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A B S T R A C T   

Immunoassays are used for routine potency assessment of several vaccines, in some cases having been specif-
ically developed as alternatives to in vivo potency tests. These methods require at least one well characterised 
monoclonal antibody (mAb) that is specific for the target antigen. In this paper we report the results of the 
comprehensive characterisation of a panel of mAbs against diphtheria with a view to select antibodies that can be 
used for development of an in vitro potency immunoassay for diphtheria vaccines. We have assessed binding of 
the antibodies to native antigen (toxin), detoxified antigen (toxoid), adsorbed antigen and heat-altered antigen. 
Antibody function was determined by a cell-based toxin neutralisation test and diphtheria toxin-domain 
recognition was determined by Western blotting. In addition, antibody affinity was measured, and epitope 
competition analysis was performed to identify pairs of antibodies that could be deployed in a sandwich 
immunoassay format. Not all characterisation tests provided evidence of “superiority” of one mAb over another, 
but together the results from all characterisation studies allowed for selection of an antibody pair to be taken 
forward to assay development.   

1. Introduction 

The VAC2VAC project is public-private consortium of 22 partners 
funded by the Innovative Medicines Initiative 2 (IMI2). The main 
objective for the project is the development of in vitro assays that will 
support regulatory acceptance of a consistency approach [1] for estab-
lished vaccines where potency and/or safety testing in animals is 
currently required, ultimately reducing the use of animals for batch 
testing as part of routine vaccine production in the future. More infor-
mation on the VAC2VAC project can be found on the project website [2]. 

One objective in the project is to develop an immunoassay for the 
diphtheria (D), tetanus (T) and acellular pertussis (aP) antigens that are 
used in the manufacture of combined vaccines (and monovalent vac-
cines in the case of tetanus). Combined vaccines based on diphtheria, 
tetanus and pertussis antigens (either acellular or whole cell pertussis 
vaccine) are among the most widely used vaccines with around 86% of 
infants globally receiving three vaccine doses in 2018 according to WHO 
Global Health Observatory data. Although the test methodology varies 

in different regulatory jurisdictions, all potency tests for D, T and aP 
vaccines currently require the use of animals [3,4]. Development of a 
non-animal potency test for these vaccines could have a significant 
impact in terms of a reduction in animal use during product 
manufacturing and release, because of the large number of vaccine 
batches produced, and the requirement to use animals for quality con-
trol testing. 

We have previously developed ELISA methods for detection and 
quantification of diphtheria and tetanus antigen in combination vac-
cines and showed that this method could be applied to a range of 
different vaccines licensed for use in humans [5,6]. This work was a 
precursor to the further development and validation of ELISA-based 
approaches for the quality control of DTaP vaccines that is now being 
explored by the VAC2VAC consortium. We recently evaluated this 
capture antigen ELISA for the characterisation of tetanus vaccines for 
veterinary use [7]. However, these capture ELISAs use polyclonal 
detection antibodies, which are harder to implement as part of a control 
strategy because of variability between different production batches of 
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polyclonal antisera and difficulties identifying specific antibodies in a 
polyclonal population that are targeting functionally relevant epitopes. 
We are therefore developing ELISAs using fully characterised mono-
clonal antibodies for both capture and detection of the target antigen. 

Immunoassays are used routinely in the quality control of many 
vaccines and in some cases have been specifically developed as alter-
natives to in vivo potency tests [3,8–15]. As immunity to diphtheria is 
antibody mediated [16], an approach to potency testing of diphtheria 
vaccines that relies on the use of specific, functional antibodies targeting 
protective epitopes is scientifically relevant. 

In this study we report the results of an extensive characterisation of 
a panel of eight monoclonal antibodies against diphtheria with a view to 
select antibodies which will be used for the development of an in vitro 
potency immunoassay. To do this we have assessed binding of the an-
tibodies to native antigen (toxin, DTxn), detoxified antigen (toxoid, 
DTxd), adsorbed antigen and heat-altered antigen. Where possible, we 
have used representative antigen samples from two different vaccine 
manufacturers to assess mAb binding. Antibody function was deter-
mined using a cell-based toxin neutralisation test and diphtheria toxin- 
domain recognition was determined by Western blotting. In addition, 
antibody affinity was measured, and epitope competition analysis was 
performed (using toxin) to identify pairs of antibodies that could be 
deployed in a sandwich immunoassay format. 

2. Materials and methods 

2.1. Monoclonal antibodies 

Eight diphtheria mAbs were characterised in this study, which were 
raised in either rat or mouse, from three providers in the VAC2VAC 
consortium (Table 1). 

