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Enterotoxaemia, an economically important disease of sheep, goats and calves, is caused
by systemic effects of the epsilon toxin produced by the anaerobic bacterium Clostridium
perfringens type D. The only practical means of controlling the occurrence of enterotoxaemia
is to immunise animals by vaccination. The vaccine is prepared by deriving a toxoid from
the bacterial culture filtrate and the potency of the vaccine is tested with the in vivo mouse
neutralisation test (MNT). Due to ethical, economic and technical reasons, alternative in
vitro assays are needed. In this study an indirect cytometric bead immunoassay (I-CBA)
was developed for use in vaccine potency testing and the results were compared with those
obtained using an indirect enzyme-linked immunosorbent assay (I-ELISA) and the MNT.
Sera were collected from guinea pigs immunised with three different production batches
of enterotoxaemia vaccine and the levels of anti-epsilon toxin antibodies were determined.
Although the intra- and inter-assay variability was satisfactory, epsilon antitoxin levels
determined by both the I-ELISA and indirect cytometric bead immunoassay (I-CBA) tests
were higher than those of the MNT assay. In contrast to the MNT, all of the serum samples
were identified as having antitoxin levels above the required minimum (not less than 5 U/mL).
These results indicate that the respective in vitro tests in their current formats are not yet
suitable alternatives to the in vivo MNT. The growing demand for a more humane, cost-
effective and efficient method for testing the potency of enterotoxaemia vaccines, however,
provides a strong impetus for further optimisation and standardisation of the I-CBA assay but
further analytical research is required.

Introduction

Enterotoxaemia caused by Clostridium perfringens type D is a fatal disease of sheep, goats and
calves (Niilo 1980; Uzal 2004). The major pathological agent is the epsilon toxin that is produced
as an inactive prototoxin and activated by proteolytic enzymes (Bhown & Habeeb 1977; Minami
et al. 1997; Songer 1996). Since enterotoxaemia in young animals often evolves to a peracute stage,
the disease is difficult to treat. Economic losses may, however, be prevented by immunisation
through vaccination (Oyston et al. 1998; Titball 2009). In South Africa, a monovalent vaccine
containing the epsilon toxoid is manufactured and licensed by Onderstepoort Biological Products
Ltd, Pretoria. The requirements for assessing the quality, safety, efficacy and potency of these
vaccines are contained in Monograph 01/2008:0363 of the European Pharmacopoeia.

The potency of C. perfringens type D vaccines is measured in terms of their ability to induce
antitoxins against the epsilon toxoid and the in vivo mouse neutralisation test (MNT) is the statutory
method for determining the level of anti-epsilon toxin antibodies in the sera of vaccinated rabbits
or guinea pigs. To be approved, a vaccine must produce an antibody response of at least 5 U/mL
of anti-epsilon toxin antibodies (Rosskopf-Streicher, Volkers & Werner 2003). Although the MNT
is known to be sensitive, it is cumbersome, expensive and slow and it can be relatively imprecise
as often a ranged result is determined (Pfahler et al. 1998; Uzal, Nielsen & Kelly 1997). Moreover,
apart from ethical considerations due to the use of large numbers of animals, the MNT may
also suffer disadvantages inherent to biological tests such as variation in animal sensitivity and
precision of the inoculation technique (Hendriksen 2007; Kozaki et al. 1979; Levings, Henderson
& Metz 1993; Pfahler et al. 1998).

Various reports have expressed the need for a reduction in the use of animals for vaccine potency
testing (Hendriksen 2007; Kulpa-Eddy et al. 2011). Whist there is no alternative to immunising
test animals when assessing the potency of vaccines, the quantification of protective anti-epsilon
toxin antibodies may be determined by in vitro methods. Previous studies have reported on the
development and evaluation of an indirect enzyme-linked immunosorbent assay (ELISA) and
competitive ELISA to measure epsilon antitoxin in the sera of vaccinated rabbits. ELISAs have
been reported to offer several advantages over the MNT test (Ebert et al. 1999; Pfahler et al. 1998;
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Rosskopf-Streicher, Volkers & Werner 2003). In addition to
precluding the use of laboratory animals, the ELISA technique
allows for greater numbers of samples to be processed at one
time and includes fewer complex standardisation processes
compared with the MNT (Levings, Henderson & Metz 1993;
Uzal, Nielsen & Kelly 1997).

