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Abstract

Pertussis (whooping cough) vaccines play an essential role in immunisation programmes worldwide and the
histamine sensitisation test (HIST) is currently the official batch-release test for acellular pertussis containing
combination vaccines. HIST, being a murine animal test, has large assay variability problems and ethical issues.
Therefore, in response to the 3Rs, a biochemical assay system has been developed based on the pertussis toxin
(PTx)’s two functional domains: an enzyme active A-protomer and a carbohydrate binding B-oligomer. The clinical
relevance of these two biochemical tests in relation to the PTx toxic effects has been demonstrated. In order to
assess the practicality of this assay system, an international collaborative study involving 9 countries on method
transferability had also been performed and showed that this assay system could be adopted readily in control
laboratories and vaccine manufacturing facilities. In this update, we provide further optimised assay conditions for
measuring both the residual PTx ADP-ribosyltransferase and carbohydrate binding activities in specific vaccines. In
general, appropriate dilution of vaccines would help to increase test sensitivity. Spiking experiments showed
carbohydrate binding assay could detect low levels of PTx similar to HIST. Although positive trend with increasing
spikes could also be demonstrated in ADP-ribosyltransferase activity assay for some vaccines, the resultant values
in a number of spiked vaccines were not statistically significant and this is due to high baseline activity of the un-
spiked vaccines. Since all the reagents of this biochemical assay system are available worldwide, readily controlled
and with good test consistency, both assays could be used for monitoring product consistency. The carbohydrate
binding assay could even be considered as a potential alternative to HIST for batch-release of acellular pertussis
vaccines. Protocols for this in vitro assay system are supplied as Supplement Documents 1 & 2.
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(HIST); In vitro alternative; Carbohydrate-binding; Enzyme-HPLC;
Pertussis toxin

Abbreviations AsF: Asialofetuin; BSA: Bovine Serum Albumin; BU:
Carbohydrate Binding Unit; D: Diphtheria Toxoid; EDTA: Ethylene
Diamine Tetra-Acetic Acid; EU: ADP-Ribosyltransferase Enzymatic
Unit; Fet: Fetuin; FHA: Filamentous Haemagglutinin; Fims2/3:
Fimbriae Type 2 and Type 3; F: Formaldehyde; g-PTd: Genetically
Inactivated PTx Toxoid; G: Glutaraldehyde; Hib: Haemophilus
Influenzae Type b; HPLC: High Performance Liquid Chromatography;
HIST: Histamine Sensitisation Test; HRP: Horseradish Peroxidase;
H2O2: Hydrogen Peroxide; IPV: Inactivated Poliovirus Vaccine; i.p.:
Intra-Peritoneal; mAb: Monoclonal Antibody; OD: Optical Density;
PRN: Pertactin; PTx: Pertussis Toxin; PTd: Pertussis Toxoid; PBS:
Phosphate Buffered Saline; PBSG: PBS Gelatine; pAb: Polyclonal
Antibody; rcf: Relative Centrifugation Force; SHD: Single Human
Dose; T: Tetanus Toxoid; WHO: World Health Organisation.

Introduction
Whooping cough caused by Bordetella pertussis infection is a

serious disease and could result in morbidity and fatality especially for
infants and young children. Pertussis toxin (PTx) has a wide range of
physio-pathological effects including induction of leucocytosis,
histamine-sensitisation, increased insulin production with consequent

hypoglycaemia, potentiation of anaphylaxis and lethality in mice and it
has also been reported to play a possible role in neuropathology [1,2].
Two types of pertussis vaccines are recommended by WHO for
immunisation campaigns worldwide: whole-cell (WCV) and acellular
pertussis vaccines (ACV) [3]. Chemically detoxified pertussis toxin
(PTd) is the common and major protective antigen present in these
vaccines and the monitoring of their safety due to residual toxicity
and/or reversion to toxicity is an essential task for all regulatory
authorities worldwide [4-7]. In vivo histamine sensitisation test (HIST)
is currently the official batch-release test for ACVs and there are two
versions: one is based on lethal end point, which is widely used in
North American and European countries [6,7] and the other
alternative measures temperature reduction after histamine challenge
[8,9] and this is used successfully in Japan and other countries [10].
The lethal end point method and its disadvantages have already been
reviewed [11]. Although the temperature method provides a more
precise quantitative estimate for the HIST and hence uses less animals,
the precise mechanism of HIST is unclear and it is still difficult to
standardise [12]. Therefore, there is an urgent need to find an in vitro
alternative for HIST in response to the 3Rs (Replacement, Reduction
and Refinement of testing with animals).