2.2. Antigen and vaccine samples 

2.2.1. Compliant samples 
Non-adsorbed diphtheria toxoid (DTxd) and bulk adsorbed diph-

theria toxoid (Ad-DTxd) from two vaccine manufacturers (coded HuA 
and HuB) were used to assess binding of the mAbs to detoxified antigen. 
The Ad-DTxd samples contained either an aluminium hydroxide adju-
vant or an aluminium phosphate adjuvant. These samples were 
compliant with all quality requirements for manufacturing, and repre-
sentative of DTxd used to produce batches that are efficacious in clinical 
studies. Details of the DTxd samples are shown in Table 2. Diphtheria 
toxin (DTxn, product code #150, List Biologicals) was used to assess 
mAb binding to native toxin. 

2.2.2. Altered samples 
Non-adsorbed DTxd samples were deliberately altered to determine 

the impact on mAb binding. Samples were diluted in 0.9% NaCl to a 
concentration representative of the final vaccine products (60 Lf/ml and 
50 Lf/ml for HuA and HuB respectively). Samples were then incubated 
for 8 weeks at elevated temperatures of +37 ◦C and +45 ◦C, with control 
samples held at the normal storage temperature of +4 ◦C. 

2.3. Measurement of IgG concentration 

The mAbs used in this study were from different providers, so com-
mercial ELISA kits were used to measure the IgG concentration (Mouse- 
IgG ELISA, Roche) or rat IgG (Immunoglobulin G Rat SimpleStep 
ELISA® Kit, abcam). For the Mouse-IgG ELISA, plates were coated for 1 
h at room temperature, with shaking, with a sheep anti-mouse-Fcγ 
polyclonal antibody. Following washing and blocking, a dilution series 
of the IgG standard (in the range 6.25–200 ng/ml) and the diluted test 
samples in duplicate were added to the wells and plates incubated as 
above. Plates were washed again, and bound IgG was detected using a 
POD-labelled mixture of anti-mouse-κ and anti-mouse-λ antibodies (1 h 
at room temperature, with shaking). Following a final wash, plates were 
developed with an ABTS-perborate substrate solution and plates read at 
405 nm. For the Immunoglobulin G Rat SimpleStep ELISA, a dilution 
series of the standard (in the range 0.31–20 ng/ml) and the diluted test 
samples were added, in duplicate, to 96 well plate strips pre-coated with 
an anti-tag antibody. An antibody cocktail consisting of capture and 
detector antibodies was then added and the plate incubated for 1 h at 
room temperature. Following washing, TMB substrate was added to 
each well and the plate incubated for 3 min in the dark on a plate shaker 
before stop solution was added and the plates read at 450 nm. For both 
kits, IgG concentrations for the mAb samples were extrapolated from the 
linear portion of the standard curves. Dilution of all mAbs for functional 
or binding assays was based on the measured IgG concentration 
(Table 1). 

2.4. Binding to non-adsorbed antigen 

Direct ELISAs were performed using plates coated overnight at +4 ◦C 
with 100 μl/well of diphtheria toxin (DTxn) diluted to 1 μg/ml or DTxd 
diluted to approximately 2 Lf/ml (based on labelled values) in carbonate 
buffer. Following coating, plates were washed (3x) by immersion in 
phosphate buffered saline containing 0.05% (vol/vol) Tween 20 (PBST), 
then blocked with 150 μl/well of PBST containing 2.5% (wt/vol) dried 
skimmed milk powder (PBSTM) for 1 h at +37 ◦C. Following a second 
wash in PBST, serial three-fold dilutions of the mAb samples in PBSTM 
were prepared in the plate (final volume 100 μl) from a starting con-
centration of 10 μg/ml, and the plates were incubated at +37 ◦C for 2 h. 
After further washing, bound mAb was detected using 100 μl/well of the 
relevant HRP-conjugated IgG diluted 1/2000 in PBSTM (rabbit anti-rat 
for mAb DT05 and rabbit anti-mouse for the other mAbs). After a further 
incubation of 1 h at +37 ◦C and a final wash, 100 μl/well of substrate 
solution containing 0.5 mg/ml ABTS and 0.008% hydrogen peroxide in 
0.05 M citric acid buffer was added. The reaction was allowed to develop 
at room temperature for up to 30 min and the optical density was then 
measured at 405 nm (Molecular Devices, Wokingham, UK). 

2.5. Binding to adsorbed antigen 

A modified version of the Direct Alhydrogel Formulation Immuno-
assay (DAFIA), established by Zhu et al. [17] and Westdijk et al. [18], 

Table 1 
Overview of diphtheria mAbs characterised in this study.  

Reagent Provider Species mAb ID IgG Concentration (mg/ml) 

Intravacc Mouse Dim9 0.39 
Intravacc Mouse Dim25 0.23 
Intravacc Mouse Dim27 1.70 
Intravacc Mouse Dim33 0.57 
NIBSC Rat DT05 1.10 
Sanofi Pasteur Mouse 2–25 2.41 
Sanofi Pasteur Mouse 1–49 2.83 
Sanofi Pasteur Mouse 2–18 3.23  

Table 2 
Adsorbed and non-adsorbed DTxd samples used for mAb binding ELISA assays.  