As an alternative in vitro test to quantify anti-epsilon toxin
antibodies in the sera of vaccinated guinea pigs, a flow
cytometric microbead-based indirect immunoassay was
developed and evaluated in this study. In contrast with
the medical field, where cytometric microbead-based
immunoassays have been used extensively for diagnostics
and research, they have not yet been widely applied in the
veterinary field or in veterinary vaccine potency testing
(Morgan et al. 2004; Sanchez-Carbayo 2006; Vignali 2000).
This technique, which is based on the combination of ELISA-
based technology with flow cytometry, uses microbeads as
the solid support for a conventional immunosorbent assay
with a green-fluorescent reporter dye (Kellar & lannone 2002).
Although the technique incorporates all the advantages of
the ELISA, the dynamic range of the cytometric bead-based
immunoassay is greater than that of ELISA. Such an increase
in the dynamic range reportedly makes these assays more
sensitive and accurate than ELISA systems and significantly
reduces the sample volumes required (Du Pont et al. 2005; Lal
et al. 2004; Morgan et al. 2004).

Due to concerns regarding animal welfare and the large
number of animals used in the MNT, there is a need for a
more humane and cost-effective method to accurately and
reliably determine the potency of enterotoxaemia vaccines.
The aim of this study was therefore to develop and evaluate a
flow cytometric bead-based assay to detect post-vaccination
serum antibodies in an effort to quantify the immunogenicity
of enterotoxaemia vaccines. The results were compared
with those obtained using a conventional ELISA and the
prescribed MNT.

Materials and methods

A vaccine production strain of Clostridium perfringens type D
was cultured anaerobically in pulpy kidney medium (PKM) at
37 °C for 24 h. The inoculum was then pumped from the pilot
fermenter into the production fermenter containing sterile
PKM medium under the same environmental conditions.
Anaerobic growth was allowed for 18 h. The epsilon toxin
was precipitated from the cell-free culture supernatant
with ammonium sulphate, and residual salts were removed
by dialysis against sterile ddH,O at 4 °C for 24 h (Habeeb
1969; Thomson 1963; Whitaker & Granum 1980). The epsilon
toxin was purified by ion exchange chromatography using
DEAE Sepharose resin (GE Healthcare, United Kingdom),
as described previously (Laemmli 1970). To assess the
purity of the epsilon toxin preparation, samples were
analysed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Owens et al. 2000). To confirm
the identity of the purified epsilon toxin, an enterotoxaemia
ELISA was performed using the BioK 270 kit according to
the instructions of the manufacturer (Bio-X Diagnostics,
Europe). The concentration of the purified epsilon toxin was
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determined by the Bradford method, using bovine serum
albumin (BSA) as the standard (Bradford 1976).

In this study, sera were obtained from guinea pigs that
had been vaccinated with three independently produced
batches of enterotoxaemia vaccine (Onderstepoort Biological
Products Ltd, Pretoria). For each vaccine batch, eight naive
guinea pigs were injected subcutaneously with 2 mL of
the vaccine and booster injections were given three weeks
following the initial vaccination. Sera were collected prior
to immunisation of the guinea pigs and at five weeks post-
vaccination. The guinea pig sera were prepared into two
serum samples, designated A and B, where A comprised
the pooled sera of four randomly selected guinea pigs and
B comprised the pooled sera of the remaining four guinea
pigs. The serum samples were stored at —22 °C until their
use in vaccine potency evaluations. The resulting six test sera
groups were designated 198A and 198B, 199A and 199B, and
200A and 200B.

The mouse neutralisation test (MNT) was used to evaluate
anti-epsilon toxin serum antibodies from guinea pig test
sera for epsilon toxin neutralisation (European Pharmacopia
2008:0363). The guinea pig test sera were serially diluted in
filtered saline and each dilution tube was mixed with equal
volumes of standardised epsilon toxin. The prepared test
samples were incubated at 37 °C for 30 min and 0.2 mL of
the samples were injected intravenously into four mice per
dilution. The mice were observed for 24 h and the results
were noted.

