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A nonspecific binding of antibodies to diphtheria toxin, especially in adult serum samples, was observed in
our diphtheria-tetanus-pertussis multiplex immunoassay (DTaP4 MIA). This can be significantly reduced by
the use of diphtheria toxoid, achieving a good correlation with the Vero cell neutralization test and the toxin
binding inhibition assay.

To assess vaccine-related immunogenicity in large-scale im-
munosurveillance and vaccine studies, several rapid and simple
bead-based fluorescent multiplex immunoassays (MIA; Lu-
minex technology) have been developed (2, 3, 5, 7, 8, 11, 12).
Besides a good correlation with the enzyme-linked immu-
nosorbent assay (ELISA), additional advantages such as in-
creased sensitivity and sample throughput, small sample vol-
umes and antigen quantities make the MIA a fast alternative to
the ELISA. Recently, we reported the development and suc-
cessful application of a MIA for the simultaneous determina-
tion of serum (and plasma) antibodies to diphtheria, tetanus,
and Bordetella pertussis (DTaP4) (1, 6, 13, 15).

However, in a recent external quality assurance (EQA)
study for diphtheria serology (4), organized by the diphtheria
surveillance network (DIPNET), we observed that a consider-
able number of serum samples from the EQA panel had a
higher anti-diphtheria toxin (Dtx) response in our DTaP4 MIA
than in the reference assay, the Vero cell neutralization test
(NT), and our ELISA-based toxin binding inhibition assay
(ToBI). In contrast, the ToBI showed a high correlation (R �
0.92) with the NT reference assay in this study. Similar dis-
crepancies between MIA and ToBI for samples from another
large serosurveillance study were found. Here we describe
improvements applied to the DTaP4 MIA in order to increase
the specificity of the anti-diphtheria response.

Serum samples were derived from the DIPNET EQA
serum panel (n � 141), which were obtained from blood
donors recruited in Rome, Italy (4), and from a subset of
samples (n � 96) of the second cross-sectional population-
based serosurveillance study in the Netherlands (14). The

DIPNET NT was performed as described by Di Giovine et
al. (4). The ToBI and DTaP4 MIA were performed as pre-
viously described (6, 15), and competitive MIA experiments
were performed by comparing homologous inhibition with
noninhibited measurements.

In the DIPNET EQA panel, 33/141 samples showed a �3-
fold increase in anti-Dtx concentrations with the MIA com-
pared to that shown with the ToBI (R � 0.752) (Fig. 1A), and
32/141 samples showed this increase with the MIA compared
to that shown with the NT (R � 0.680) (Fig. 1B). A similar
result for a subset of samples from the serosurveillance study
was also found (16/96 samples with �3-fold increase; R �
0.678) (data not shown), mainly in individuals older than 20
years of age. These results were in contrast to those obtained
using serum panels from vaccine studies and routine diagnos-
tic samples, which yielded a good correlation (R ranging
between 0.948 and 0.961) (15). Remarkably, as previously
reported for the DTaP4 MIA (15), comparable correlations
between ToBI and MIA were confirmed for antibody levels
against tetanus toxin, both for the EQA sera as well as for
the samples from the serosurveillance study (R � 0.964 and
0.967, respectively).

Homologous inhibition experiments revealed that for a
number of samples, the anti-Dtx response consisted partly of a
nonspecific binding to toxin. The competitive Dtx MIA results
for the EQA panel substantially improved the correlation with
the ToBI (R � 0.902) (Fig. 1C), which was confirmed by
samples from the serosurveillance study (data not shown).
Since a competitive MIA is laborious, antigen-consuming, and
less reproducible, different approaches to improve the speci-
ficity of the Dtx MIA were explored. Simple changes to the
sample buffer (introduction of Brij-35 [Sigma-Aldrich, St.
Louis, MO] and antibody-depleted human serum [Valley Bio-
medicals, Winchester, VA] in different concentrations) did not
adequately improve the results. Altering the antigen presenta-
tion by coupling poly-L-lysine-conjugated (3) diphtheria toxin
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to the beads did not affect the specificity and even reduced the
specific response. Conjugation of the vaccine antigen diph-
theria toxoid (Netherlands Vaccine Institute, Bilthoven,
Netherlands) to the beads considerably improved the overall
correlation of the MIA with the ToBI for both panels (R of
0.911 and 0.955, respectively) (Fig. 2A and B). Retesting the
original serum panels used in the MIA setup with these
toxoid-conjugated beads also resulted in an improved cor-
relation with ToBI (R � 0.98) and a shift of the regression
line toward the line of identity. For only a small number of
samples of the EQA panel, some nonspecific binding re-
mained (9/141 samples with a �3-fold increase in MIA
versus ToBI and in MIA versus NT), while in the subset of
samples from the serosurveillance study, this number turned
out to be negligible (1/96 samples). Homologous inhibition
using the diphtheria toxoid could only partially resolve this
remaining overestimation, indicating that this binding was
not specific for toxin or toxoid.