PTx molecule has an A-B type structure typical of many other
bacterial toxins by having an enzyme active A-protomer (monomer),
the S-1 subunit and a carbohydrate binding B-oligomer of subunits S-2
through to S-5 [13-15]. Intact B-oligomer is required for binding of the
holotoxin to receptor sites on the cell surface and enables entry of the
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A-protomer into the cells [16]. Cyr et al. of Health Canada first
developed an enzyme-coupled HPLC (E-HPLC) assay procedure to
measure the A-protomer ADP-ribosyltransferase activities in vaccine
products with the aim to replace HIST [17]. NIBSC scientists, in
collaboration with Health Canada, modified the E-HPLC further for
easier method transfer between laboratories [18]. The E-HPLC method
was later included in one of the European Directorate for the Quality
of Medicine (EDQM) Biological Standardisation Programmes, BSP032
(2001) in an international collaborative study for the establishment of a
European Pharmacopoeia (EP) Biological Reference Preparation
(BRP) for Pertussis Toxin [19]. However, during the course of this
programme and further studies, it was recognised that ADP-
ribosyltransferase activity alone could not correlate with residual PTx
toxicity found by HIST in vaccines [20]. It has also been demonstrated
that this enzyme activity is vaccine product specific and there is a wide
range of baseline activities between vaccine products. In order to
overcome the limitation of the E-HPLC, a complementary assay, Carb-
ELISA, which measures the cell binding activity of the B-oligomer to a
glycoprotein coat was developed [21]. This biochemical assay system
was successfully validated and results correlated positively with HIST
in the measurement of residual PTx activities in different types of
vaccines [22]. Subsequently, on behalf of WHO, an international
collaborative study on method transfer was conducted to analyse 3
common commercially available but different types of ACVs, involving
16 labs in 9 countries [23]. Results showed that the biochemical assay
system was transferable between laboratories worldwide and was
suitable for the three types of ACV products used in the study. Same
activity rank orders among the three types of vaccines were also
demonstrated between the in vitro assay system and the in vivo HIST.

Although this in vitro assay system was cited as a “small prints” note
as a potential alternative to the current HIST in “WHO
Recommendations to Assure the Quality, Safety and Efficacy of
Acellular Pertussis Vaccines” (2011) [24], the uptake and adoption of
this assay system is limited as there are concerns with this cell free
assay approach. The main criticism is twofold: (1) The mechanism of
PTx actions involves host cell binding, translocation of the PTx into
the cell and then subsequent adverse cell functions due to enzymatic
reaction. The in vitro biochemical assay system only measures binding
and enzymatic activities but does not measure the translocation stage;
(2) The assay sensitivity has not been demonstrated, such as via using
PTx spikes. To answer the first point, a set of cell based assays was
conducted using confocal microscopic method and indirect
immunofluorescence detection to investigate the interaction of PTx
and different types of PTd with CHO cells [25]. Translocation/
internalization of PTx and PTd were observed and the relative intensity
of entry correlated positively with the Carb-ELISA binding activities of
the test products. This indicates that the carbohydrate binding activity
reflects the degree of translocation/internalization activity of PTx and
PTd. Furthermore, in a separate in vivo study using mouse footpad
swelling model, Carb-ELISA binding activity in ACVs showed a
positive relationship with the severity of local reactions after booster
vaccination [26]. This again emphasises the role of the B-oligomer and
as an important determinant for PTx toxicity. In order to address the
assay sensitivity and to simulate the conditions of a failed batch (there
were no "failed vaccines" available for this study), we set up PTx
spiking experiments including the consensus minimum spike level of 2
IU which had been discussed and agreed in meetings at the
International HIST Alternative Working Group [27,28]. Here we
report our results and discuss further the possible application of this in
vitro method in the safety monitoring of PTx/PTd containing vaccines.