The Cytometric Bead Array (CBA) kit (Becton Dickinson)
was used to develop a flow cytometric-based immunoassay
in order to quantify anti-epsilon toxin antibodies in the
sera from vaccinated guinea pigs. The optimal antigen
concentration for coating the beads was determined by a
standard checkerboard titration method prior to performing
the indirect cytometric bead immunoassay (Cameron 1982).
On the day of the assay, the positive control guinea pig serum
used in the standard checkerboard titration was diluted
with serum diluent (supplied in the CBA kit) from 50 U/mL
to 40 U/mL, 30 U/mL, 20 U/mL, 10 U/mL and 5 U/mL,
respectively, in order to construct a standard curve. The
purified epsilon toxin was added to a 96-well Nunc microtiter
plate at a concentration of 1 mg/mL to a total volume of
50 pL per well. Functional beads (Becton Dickinson) were
diluted to a 1 x working concentration and 50 pL. were added
to each well. Following incubation of the microtitre plate at
room temperature for 1 h, 150 uL of the kit washing buffer
was added to each well and the plate was centrifuged at
200 g for 5 min. Unbound epsilon toxin was aspirated using
a multichannel pipette. On a separate microtitre plate, each
test serum sample was diluted in to a 1/400 concentration
using kit serum diluent across the columns of the plate.
Fifty (50) pL of the diluted positive control guinea pig serum
and 50 pL of each diluted test serum sample was added to
respective wells of the plate containing the functional beads
and incubated at room temperature for 1 h. After incubation,
the plate was washed and the beads pelleted as described
above. The supernatant from each well was aspirated using




a multichannel pipette and 50 pL of anti-guinea pig FITC-
labelled secondary antibody (Sigma-Aldrich), diluted 1/128
in the kit sample diluent, was added to each well, mixed
and then incubated at room temperature for 2 h. Samples
were washed once, as described above, then re-suspended
in 300 pL of wash buffer and analysed in triplicate on three
different occasions on a FACSCalibur™ flow cytometer
(Becton Dickinson). The reactivity threshold was calculated
using negative sera from the guinea pigs obtained pre-
vaccination. The mean +1 standard deviations were used to
predict an analytical cut-off. Antibody concentrations in each
test serum were extrapolated from the standard curve using
linear curve fitting.

An antibody-capture immunoassay (ELISA), using purified
epsilon toxin antigen and an indirect detection format, was
used to quantify antibody levels to the epsilon toxin in
guinea pig test sera. For this purpose, 100 uL of the purified
epsilon toxin (diluted to 100 pg/mL in 20 M carbonate buffer)
was passively adsorbed onto Nunc MaxiSorp ELISA plates
overnight at room temperature. The plates were then washed
three times with 300 uL per well of TST buffer (0.8 M Tris-HCl,
0.15 M NaCl, 0.05% [v/v] Tween-20; pH 8) to remove
unbound epsilon toxin. The coated plates were blocked (as
part of the kit) by the addition of 300 pL of blocking buffer
at 37 °C for 1 h. After washing three times with TST buffer,
100 pL of each test serum, diluted 1/400 in blocking buffer,
was added in triplicate into the coated wells. Following
incubation at 37 °C for 1 h, plates were washed and a
volume of 100 pL of recombinant protein G conjugated with
horseradish peroxidase (Sigma-Aldrich), diluted 1/8000 in
blocking buffer, was added to each well. After incubation
at 37 °C for 1 h, the plates were washed three times in TST
buffer and 100 uL of tetramethylbenzidine (TMB) peroxidase
substrate (Invitrogen) was added to each well. The plates
were incubated in the dark at room temperature for 10 min.
The reactions were stopped by addition of 50 pL per well
of 2 N H,SO, and the optical densities (OD) were measured
at 450 nm. For both assays, the samples were performed
in duplicate on three different occasions. Antibody
concentrations were extrapolated from a standard curve
using linear curve fitting. Standard curves were prepared
by diluting positive control guinea pig serum with diluent
from 50 U/mL to 40 U/mL, 30 U/mL, 20 U/mL, 10 U/mL
and 5 U/mL, respectively. The assays were performed with
six repetitions. The reactivity threshold was calculated using
negative sera from the guinea pigs obtained pre-vaccination.
The mean +1 standard deviation were used to predict an
analytical cut off. The antitoxin content of the test sera
was determined using the equation for a straight line. The
means, the standard deviations and the intra-assay and inter-
assay coefficients of variation were calculated according to
standard statistical literature (Naute 2001; Tijssen 1988).