Manufacturer Sample 
description 

DTxd 
content 
(Lf/ml) 

Adjuvant Adjuvant 
concentration 
(Al3+ mg/ml) 

HuA DTxd non- 
adsorbed 

3990 N/A N/A 

HuB DTxd non- 
adsorbed 

4200 N/A N/A 

HuA DTxd 
adsorbed 

300 Aluminium 
phosphate 

1.38 

HuB DTxd 
adsorbed 

167 Aluminium 
hydroxide 

2.35  
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was performed to assess binding of the mAbs to Ad-DTxd. The assay was 
performed as described previously using a colorimetric readout with an 
HRP-labelled secondary antibody, instead of a fluorometric readout. 
Briefly, Ad-DTxd was diluted to 1 Lf/ml in PBST containing 5% BSA 
(sample buffer, SB) and titrated using two-fold dilutions in the wells of a 
96 well plate (final volume 100 μl). The concentration of aluminium was 
kept constant by performing the titration in the related aluminium 
adjuvant diluted in SB. An adjuvant-only control was also included in 
the plate. Plates were centrifuged at 1000 g for 4 min and the super-
natant was gently removed using a pipette. Plates were washed (3x) by 
adding 200 μl/well of PBST containing 0.2% BSA, centrifuging and 
removing the supernatant as before. Following washing plates were 
blocked with 200 μl/well SB at room temperature with agitation for 1.5 
h. Plates were centrifuged and washed as described previously and mAb 
diluted to 1 μg/ml in SB (100 μl/well) was added for a further 1 h at 
room temperature with agitation. Following another centrifuge and 
wash step, bound mAb was detected using 100 μl/well of the relevant 
HRP-conjugated IgG diluted 1/2000 in SB (rabbit anti-rat for mAb DT05 
and rabbit anti-mouse for the other mAbs). After a further incubation of 
1 h at room temperature with agitation and a final wash step, 100 
μl/well of TMB substrate was added and the plates were incubated in the 
dark for 5 min for the colour to develop. The reaction was stopped by the 
addition of an equal volume of 1 M H2SO4. To read the plates, 100 μl of 
the supernatant from each well was transferred to a clean flat bottom 
plate and the absorbance was measured at 450 nm. 

2.6. Biosensor analysis 

2.6.1. Calibration free concentration analysis (CFCA) 
The active concentration of the mAbs for affinity measurements was 

determined on the Biacore system (Biacore T200, GE Healthcare, US). 
Briefly, a goat anti-mouse IgG Fc-specific antibody (Thermo Scientific) 
or a goat anti-rat antibody (Southern Biotech) was immobilised onto a 
CM5-sensorchip with a target level of 10000 RU by primary amine 
coupling. A second flow cell which had been treated chemically without 
any anti-serum was used as the reference cell for determining non- 
specific binding. The mAbs were diluted to 0.5–2 μg/ml (based on IgG 
measurements) in HBS-P buffer, containing 0.1 M HEPES, 1.5 M NaCl 
and 0.5% v/v Surfactant P20 (GE Healthcare, US) and injected during 
36 s at two different flow rates (5 and 100 μl/min). The sensor chip was 
regenerated with 10 mM glycine-HCl, pH 1.5. The active concentration 
was calculated from the slope of the binding curve (assuming a 1:1 
interaction model and using the molecular mass of 150 kDa for the 
antibody). 

2.6.2. Affinity measurements 
Affinity was determined using a protein G sensorchip. The mAbs 

were injected over the active flow cell resulting in a specific response of 
10–20 RU. DTxn (Intravacc) was diluted to concentrations of 0.03, 0.08, 
0.23, 0.7 and 2.1 μg/ml and injected in a single cycle for 3 min per 
concentration (flow rate 30 μl/min). The dissociation time was 30 min 
after the injection of the highest concentration of DTxn. All the mAbs 
underwent single cycle kinetic analysis, and Dim27 was also determined 
with multi cycle kinetics (each analyte concentration was injected in a 
separate cycle and the analyte was allowed to dissociate fully or was 
removed by regeneration) because of the relatively fast dissociation 
behaviour. The kinetics were determined by direct curve fitting of the 
sensorgram to a 1:1 model interaction. 

2.6.3. Epitope competition analysis 
Epitope mapping was performed using biosensor analysis with a 

CM5-sensorchip coupled to the relevant anti-mouse or anti-rat Fc-spe-
cific antibody (target level of 3500 RU) as described above. Subse-
quently, one of the mAbs was captured by the relevant immobilised 
antibody resulting in a response of 100–400 RU. Blocking was per-
formed using a non-specific monoclonal antibody (ImmunoPure Mouse 

IgG, Whole Molecule, Thermo Fisher Scientific, US). DTxn (60 μg/mL) 
was then injected until a plateau level was obtained (typically in 2 min 
at a flow rate of 5 μl/min). The binding of a second monoclonal antibody 
was analysed after 2 min (flow rate 10 μl/min). 