Materials and Methods

Materials
The PTx (code 90/518) used was a freeze-dried reference

preparation from the National Institute for Biological Standards and
Control, UK (NIBSC), stored at −20°C. Each ampoule contained a
nominal 20 µg of PTx, which was equivalent to 2100 IU of PTx activity
measured by HIST (lethal endpoint method) when calibrated against
the WHO First International Standard for Pertussis Toxin (NIBSC
Code JNIH-5) [29]. For use, each ampoule of 90/518 was reconstituted
with 10 ml ovalbumin solution (2 mg/ml; Sigma, A5503) in PBS to give
a 2 μg PTx/ml solution and aliquots of 100 μl (200 ng) were lyophilised
and stored at -20°C as stock standards. A two-component ACV,
containing PTd and filamentous haemagglutinin (FHA) in
combination with diphtheria (D) and tetanus (T) toxoids (NIBSC code
00/486) was kindly donated by the Research Foundation for Microbial
Diseases of Osaka University (Biken, Japan) and freeze-dried at NIBSC
(nominal potency 11.25 IU/vial). This product was used as a positive
control in the E-HPLC assay.

Test vaccines were commercially available or kindly donated for
collaborative studies by Sanofi Pasteur (Canada), GlaxoSmithKline
Biologicals (Belgium) and Takeda Pharmaceutical (Japan). They
comprised PTd in combination with D and T toxoids (DTaP) ± other
antigens such as Haemophilus influenzae type b capsular
polysaccharide conjugated to T (Hib), inactivated polio vaccine (IPV)
and other B. pertussis antigens (filamentous haemagglutinin (FHA),
pertactin (69K) and fimbriae 2 and 3 (Fims 2/3)). The adjuvant in
vaccines is either aluminium phosphate or aluminium hydroxide.

The fluorescein-tagged PTx peptide substrate, F-
VFDAVTDVIIKNNLKECGLY-COOH (F-Gαi3C20, HCAM-2) was
custom-synthesised by AnaSpec Inc., San Jose, CA, USA and was
reported to have >95% purity. Anti-PT sheep serum (Code: 97/572)
was prepared at NIBSC. Horseradish peroxidase labelled anti-sheep
IgG (A-3415) was obtained from Sigma. All other chemicals, unless
specified otherwise, were of analytical grade and purchased from either
Sigma-Aldrich or VWR-BDH (Poole, UK).

E-HPLC ADP-ribosyltransferase assay and Carb-ELISA
carbohydrate binding assay
The determination of PTx ADP-ribosyltransferase activity in

vaccines was performed using a synthetic fluorescein-tagged peptide
substrate, F-Gαi3C20 coupled with an HPLC method for the separation
and quantitation of the ADP-ribosylated product. The PTx
carbohydrate-binding activity in vaccines was carried out using bovine
fetuin (Sigma, F3004) as carbohydrate ligand. Both assays had been
described in detail previously [18,21-23] and protocols for the two
assays are supplied here as Supplement Documents 1 and 2. The
enzyme and carbohydrate binding activities were expressed as EU and
BU respectively where 1 EU or 1 BU was equivalent to the
corresponding activity observed by 1 µg PTx under the same assay
conditions.

Dermal temperature histamine sensitisation test (HIST)
The HIST was carried out according to the method described by

Ochiai et al. [8]. In brief, NIH female mice weighing 9-11 grams were
randomly distributed in groups of 10 (caged in 5’s and individually
marked). Mice were inoculated intra-peritoneally (i.p.) with either 0.5
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ml PBS containing 0.2% (w/v) gelatine (PBSG) as negative control, PTx
reference (BRP) in PBSG at doses 10, 5 and 1 IU/dose or with test
vaccine at 1 single human dose (SHD, 0.5 ml)/mouse. Five days after
inoculation, mice were challenged i.p. with 0.5 ml of histamine
solution (equivalent to 2 mg histamine base per dose prepared in PBS).
The dermal temperature of each mouse was measured 30 minutes after
challenge using an infrared thermometer (IT-550, Horiba Ltd, Japan).
The HIST activity in the test vaccine was calculated in comparison
with that of the reference toxin groups and expressed as IU/dose.

Ethical Approval
Ethical approval was obtained for all animal experiments from the

Ethical Committee of National Institute for Biological Standards and
Control, UK. All experiments were regulated according to the Animal
Scientific Procedures Act (1986), UK.

Statistical Analysis
The relative potency of PTd binding activity in vaccine samples to

the PTx reference under identical assay conditions was calculated by
parallel line assay analysis via the CombiStats software (version 4.0,
EDQM). Data distribution analysis was by Minitab 17 software and
Student’s T-test was used to compare the difference of bioactivities
between groups. Statistical significance was concluded at the 5% level
(p<0.05).