An intrinsic problem of the Luminex technology for sero-
logical assays has been reported by Waterboer et al. (17), who
found that human sera might contain (heterophile) antibodies
(9) that directly bind to Luminex beads, resulting in a nonspe-
cific background. The proportion of these “bead binders”
seemed to depend on the origin of the sera. They found that
serum preincubation with “background inhibitors” polyvinyl
alcohol (PVA) (P8136: Sigma-Aldrich, St. Louis, MI) and
polyvinylpyrrolidone (PVP) (PVP-360; Sigma-Aldrich) and
a proprietary reagent, Super ChemiBlock (CBS-K; Chemi-
con International Inc.), could significantly reduce this non-
specific background. Addition of PVX (0.5% [wt/vol] PVA
plus 0.8% [wt/vol] PVP) to the sample buffer of the diph-
theria toxoid MIA suppressed the remaining nonspecific
binding of the EQA samples in our case (MIA versus ToBI,
R � 0.962; MIA versus NT, R � 0.915) (Fig. 2C and D),
while a combination of PVX plus 2.5% (wt/vol) CBS-K did
not further improve the correlation. The resulting correla-
tion between the diphtheria toxoid MIA and NT was similar
to that of the ToBI and NT in the EQA panel (R � 0.92) (4).
Besides this good quantitative agreement, the improved
MIA also showed a high qualitative agreement with the NT
and ToBI, since no negative sera were identified as positive
and vice versa (Table 1).

Importantly, this nonspecific background was not observed
for the other antigens of the DTaP4 MIA, both in the panels
described here and in other studies (1, 6, 13). In fact, addition
of PVX to the sample buffer of the MIA only marginally
improved the correlation with the ToBI for tetanus (EQA
panel), and no effect of PVX on the pertussis MIA was found.
Nonspecific binding in the DTaP4 MIA seemed restricted to
the diphtheria toxin response, especially in adult sera. The
observation that this nonspecific binding is found mainly in
adults might be caused by a difference in antibody avidity
between adult sera and vaccinees. This nonspecific binding is
most likely caused by changes in the structure of the toxin
when conjugated to Luminex beads. Due to the covalent con-
jugation, some conformational changes in the structure of
diphtheria toxin might occur, which make it more susceptible
for nonspecific binding of antibodies. The significant reduc-
tion in nonspecific binding after conjugation of diphtheria
toxoid supports the idea that formaldehyde inactivation of

FIG. 1. Comparison of serum antibody concentrations (IU/ml) for
the DIPNET EQA panel (n � 141) as measured by the diphtheria
toxin (Dtoxin) MIA and ToBI (A), the diphtheria toxin MIA and Vero
cell NT (B), or the competitive diphtheria toxin MIA and ToBI (C).
The regression line is indicated as a solid line, the line of identity is
dotted, and 3-fold deviations are indicated as interrupted lines. Ver-
tical and horizontal dotted lines indicate the cutoffs to determine
negative (�0.01 IU/ml), intermediate (0.01 to 0.09 IU/ml), positive
(�0.1 IU/ml) sera.
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diphtheria toxin improves the stability of the tertiary struc-
ture (10), making it less susceptible for nonspecific binding.
In addition, the use of toxoid rather than toxin further
improved the conjugation reproducibility of the DTaP4

MIA. However, the optimized coverage of the bead surface
with toxoid could not fully prevent “bead binding” in some
specific samples.

In conclusion, the specificity of the previously described
DTaP4 multiplex immunoassay for the quantitation of anti-
diphtheria antibodies could be improved by conjugation of
diphtheria toxoid to the beads, rather than that of toxin. Fur-
thermore, addition of PVX to the sample buffer to reduce
possible bead binding is strongly recommended.
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