2.7. Domain mapping by Western blot 

Purified recombinant DTxn domains (A and B fragments as well as 
single receptor binding (R) and translocation (T) domains of the B 
fragment) were kindly provided by the Technical University of 
Braunschweig [19]. Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was used to separate the DTxn fragments ac-
cording to their electrophoretic mobility. The DTxn fragments were 
mixed with LDS sample buffer and reducing agent (Bolt, Life Technol-
ogies) and were heated for 10 min at 70 ◦C. A protein standard and the 
samples (0.5 μg) were then loaded onto the gel. For electrophoresis, the 
assay was performed using the Life Technologies Bolt Bis-Tris system 
with MES running buffer, pre-made gels (12% bis-tris), and run at a 
constant voltage of 165 V for approximately 1 h. Western blotting was 
then performed using a wet-transfer system using the Bolt mini blot 
module. The transfer was performed using a 0.2 μM nitrocellulose 
membrane at a constant voltage of 10 V for 1 h. Following transfer, the 
membrane was blocked overnight at +4 ◦C (PBST + 5% Marvel), then 
washed three times with PBST for 15 min each. The diphtheria mAbs (1 
μg/ml) were incubated with the membranes for 2 h at room tempera-
ture. Following washing as above, the membranes were incubated with 
an anti-rat (for DT05) or anti-mouse (for all other mAbs) HRP conjugate 
for 2 h at room temperature. The ECL2 substrate solution was then 
applied to each membrane and incubated for 5 min at room tempera-
ture. The membranes were then developed, and the images captured 
using the Gel Logic 2200 Pro Imaging System. 

2.8. Vero cell toxin neutralisation test (TNT) 

This Vero cell method is based on the assay first described by 
Miyamura and co-workers [20], with modifications to include spectro-
photometric determination of assay end points [21]. Complete culture 
medium was prepared using minimum essential medium (MEM) sup-
plemented with 5% fetal bovine serum, 1x antibiotic-antimycotic solu-
tion, 2 mM L-Glutamine, 0.1% D-Glucose and 0.015 M HEPES). 
Pre-diluted mAb samples (100 μl/well) were added to the first column of 
a 96-well tissue culture plate (Falcon) and serial two-fold dilutions (50 
μl) were prepared across the plate in complete medium. Purified DTxn 
(NIBSC 02/154) was diluted to 2.5 × 10− 5 Lf/ml in complete medium, 
approximately 4 times the minimum cytopathic dose of toxin for Vero 
cells. The diluted toxin was added to all wells (50 μl) containing mAb 
and plates were incubated at +37 ◦C for 1 h for toxin neutralisation to 
occur. At the end of the incubation period 50 μl of a Vero cell suspension 
(in complete culture medium) containing 4 × 105 cells/ml was added to 
all sample wells. Control wells containing cells only (cell control) or cells 
in complete medium containing DTxn (toxin control) was included on 
every plate. A reference serum (NIBSC, 10/262) was also included on 
each plate to enable neutralising antibody titers to be expressed in 
IU/ml. Plates were incubated at +37 ◦C for 6 days. After 6 days, cell 
viability was assessed using a tetrazolium dye (MTT). Here, 10 μl of MTT 
(5 mg/ml) was added per well and plates were incubated at 37 ◦C for a 
further 4 h. Supernatants were then removed and the MTT-formazan 
product in viable cells was extracted using 10% w/v sodium dodecyl 
sulfate in 50% v/v dimethylformamide, pH 4.7 (100 μl/well). Plates 
were returned to the incubator overnight to allow for complete extrac-
tion and solubilisation of the coloured product, and the OD was read at 
570 nm. The antibody titre of each mAb sample was determined by 
comparing the last well of the reference antiserum preparation showing 
neutralisation of the toxin (defined as OD > 50% of the ‘cell only’ 
control wells) with the last well of the test serum preparation demon-
strating the same effect. 
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3. Results 

3.1. Binding to DTxn and non-adsorbed DTxd 

All of the mAbs recognised DTxn and were able to produce a signal in 
the direct ELISA. The binding ability, however, was better for some 
mAbs than for others, with 1–49, 2–18 and Dim9 showing the highest 
binding to toxin, and 2–25 and Dim27 showing the lowest binding 
(Fig. 1). The dose response curve for mAb DT05 is shown separately to 
the other mAbs because a different conjugate antibody (anti-rat) was 
used for detection in this assay. Direct ELISAs were also performed 
against non-adsorbed DTxds from HuA and HuB. The mAbs bound well 
to these DTxds with the exception of Dim27 and Dim33. Dim27 did not 
produce a dose response curve and Dim33 only showed binding at the 
highest antibody coating concentrations (Fig. 2). The highest response to 
both DTxds was seen with mAbs 1–49 and 2–18. A similar high response 
was seen for Dim9, Dim25 and 2–25 against the DTxd from HuA, 
however the response for these mAbs against the HuB DTxd was slightly 
lower. 