Results

Purified epsilon toxin was required as antigen for the
quantification of anti-epsilon toxin antibodies in post-
vaccination guinea pig serum using the MNT, I-CBA and
I-ELISA. Analysis of the Coomassie Blue-stained gel loaded
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with a sample of the purified epsilon toxin indicated the
presence of a 33-kDa protein of which the molecular mass
is in agreement with that reported for the epsilon toxin.
Moreover, the toxin was purified to near homogeneity as was
evident by the lack of contaminating proteins (Figure 1). The
concentration of the purified epsilon toxin was determined
to be 1.126 mg/mL using a Bradford protein assay. To verify
the identity of the purified 33-kDa protein, an enterotoxaemia
ELISA kit was used that is capable of distinguishing between
C. perfringens alpha, beta and epsilon toxins. The results (not
shown) indicated that the toxin preparation tested negative
for both the alpha and beta toxins but positive for epsilon
toxin.

The dose of toxin used in the MNT was standardised by
determining the LD, in mice, and further confirmation of
the toxin dose was established by MNT using a standardised
positive control guinea pig serum. All pre-bleed test sera
were negative for anti-epsilon toxin antibodies. Five of the six
groups of guinea pig test serum samples collected five weeks
post-vaccination had antitoxin levels above the required
minimum (i.e. not less than 5 U/mL), whereas group 200A
did not meet the requirement (Table 1).

1 2 3 4 5

170 kDa —ba g

72 kDa _\—>=

. .‘_‘— Purified epsilon

toxin

Note: Lane 1 is the protein marker. Lanes 2 and 3, samples of proteins precipitated with
ammonium sulphate. Lanes 4 and 5 is samples of the purified toxin preparation.
kDa, kilodaltons.

FIGURE 1: Sodium dodecyl sulphate-polyacrylamide gel electrophoresis analysis
of the purified toxin preparation.

TABLE 1: Results of guinea pig sera obtained five weeks post-vaccination
evaluated with the mouse neutralisation test, indirect cytometric bead
immunoassay and indirect cytometric bead immunoassay.

Test serum MNT Results? |-CBA Results® I-ELISA Result*
(U/mL) (U/mL) (U/mL)

198A 20.0 35.4 32.0

198B 10.0 35.0 26.5

199A 10.0 29.5 28.2

199B 10.0 27.4 27.9

200A 2.5 23.9 6.1

2008 10.0 37.0 25.0

MNT, mouse neutralisation test; I-CIBA, indirect cytometric bead immunoassay; I-ELISA,
indirect enzyme-linked immunosorbent assay

2, The minimum potency requirement is 5 U/mL according to the European Pharmacopeia
(2008).

b, Vaccine potency values were calculated using the equation y = 5.3724x + 17.426, obtained
from the standard curve.

¢, Vaccine potency values were calculated using the equation y = 0.0361x - 0.0244, obtained
from the standard curve.




A Cytometric Bead Array (CBA) kit, (Becton Dickinson) was
used to develop a flow cytometer-based immunoassay. The
CBA system combines a conventional ELISA immunoassay
with the sensitivity of fluorescence via flow cytometry (Aitken
2007; Naute 2001). Sample acquisition using CellQuest Pro™
software of the flow cytometer generated dot plots for every
sample, which generated median fluorescence intensity
(MFI) values for every population of dots (representing
the sample). Unconjugated negative control beads were
acquired using a dot plot with every assay, thus verifying
the instrument setup. Pre-vaccination serum samples were
analysed to evaluate the guinea pig starting immunity. The
average MFI values for the pre-vaccination serum samples
plus 1 standard deviation were used to calculate the cut-
off value with 95% confidence. An MFI value of 33.3 was
estimated to be the lower level of detection. The results for
the guinea pig test serum samples, presented in Table 1,
indicated that serum sample 200A had the lowest level of
anti-epsilon toxin antibodies, similarly indicated by the
results from the MNT.

An indirect ELISA was used as a second in vitro test to
semi-quantify anti-epsilon toxin antibodies in guinea pig
serum samples five weeks post-vaccination. To evaluate the
guinea pig starting immunity, the OD,,, values of the pre-
vaccination serum samples were determined. The OD,,
values for the pre-vaccination serum samples plus 1 standard
deviation were used to calculate the cut off value with 95%
confidence. An OD,; value of 0.046 was estimated to be
the lower level of detection. The results for the guinea pig
serum samples obtained five weeks post-vaccination are
presented in Table 1. The results indicated that all 6 groups
of guinea pig test serum samples had antitoxin levels above
the required minimum antitoxin level (i.e. not less than
5 U/mL). However, the value obtained for group 200A was
the lowest, as was also indicated by the results from both the
MNT and I-CBA.

