussis, diphtheria and tetanus components,
when the common immunisation conditions (for example,
doses, duration) have been demonstrated to be valid for
these components.
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Bornstein N., Garcia D., Agence Française de Sécurité
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Gairola S., Serum Institute of India (SII), India
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