3.2. Binding to adsorbed DTxd 

A direct alhydrogel (DAFIA) method was used to assess binding of 
mAbs to Ad-DTxd in the presence of adjuvant. In this method, the 
adsorbed antigen was titrated in the plate and the mAb samples were 
added at a fixed concentration. All of the mAbs were able to bind Ad- 
DTxd from HuB – although binding of Dim33 was relatively low 
compared to other antibodies. Only a subset of the mAbs was tested for 
binding to Ad-DTxd from HuA, but all antibodies tested were able to 
bind the adsorbed antigen. We observed only very low signal in control 
wells containing adjuvant alone and no antigen (Fig. 3). 

3.3. Binding to heat altered DTxd 

The mAbs were tested to determine whether they could detect 
antigenic changes in toxoid that had been altered by heat treatment. The 
DTxd samples were used to coat ELISA plates in a direct ELISA format, 
alongside a fresh sample that had been diluted immediately prior to the 
assay. The mAb binding curves to each of the samples at the 8-week 
time-point is shown in Fig. 4 (HuA DTxd samples) and Fig. 5 (HuB 
DTxd samples). A quantitative estimate of relative mAb binding, using 
response to fresh DTxd as the reference, could not be accurately calcu-
lated due to differences in the asymptotes of some of the curves (log 
transformed data). Therefore, only a visual assessment of the differences 
was made. The trends observed were the same for both toxoids, however 
the changes were more pronounced in the DTxd from manufacturer 
HuB. One of the mAbs (2-18) produced a similar signal when binding 
with fresh toxoid or toxoid stored at elevated temperatures, indicating 

that it is not able to detect temperature induced changes in the DTxd. 
The three mAbs (2–25, Dim27 and Dim33) previously shown to be 
relatively poor binders to DTxn or non-adsorbed DTxd were the most 
sensitive to temperature induced changes in the toxoid along with Dim9 
(Figs. 4 and 5). The recognition of temperature altered toxoid is most 
pronounced for Dim27 because this mAb binds very poorly to the fresh 
DTxd. The mAbs Dim9, Dim27 and Dim33 show an increase in binding 
with elevated temperatures, whereas mAb 2–25 shows a decrease in 
binding with elevated temperature. 

3.4. Affinity measurements and epitope mapping 

First the active concentration was determined to estimate a proper 
antibody dilution for the kinetic assay (Table 3). Kinetic analysis was 
done using single cycle analysis, whereby each DTxn concentration was 
injected in one cycle and the protein G sensorchip was regenerated at the 
end. In addition, Dim27 was also analysed by multi-cycle analysis. The 
sensorgrams obtained with each mAb are shown in Fig. 6. Results from 
the subsequent kinetic analysis are shown in Table 3, arranged in order 
of decreasing affinity for DTxn (the lower the KD value, the higher the 
affinity of the antibody). The mAbs 2–18 and Dim25 show the highest 
affinity to DTxn, and mAbs Dim33, Dim27 and 2–25 have the lowest 
affinity to DTxn. 

For the epitope mapping, DTxn was captured by a first mAb, and 
binding of a second mAb was then measured. Additional binding is ex-
pected to be observed on the sensorgram if the second mAb binds to a 
separate epitope. Results are summarised in Table 4. The red cells in the 
table indicate overlapping epitopes, meaning that Dim25 and 2–25 have 
overlapping epitopes, and that 1–49 and Dim9 have overlapping epi-
topes. Interestingly, DT05, Dim25, 2–25 and Dim27 have overlapping 
epitopes, but not in a reversed order: Dim25, 2–25 and Dim27 do not 
have an overlapping epitope with DT05 if they bind DTxn first. How-
ever, if DT05 binds DTxn first the binding hampers the binding of the 
three other mAbs. The mAbs 2–18, Dim27 and Dim33 recognise non- 
overlapping epitopes. 

3.5. Diphtheria toxin neutralisation and domain recognition 

The neutralising potency of the mAbs was measured using the Vero 
cell TNT, and the specific activity was calculated from this using the 
measured IgG concentrations, as shown in Table 5. The ability of the 
mAbs to neutralise DTxn could be split into 3 groups, those with high 
neutralising activity (DT05), those with moderate activity (Dim9, 
Dim25, Dim33, 1–49 and 2–18) and those with low neutralising activity 
(Dim27 and 2–25). Western blots were performed to determine where 
the mAbs were binding on the diphtheria toxin. All mAbs were found to 
be directed against either the catalytic domain of the A fragment, or the 
receptor binding domain of the B fragment (Table 5). 