Discussion

The epsilon toxoid vaccine is prepared from the culture
filtrate of a C. perfringens type D isolate and therefore the
corresponding vaccine induces antibodies against numerous
cellular and extracellular proteins of the bacterial culture.
Since the specificity of the indirect cytometric bead assay
(I-CBA) and indirect ELISA (I-ELISA) is mainly a function
of the purified antigen used in these tests, only epsilon toxin
purified by ion exchange chromatography was used in this
study. The results demonstrated that with the purification
technique used, the antigen obtained was indeed epsilon
toxin since it reacted specifically with an anti-epsilon toxin
monoclonal antibody. The purified epsilon toxin was
subsequently used as the antigen component in the in vivo
MNT and the in vitro I-CBA and I-ELISA tests. Moreover, for
quantitative immunoassays, standard curves were obtained
for the I-CBA and I-ELISA after six assays at different
concentrations of a standardised positive control guinea pig
serum. The correlation coefficient of R*> = 0.998 obtained for
both standard curves serves to confirm the reliability of the
results (Naute 2001).
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The epsilon antitoxin levels of six guinea pig test serum
samples determined in vitro using the I-ELISA and the I-CBA
were calculated as mean values of three replicate assays
performed independently. The intra-assay coefficient of
variation was 7.2% — 15.6% and the inter-assay coefficient of
variation was 10.0% — 18.6% for the I-CBA, whereas the intra-
and inter-assay coefficients of variation were respectively
4.8% —13.9% and 2.7% — 19.5% for the I-ELISA. The intra- and
inter-assay variability of the respective assays is within the
normal range and should not exceed 20.0% — 30.0% and is
also comparable to that previously reported (Du Pont et al.
2005; Ebert ef al. 1999; Lal et al. 2004; Tijssen 1988). Therefore,
the reproducibility of the I-CBA and I-ELISA used in this
study was considered to be satisfactory.

The epsilon antitoxin levels of each guinea pig serum
determined by the I-ELISA and I-CBA were subsequently
compared with the corresponding results of the MNT.
For all serum samples tested, the I-CBA and I-ELISA tests
obtained higher antitoxin levels than that of the MNT
assay. The higher antitoxin levels determined in the I-CBA
and I-ELISA compared with the MNT may be ascribed to
the binding of both neutralising and non-neutralising anti-
epsilon toxin antibodies present in the sera of vaccinated
guinea pigs to the epsilon antigen in the respective in vitro
tests. In contrast, the MNT allows for quantification of only
neutralising anti-epsilon toxin antibodies that are capable of
protecting the mice against the lethal effects of the epsilon
toxin and therefore does not take non-neutralising antibodies
into account (Levings, Henderson & Metz 1993; Notermans,
Dufrenne & Kozaki 1982; Pfahler et al. 1998).

Despite the use of the same antigen and the same serum
samples in the I-ELISA and I-CBA tests, the values obtained
with the I-CBA were noticeably higher than those obtained
in the I-ELISA. It is tempting to speculate that the differences
may be due to technical differences between the two test
systems. Moreover, an additional factor that may affect the
readings is attachment of the capture antigen. In the I-CBA
the epsilon toxin is attached firmly to the surface-functional
microbeads by covalent bonds via standard amine chemistry
(Hashida et al. 1984). In contrast, the antigen is attached
to the wells of an ELISA plate primarily by hydrophobic
interaction, although some electrostatic forces may also
contribute (Engvall & Perlmann 1972). Consequently, it is
possible that detachment of the bound antigen and immune
complexes during subsequent washing steps can give rise to
poorer sensitivity (Howell, Nasser & Schray 1981).