Results
As shown in previous studies, a wide range of enzyme activities and

carbohydrate binding activities were found in specific vaccines with E-
HPLC values ranging from 0.08 to 1.30 EU/ml (Figure 1A) and Carb-
ELISA with values ranging from 0.01–0.50 BU/ml (Figure 1B). It is
important to note that both activities might not be related
proportionally as different chemical detoxification of PTx would affect
differently to the PTx subunits and it also depends on other factors
such as detoxification reagent types, reaction conditions and
formulation processes [30,31].

PTx Spiking Experiments

Carb-ELISA
In the original assay procedure, neat vaccines after desorption were

used in the spiking assays. Mean positive dose responses for 2 IU, 10
IU and 20 IU were observed for five out of six commercial vaccines of
four different formulations (Figure 2A). The regressions (slopes of log
transformed response against log spike IU) are significant for vA, vB,
vE and vF (p<0.001) and vD (p=0. 010) but not vC (p=0.362). The
detection of the 2 IU spike was greatest in vaccines with low baseline
binding activities such as in vA, vB and vF (Figure 1B). For vC, the
differences between spikes were not significant because of its high
baseline binding activity which masked the small increases in spikes.
The introduction of a pre-dilution step in the assay of vC samples (e.g.
1:3 dilutions) with PBS prior to the binding assay had improved the
detection sensitivity as well as the differentiation between spikes
comparing to the results when neat vaccines were tested. An example
of vC spiked and un-spiked with PTx is shown in Figure 2B; the
detection of 2 IU to un-spiked is significant: p<0.001.

Figure 1: Baseline PTx enzyme and carbohydrate binding activities
in different ACVs. Different acellular pertussis containing vaccine
products have different specific baseline ADP-ribosyltransferase
(Panel A) and carbohydrate binding activities (Panel B). The
baseline values of individual vaccines were obtained from assays of
one or more batches of each type of vaccines. They were performed
in duplicates for E-HPLC (Panel A) and triplicates for Carb-ELISA
(Panel B).

Two vaccines (a batch each from type vA and vC) were compared
with their behaviour in HIST and in Carb-ELISA tests after PTx
spiking (Table 1). Both vaccines showed increases in activities with
increasing spikes in both assay systems (Columns BU/dose and IU/
dose (HIST)). Distinctive baseline binding activities were also found by
both methods between the vaccines (First row, Table 1). It is worth
noting that both the in vitro and in vivo assay system showed that vA
was less responsive to spikes compared to vC. This is probably due to
different adjuvants used in the vaccines where vA contains aluminium
hydroxide while vC contains aluminium phosphate. Since the toxin
activity unitage for HIST and Carb-ELISA are defined under different
criteria and assay conditions, direct correlation between the two
methods would be inappropriate. Nonetheless, similar positive dose
response trend was observed in these two assays.
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Figure 2: Panel A. Data distribution analysis of Carb-ELISA of
vaccines spiked with reference PTx (2, 10 and 20 IU). Six vaccines
with different formulations were spiked with reference PTx and
assayed using neat vaccines after desorption. The numbers of assays
in triplicates for each vaccine are as follow: vA (3x3), vB (3x3), vC
(3x3), vD (1x3), vE (1x3) and vF (2x3). Spike response was plotted
relative to the un-spiked value. The regressions (slopes) are
significant for vA, vB, vE and vF (p<0.001) and vD (p=0.01) but not
vC (p=0.362).

Vaccine Spike
(IU)

BU/
dose

IU/dose
(HIST)

Vaccine Spik
e (IU)

BU/
dose

IU/dose
(HIST)

vaccineA 0 0.005 0.02 C 0 0.1 0.2

1 - 1.61 1 - 3.87

2 0.021 - 2 0.122 -

5 - 2.15 5 - 5.86

10 0.053 2.96 10 0.175 8.55

20 0.071 - 20 0.209 -

Table 1: Behaviour of vA, which contains aluminium hydroxide and
vC, which contains aluminium phosphate after PTx spiking when
analysed by Carb-ELISA and HIST (Temp). The data are represented
as binding activity (BU/dose) and HIST (IU/dose) where 1 dose equals
0.5 ml of vaccine.