Fig. 1. mAb binding to diphtheria toxin (DTxn). Data shows representative results from one of two independent assays for (A) mouse mAbs and (B) rat mAb 
binding to DTxn. 
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Fig. 2. mAb binding to non-adsorbed detoxified antigen (DTxd) from two vaccine manufacturers. Data shows representative results from one of two inde-
pendent assays for (A) mouse mAbs binding to non-adsorbed toxoid from HuA; (B) rat mAb binding to non-adsorbed toxoid from HuA; (C) mouse mAbs binding to 
non-adsorbed toxoid from HuB; (D) rat mAb binding to non-adsorbed toxoid from HuB. 

Fig. 3. mAb binding to adsorbed 
diphtheria toxoid (Ads-DTxd). Data 
shows representative results from one of 
two independent DAFIA assays for (A) 
Mouse mAbs binding to adsorbed toxoid 
from HuA; (B) Rat mAb binding to 
adsorbed toxoid from HuA; (C) Mouse 
mAbs binding to adsorbed toxoid from 
HuB; (D) Rat mAb binding to adsorbed 
toxoid from HuB. Adsorbed antigen 
samples were titrated in a fixed adju-
vant concentration and detected using a 
single concentration of mAb. Data 
points are the average OD values from 
duplicate wells (±SEM).   
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4. Discussion 

The development of a monoclonal antibody immunoassay that can 
be implemented into a control strategy for diphtheria vaccines will be 
dependent on the use of suitable, well characterised antibodies as 

critical reagents for the assay. Where an assay of this type is intended to 
serve as a potency test, the antibody used should be of high affinity, 
should target an epitope that is relevant for protection and is stability 
indicating [22–24]. We report here the thorough characterisation of a 
panel of existing diphtheria mAbs with a view to selection of a pair of 

Fig. 4. mAb binding to non-adsorbed diphtheria toxoid (HuA) exposed to elevated temperature for 8 weeks. Freshly diluted toxoid and toxoid samples that 
had been incubated at +4, +37 or +45 ◦C for 8 weeks, were titrated in the same assay. Data shown is the average OD value from duplicate wells (±SEM). 
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antibodies that can be used for development of a replacement in vitro 
diphtheria vaccine potency assay. 

The antibodies in this study were from different sources, produced 
and purified using different approaches. As a result, the IgG 

concentration was measured for all mAbs to help standardise antibody 
concentrations in binding assays. For most binding assays we used a 
representative batch of non-adsorbed or adsorbed diphtheria toxoid 
from two different vaccine manufacturers – and in most cases, results 

Fig. 5. mAb binding to non-adsorbed diphtheria toxoid (HuB) exposed to elevated temperature for 8 weeks. Freshly diluted toxoid and toxoid samples that 
had been incubated at +4, +37 or +45 ◦C for 8 weeks, were titrated in the same assay. Data shown is the average OD value from duplicate wells (±SEM). 
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obtained were not influenced by the source of the antigen used for 
binding assay. All eight mAbs were able to bind to native antigen (DTxn) 
and detoxified antigen (DTxd). Two antibodies (Dim33 and Dim27) 
were notable for reduced binding to detoxified antigen compared to 
other mAbs and this was true for the antigen from both manufacturers. 
For one of the antigen samples (HuA), there were 2 populations of 
antibody in terms of binding profile, with Dim27 and Dim33 notable for 
reduced binding to DTxd compared to the other mAbs. For the other 
antigen sample (HuB), 3 populations of antibody were observed and, 
again, Dim27 and Dim33 were notable for reduced binding. 

For development of an in vitro potency assay, it is necessary to 
perform the test on the drug product, which contains aluminium adju-
vant, the presence of which may interfere with binding of antibody to 
the target antigen [7,17,25–27]. To assess binding of mAbs in the 
presence of adjuvant we used a modified version of the Direct Alhy-
drogel Formulation Immunoassay (DAFIA) [17,18] where adsorbed 
antigen samples are titrated in a fixed concentration of adjuvant. The 
principle of the assay is similar to an ELISA except that DTxd adsorbed to 
aluminium adjuvant is pelleted by centrifugation in wells of an ELISA 
plate (rather than being directly bound to the surface of the plate as in a 
traditional ELISA). The data was quite variable, mainly due to the dif-
ficulties in removing all of the reagent/wash buffer consistently from the 
adjuvant pellet during the wash steps, but allowed us to identify low or 
high binders to the adsorbed antigen. All of the mAbs were tested against 
adsorbed antigen from HuB, however due to the time consuming nature 
of the assay, only a selection of mAbs were tested against adsorbed 
antigen from HuA; those mAbs which did not bind well to non-adsorbed 
DTxd and/or DTxn were excluded (Dim 27, Dim 33 and 2–25). All mAbs 
were able to bind to the HuB adsorbed diphtheria toxoid, but again 
Dim33 showed reduced binding compared to the other mAbs. Interest-
ingly, Dim27 showed improved binding to adsorbed antigen over 
non-adsorbed antigen. This may be due to the presentation of the anti-
gen in the immunoassay (for the DAFIA both antibody and antigen are in 
solution, whereas for ELISA the antigen is coated on a solid surface), or 

