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We describe the optimization and application of a multiplex bead-based assay (Luminex) to quantify
antibodies against polysaccharides of 13 pneumococcal serotypes. In the optimized multiplex immunoassay
(MIA), intravenous immune globulin was introduced as an in-house reference serum, and nonspecific reacting
antibodies were adsorbed with the commercial product pneumococcal C polysaccharides Multi. The antibody
concentrations were assessed in 188 serum samples obtained pre- and post-booster vaccination at 11 months
after administration of a primary series of the pneumococcal seven-valent conjugate vaccine (PCV-7) at 2, 3,
and 4 months of age. The results of the MIA were compared with those of the ELISA for the serotypes included
in the seven-valent conjugated polysaccharide vaccine and for a non-vaccine serotype, serotype 6A. The
geometric mean concentrations of the antibodies determined by MIA were slightly higher than those deter-
mined by ELISA. The correlations between the assays were good, with R2 values ranging from 0.84 to 0.91 for
all serotypes except serotype 19F, for which R2 was 0.70. The concentrations of antibody against serotype 6A
increased after the administration of PCV-7 due to cross-reactivity with serotype 6B. The differences between
the results obtained by ELISA and MIA suggest that the internationally established protective threshold of 0.35
�g/ml should be reevaluated for use in the MIA and may need to be amended separately for each serotype.

In 2006, the pneumococcal 7-valent conjugate vaccine
(PCV-7; Prevenar; Wyeth Vaccines, Pearl River, NY) was in-
troduced into the National Immunization Program (NIP) in
the Netherlands. The vaccine is administered to children at the
ages of 2, 3, and 4 months and a booster is given at 11 months
of age. During the prevaccination era, the seven serotypes
covered by the vaccine accounted for approximately 60% of
the cases of invasive pneumococcal disease among children 0
to 4 years in age in the Netherlands (14). Recently, new pneu-
mococcal conjugate vaccines that protect against more sero-
types than PCV-7 have been developed, including a 10-valent
vaccine (PCV-10; Synflorix; GSK, Middlesex, United King-
dom) and a 13-valent vaccine (PCV-13; Wyeth Vaccines) It is
anticipated that one of these vaccines will replace the current
PCV-7.

Efficacy and immunogenicity studies with PCV-7 demon-
strated that it has 97% efficacy against invasive disease (3). A
Finnish trial evaluated the efficacy of the vaccine against otitis
media and found 57% efficacy against the vaccine serotypes
(9). Most immunogenicity studies were performed by enzyme-
linked immunosorbent assay (ELISA) (3, 4, 6), the “gold stan-
dard” for quantifying the concentrations of antibodies to pneu-

mococcal serotype-specific polysaccharides. In 2000, guidelines
for the pneumococcal ELISA were described in an interna-
tional standard protocol, referred to as the WHO protocol
(http://www.vaccine.uab.edu). This protocol was initially devel-
oped for evaluation of the immunogenicities of pneumococcal
vaccines. On the basis of a meta-analysis of the results of the
various vaccine trials (3, 8, 12, 15, 19), WHO recommends the
use of an antibody concentration of 0.35 �g/ml as a correlate of
protection if it is assessed by ELISA (29). This recommended
protective concentration is identical for all serotypes.

The standard reference serum used in the ELISA is lot 89S
serum. This comprises a pool of serum samples from 17 adults
immunized with the 23-valent pneumococcal polysaccharide
vaccine (23). Quantification of the serotype-specific IgG con-
centrations present in lot 89S was performed by an antibody-
capture reference ELISA (24, 25). This serum can be obtained
through the FDA; however, the supply of this serum is finite,
and the current stock is running low. A replacement for the
current reference serum, 007sp, is currently being produced
and characterized (10).

The polysaccharides used in the ELISA also contain cell wall
polysaccharides (CWPSs) that are covalently bound to the
serotype-specific capsular polysaccharide by peptidoglycan (5,
28). Antibodies reacting to CWPSs are present in serum sam-
ples, but these antibodies do not offer functional protection
against the pneumococcus and may cause a nonspecific signal
in the assay (18, 30). To remove CWPS antibodies that may
react with CWPS in the ELISA, CWPS is added as a sorbent
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(18). Additionally, polysaccharide 22F is added as a sorbent to
remove antibodies against a second type of CWPS, designated
CWPS2 (27). A mixture of CWPS and CWPS2, CWPS Multi,
is now commercially available and is evaluated in this study.