E-HPLC
In this method, all vaccines were pre-diluted 5 to 20 times with OVS

before assay to keep the activity values within range of the PTx
working standard curve (0-400 ng PTx/ml). Only vaccines with
baseline enzyme activities lower than 0.1 EU/ml showed good positive
relationship with increasing spikes, for example, Vaccine vA: p-values
for 2 IU, 10 IU and 20 IU spikes to un-spiked are 0.510, 0.004 and
<0.001 respectively. As for the high baseline vaccines, for example vB at
levels ~ 0.3 EU/ml and of those even higher (data not shown), the
spikes differences were not distinguishable (Figure 3).

Figure 3: Data distribution analysis of ADP-ribosyltransferase
activities in PTx spiked vaccines. vA and vB are vaccines from
different manufacturers with different formulation and each vaccine
was analysed twice in duplicates. Spike responses were plotted
relative to the un-spiked value.

Discussion
PTx is an AB type bacterial toxin and has two distinctive functional

domains: the enzymatic subunit S1 (A-protomer), which is an ADP-
ribosyltransferase and the subunits S2-5 (B-oligomer), which is a
carbohydrate binding molecule that facilitates host cell binding and
entry of PTx into the cell [30]. Ideally, PTx in pertussis vaccines should
be completely detoxified while still preserving immunogenicity.
However, this may not always be the case and an in vivo HIST for
testing its safety level is required by regulatory authorities before they
can be released to the public. In view of the disadvantages of the
current in vivo HIST and in response to the 3Rs, an in vitro
biochemical assay system targeting the PTx enzymatic and
carbohydrate binding activities has been developed as a potential
alternative [22]. In a previous study, the two biochemical activities
have been shown to be valuable to assess functional changes in residual
PTx activities after different chemical detoxification and the resultant
biochemical activities are vaccine manufacturing and type specific
[31].

Although this in vitro biochemical assay system has been shown to
have positive relationship to the in vivo HIST [22] and the assay
methods could be transferred readily worldwide [23], there is still a
reluctance to adopt this method as an alternative due to its intrinsic
assay principle as compared to cell based assay systems. Such concern
for this biochemical assay system is real and to answer the critics, two
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studies were successfully performed to demonstrate: (1) positive
relationship of the Carb-ELISA activities with PTx/PTd translocation
and internalisation into target CHO cells [25] and (2) positive
relationship of Carb-ELISA binding activities with severity of in vivo
local reaction after pertussis ACV booster injection [26]. Both studies
confirmed PTx carbohydrate binding activities could be used as an
indicator of PTx toxicity. This is not surprising as PTx binding is
considered to be the first step in the mechanism of toxin effect. The
other uncertainty of the biochemical assay system was about its
sensitivity to detect faulty vaccines. A level of 2 IU PTx activity
detected by HIST was in the range of residual PTx activities found in
current commercial vaccines in an international collaborative study in
2010 and these vaccines were considered safe [27]. The sensitivity of an
assay method could be demonstrated by spiking experiments. Hence in
this report, we provide data that the Carb-ELISA could detect 2 IU
spikes in five out of six common commercial vaccines using a standard
protocol and in the case of a vaccine product (vC) which has high
baseline activity, the 2 IU spikes can be detected by using the modified
protocol. Although ADP-ribosyltransferase activity could show
positive trend with spikes, detection was not significant in many test
vaccines because of their relatively high baseline activity. Nonetheless,
with appropriate assay criteria and assay standards, both methods
could be used to monitor product consistency during and after
production. Since the Carb-ELISA activities also shows positive
relationship to PTx toxicity such as in the mouse footpad local reaction
[26] and toxin/toxoid translocation into target cells [25], this test could
even be considered as a clinically relevant functional safety test similar
to HIST for batch-release of ACVs. The advantage of the biochemical
assays is that all the assay components can be readily controlled or
standardised. For interested parties, protocols of both Carb-ELISA and
E-HPLC are provided as Supplement Documents for reference and for
use.

Conclusion
We have demonstrated that the developed biochemical PTx assay

system that consists of the measurement of ADP-ribosyltransferase
and carbohydrate binding activities is capable of estimating the
activities of residual PTx functional domains that accounts for its
toxicity in chemically detoxified PT vaccines. In addition, all the assay
components of this test can be readily controlled and standardised
with minimal problems of reagents availability worldwide or quality
issues such as in most cell based assays. Therefore, we would
recommend interested parties such as ACV vaccine manufacturers and
regulators to try out this test system alongside the current HIST to
validate and possibly to establish the relationship between the in vitro
and in vivo assays. Protocols of both Carb-ELISA and E-HPLC are
provided as Supplement Documents for reference and for use.
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