the adsorption of adjuvant may cause a conformation change and 
increased availability of the epitope. We did not observe binding to 
adjuvant alone (either aluminium hydroxide or aluminium phosphate). 
Although specificity testing will be performed as part of future immu-
noassay development, the results obtained here suggest that it will be 
feasible to use one or more of these mAbs for testing aluminium con-
taining vaccines in immunoassay. 

To provide an indication of whether one or more of these antibodies 
is sensitive to changes in the antigen that are relevant for quality 
assessment, we deliberately altered non-adsorbed toxoid samples by 
exposure to heat. The mAb Dim27 was the most sensitive to a heat- 
induced change in the toxoid which may be due to the fact that this 
antibody shows relatively poor binding to fresh toxoid. On exposure to 
heat, some unfolding of the protein is likely [28–30] and the epitope 
targeted by Dim27 may become more accessible (from being largely 
inaccessible to this mAb under normal toxoid storage conditions), 
resulting in increased binding (relative to the fresh toxoid). A similar 
pattern was also observed for Dim33 which, together with Dim27, 
showed relatively poor binding to detoxified antigen under normal 
conditions. We also observed an increase in mAb binding to heated 
toxoid for Dim9 and this was more pronounced for one antigen sample 
than the other. One mAb, 2–25, showed reduced binding to heated 
toxoid which again was more pronounced for one antigen sample than 
the other. The mAb 2–18 appeares to be insensitive to heat-induced 
changes in the toxoid samples. 

With the exception of Dim27, all of the mAbs included in this study 
showed high affinity for the diphtheria toxin antigen with dissociation 
constants in the low nanomolar range. The on/off rates of the Dim mAbs 
(Dim25, 33 and 27) are in good agreement with results published by 
Metz et al. [31]. The lower affinity of Dim27 was reflected in relatively 
poor binding to both non-adsorbed toxoid antigens and in the results 
obtained in the cell-based toxin neutralisation test (TNT), where no 
neutralisation was observed using this mAb. All of the other mAbs were 
able to neutralise diphtheria toxin in the TNT, but neutralising activity 
of mAb 2–25 was low. This antibody also showed relatively poor binding 
to native antigen and had the lowest affinity for DTxn of all mAbs except 
Dim27. Interestingly, mAb 2–25 showed good binding to detoxified 
antigen (both non-adsorbed and adsorbed) suggesting that the epitope 
for this mAb is dependent on the conformation of cross-linked toxoid 
protein. Western blotting using purified diphtheria toxin domains 
revealed that the mAbs were directed against either the receptor binding 
domain (B fragment) or catalytic domain (A fragment) of diphtheria 
toxin [32]. This is consistent with previous studies that have shown that 
neutralising monoclonal antibodies may be directed against either 
fragment of DTxn [33,34]. However, the mAbs with the highest neu-
tralising activity were not all directed towards an epitope on the same 
toxin domain, and observed differences in neutralising potency may be 
related to differences in affinity maturation. 

Epitope competition studies showed that inhibition of mAb binding 
only occurred with pairs of mAbs directed towards the same toxin 
domain. Two mAb pairs appear to be targeting overlapping epitopes and 
inhibition of binding was observed regardless of order of binding to 
antigen: Dim9 and 1–49 for the C-domain, and Dim25 and 2–25 for the 
R-domain. We observed asymmetric inhibition between DT05 and 3 
other mAbs targeting the same R-domain of the toxin molecule. A 
possible explanation for this phenomenon is that binding of DT05 to 
DTxn induces a conformational change in the toxin such that Dim25, 
2–25, and Dim27 can no longer bind. Although unidirectional 
displacement between antibodies targeting minimally overlapping or 
closely adjacent epitopes has also been demonstrated by others [35] and 
cannot be ruled out. Overall, we identified a number of potential mAb 
combinations that were non-inhibitory and therefore suitable for 
consideration in the development of a sandwich immunoassay. 

Not all assays provided strong evidence of superiority for one anti-
body over another, and the final selection of antibodies to take forward 
to development of a capture sandwich ELISA was based on the overall 

Table 3 
Affinity of the mAbs for diphtheria toxin. Calibration Free Concentration 
Analysis (CFCA) was determined by biosensor analysis. mAbs are ranked from 
the highest (1) to the lowest affinity (8) for DTxn. 1Average ± sd (n = 3); 2Kd 
generated by the single cycle analysis; 3Kd generated by the multicycle analysis.  