The post-vaccination guinea pig serum samples used in this
study had varying levels of potency as assessed in the in vivo
MNT. The serum samples showed potencies mostly in the
range of 10 U/mL, but serum sample 198A had potency in
the range of 20 U/mL and serum sample 200A had potency
less than the required 5 U/mL. Of the two in vitro assays,
the I-ELISA could discriminate differences in the potency of
the vaccines to a greater extent than the I-CBA. In contrast,
epsilon antitoxin levels determined in the I-CBA did not
differ significantly from each other. Nevertheless, all of the




serum samples were unequivocally identified in both in
vitro tests as being positive, with more than 5 U/mL epsilon
antitoxin content. In contrast, the MNT was the only assay
that indicated that serum 200A did not meet the required
value (i.e. not less than 5 U/mL). This therefore means that
neither the I-CBA nor I-ELISA in their current format can be
used as possible alternatives to the MNT for estimating the
potency of epsilon toxoid-containing C. perfringens type D
vaccines for veterinary use. However, further optimisation
of the respective in vitro tests may enable their use in routine
potency testing of these vaccines.

In contrast to previous studies, the antitoxin levels
determined in the I-ELISA did not compare favourably to
those obtained in the MNT (Pfahler et al. 1998). Notably, in
the only other study to have used an I-ELISA for potency
testing of epsilon toxoid veterinary vaccines, it was reported
that best correlation with the MNT results was obtained
for plates coated with high amounts of purified antigen
(15 mg/mL) and low serum sample dilutions (1/25).
Indeed, it was reported that serum dilutions of 1/100 and
higher gave recurrently higher results than the MNT. Since
only high avidity antibodies are neutralising in vivo, it
was suggested that high antigen density and low sample
dilution are most likely to enhance the selection of such high
affinity antibodies (Pfahler et al. 1998). As an alternative to
optimising the current I-ELISA with regard to the above-
mentioned parameters, consideration may also be given to
the use of a competitive ELISA in future studies. Several
reports have demonstrated a high correlation (at least 0.93)
in epsilon antitoxin levels determined by competitive ELISA,
based on the use of a monoclonal antibody, and the MNT
(Ebert et al. 1997; Rosskopf-Streicher, Volkers & Werner 2003;
Uzal, Nielsen & Kelly 1997).

In order to improve the I-CBA assay for use in measuring
vaccine potency, further optimisation of the assay is
required. Variation of the density of mouse monoclonal
capture antibodies on the beads during repeated coupling
procedures were tested (Dasso et al. 2002). The authors
observed that minor variations in the coupling procedures
can markedly affect the density of coupled capture
antibodies, which, in turn, can influence the sensitivity of
the assays. Therefore, the variability introduced by using
bead sets coupled independently with the purified epsilon
antigen needs to be determined. Another issue that may
require further attention is the choice of the fluorochrome
conjugate. It has been reported that in a comparative analysis
of different conjugates, conjugates incorporating streptavidin
gave low background staining, whereas Alexa488 conjugates
were significantly brighter than FITC conjugates and
thus increased the sensitivity of the assay (Vignali 2000).
The sensitivity of the flow cytometric system may also
be enhanced further by reducing the number of beads per
test. It has been reported that such reduction results in
an increase in the ratio of antigen to antibody in each test
without reducing the potential signal strength of the assays
(the concentration of capturing antigens per bead) (Dasso
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et al. 2002; Vignali 2000). It should be noted that although the
I-CBA assay incorporates washing steps, a number of studies
have reported rapid 'no wash’ assays that can be performed
in less than two hours (Cook et al. 2001; Tripp et al. 2000).
Although this may reduce the time required to perform the
assays, the effect of omitting washing steps on the sensitivity
of the assay would need to be determined first.

Conclusion

The results indicated that the in vitro I-CBA and I-ELISA tests
in their current formats are not yet suitable as alternatives to
the in vivo MNT for assessing the potency of C. perfringens type
D epsilon toxoid vaccines. However, the I-CBA assay that
was developed and evaluated has the potential to become a
viable alternative to the MNT for measuring vaccine potency.
Besides the advantage of avoiding the use of large numbers
of animals as indicators for lethal and sublethal toxicity, the
low costs and the simple performance of the I-CBA may
allow, on a routine scale, the investigation of serum samples
from vaccinated guinea pigs. However, for the I-CBA to
be considered as a viable replacement to the MNT, further
optimisation of the assay is required as highlighted above.
An optimised I-CBA assay will consequently offer the
possibility of assay standardisation and validation, which
are a precursor for replacement of the MNT. Further incisive
studies are therefore required.
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