Ranking mAb CFCA Association 
rate x 105 (Ka, 
1/Ms) 

Dissociation 
rate x 10− 3 

(Kd, 1/s) 

Equilibrium 
dissociation 
constant (KD, 

M) 

1 2–18 1.30 
±

0.10 

4.05 0.672 1.66E-09 

2 Dim 
25 

0.10 
±

0.01 

21.9 4.24 1.94E-09 

3 1–49 1.67 
±

0.06 

8.95 3.21 3.59E-09 

4 DT05 0.84 
±

0.07 

3.61 1.55 4.29E-09 

5 Dim 
9 

0.86 
±

0.121 

4.68 2.67 5.71E-09 

6 Dim 
33 

0.24 
±

0.01 

3.67 2.23 6.09E-09 

7 2–25 0.41 
±

0.08 

4.61 3.11 6.76E-09 

8 Dim 
272 

0.48 
±

0.04 

4.09 9.44 23.1E-09 

8 Dim 
273  

3.42 8.46 24.8E-09  
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assessment of binding profile to normal and stressed antigen, antibody 
function and competition. Some antibodies were clearly notable for low 
neutralising activity and relatively poor binding to antigen. These an-
tibodies (Dim27, 2–25 and Dim33), which also had the lowest affinity 
for native antigen, were therefore not considered for use in development 
of a sandwich ELISA. Despite its high affinity, mAb 2–18 was insensitive 
to potential antigenic changes caused by prolonged storage of the toxoid 
antigen at elevated temperature and is therefore less suitable for assay 
development where detection of changes indicative of quality or sta-
bility is essential. Three of the antibodies in the panel studied here 
(Dim9, Dim25 and DT05) all showed good binding to antigen (toxin and 
non-adsorbed or adsorbed toxoid), had affinities in the nano molar range 
and neutralised diphtheria toxin in a cell-based TNT. Of these, Dim9 was 
most sensitive to detect heat altered antigen and is the preferred anti-
body to take forward to assay development. Competition analysis 
revealed that only certain pairs of antibody could be deployed in a 
sandwich ELISA format and based on the overall profile we propose that 

DT05 is selected as the second antibody for use in a sandwich format 
because it has the highest neutralising activity of all the antibodies and is 
a different species to Dim9 (and Dim25) avoiding the need for bio-
tinylating one of the antibodies in a sandwich ELISA. The development 
of the ELISA, using these two antibodies, is now underway in our lab-
oratory and will assess the ability of the assay to detect antigenic 
changes that are indicative of vaccine quality/stability covering a wider 
range of diphtheria vaccine types. 

The extensive characterisation of the monoclonal antibodies per-
formed in this study, including affinity, functional activity and recog-
nition of heat-altered antigen, provides a platform of evidence to 
support their use in development of quantitative immunoassays that, 
subject to appropriate validation and regulatory approval, can be 
implemented as part of a control strategy for diphtheria vaccines, 
potentially as a substitute for in vivo potency. The possibility to produce 
recombinant versions of the selected antibodies can be explored to 
ensure sustainability of critical reagents. 

Fig. 6. Representative binding sensorgrams for mAb-antigen interactions using the single cycle kinetic assay. Anti-diphtheria mAb was first captured using a 
protein G sensorchip followed by the sequential injection of increasing concentrations (0.03, 0.08, 0.23, 0.7 and 2.1 μg/ml) of diphtheria toxin (black curves). Red 
curves: best fit of the sensorgram with the 1:1 binding model (Bia evaluation software). The last image at the bottom right of the panel is shown as an example of the 
multicycle kinetic analysis for mAb Dim27 in which each diphtheria toxin concentration was injected in a separate cycle and the analyte was allowed to dissociate 
fully. Black lines in this image represent the best fit of each sensorgram with the 1:1 binding model. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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Epitope competition for diphtheria monoclonal antibodies. Epitope competition was determined by biosensor analysis. “-” 
indicates no binding of the secondary antibody (response second antibody/primary antibody < 20%) with shaded cells 
indicating that binding was reduced but only in one direction; “+” indicates substantial binding of the secondary antibody 
(response secondary antibody > 5x response background). 

Table 5 
Diphtheria toxin neutralisation and domain recognition for the monoclonal 
antibodies.  

mAb ID Toxin binding domain Neutralising activity (IU/mg) 

Dim9 A fragment, C domain 1.03 
Dim25 B fragment, R domain 0.87 
Dim27 B fragment, R domain ≤0.002 
Dim33 A fragment, C domain 0.70 
DT05 B fragment, R domain 46.55 
2–25 B fragment, R domain 0.06 
1–49 A fragment, C domain 4.52 
2–18 A fragment, C domain 3.96  
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