The Luminex technology is an upcoming method for quan-
tification of pneumococcal antibodies and, in time, may replace
the ELISA. In 2002, Pickering et al. first described the use of
this technology for use with the pneumococcus (20). It allows
the simultaneous measurement of the concentrations of anti-
bodies directed against a large number of different capsular
polysaccharides in a single assay. Here, we describe a multiplex
bead-based assay that uses the Luminex technology to quantify
antibodies against 13 pneumococcal polysaccharides simulta-
neously. The results obtained by this multiplex immunoassay
(MIA) were compared with those obtained by ELISA for eight
serotypes. In the assay, we used an in-house reference serum,
intravenous immune globulin (IVIG). Furthermore, we used
the newly available CWPS Multi to adsorb the non-type-spe-
cific anti-CWPS antibodies. For evaluation of the performance
of the MIA developed, sera from children taken pre- and
post-booster vaccination at 11 and 12 months of age were used.

MATERIALS AND METHODS

Serum samples obtained pre- and post-booster immunization with PCV-7.
The antibody concentrations in serum samples (n � 188) obtained pre-booster
vaccination (n � 93) and post-booster vaccination (n � 95) at 11 and 12 months
from 95 children vaccinated by use of the primary vaccination scheme at 2, 3, and
4 months of age were assessed by ELISA and MIA during a study that was
conducted to monitor the effect of the changes to the pertussis vaccine in the
Dutch NIP (study ISRCTN97785537) (1). All children in the study were immu-
nized four times with the combination product, which consisted of the diphthe-
ria-attenuated pertussis-tetanus vaccine, inactivated polio vaccine, and Hae-
mophilus influenzae type b vaccine (Pediacel; Sanofi-Pasteur, Lyon, France) and
PCV-7 (Wyeth Vaccines) in 2007.

Calibration sera. The calibration panel used for the pneumococcal ELISA
consisted of 12 serum samples and was supplied by the National Institute for
Biological Standards and Control (NIBSC; Hertfordshire, United Kingdom).
The concentrations of IgG antibodies against the seven serotypes included in
PCV-7 for this panel were assessed by MIA and ELISA and were compared with
the IgG concentrations published elsewhere (http://www.vaccine.uab.edu/qc3
.pdf).

Coupling of polysaccharides to beads. The coupling of the polysaccharides to
carboxylated microspheres was performed as described previously (11, 16, 20).
Briefly, purified capsular polysaccharides were conjugated to poly-L-lysine. The
conjugates were coupled to carboxylated beads (Bio-Rad Laboratories, Hercu-
les, CA). All capsular polysaccharides except polysaccharide 6A were obtained
from the American Type Culture Collection (ATCC; Manassas, VA); polysac-
charide 6A was kindly provided by Wyeth Vaccines.

The same procedure was also used to create CWPS-specific beads by using the
CWPS Multi preparation (Statens Serum Institute, Copenhagen, Denmark). Of
the CWPS Multi polysaccharides, 2.5 mg was used for the coupling of the
polysaccharide to poly-L-lysine. The coupling of the conjugate to the beads was
performed by use of a 1.5-h incubation.

MIA. MIA was performed as described previously (16, 20) but with minor
modifications. Sera were diluted and incubated for 1 h or overnight in adsorbent
buffer containing 15 �g/ml CWPS Multi and 5% antibody-depleted human se-
rum (ADHS; Valley Biomedical, Winchester, VA) in phosphate-buffered saline
(pH 7.2). A 10% (wt/vol) solution of IVIG (lyophilized IVIG; Sanquin, Amster-
dam, Netherlands) was used as an in-house reference serum. IVIG contains
purified IgG from a pool of at least 1,000 plasma samples obtained from blood
donors from the Dutch population. The donors were not immunized with a
pneumococcal vaccine. A total of 3,000 beads of each serotype-specific bead set
were used per well. Analysis of the beads was performed on a BioPlex 100
apparatus (Bio-Rad) and by use of the BioPlex software package (version 4.1.1;
Bio-Rad).

ELISA. ELISA was performed according to the WHO guidelines for the
ELISA for the quantitation of serotype-specific IgG (www.vaccine.uab.edu

/WHO2.pdf). The concentrations of antibodies against serotype 4, 6A, 6B, 9V,
14, 18C, 19F, and 23F polysaccharides were assessed.

Cross-reactivity. Sera that reacted with both serotype 6A- and serotype 6B-
specific beads were used for assessment of possible cross-reactivity between
serotypes 6A and 6B. In the first step, 500 �l of serum (diluted 1,000, 2,000, or
5,000 times) was incubated with 1.25 � 105 CWPS Multi-coupled Luminex beads
overnight at room temperature. Subsequently, the mixture was centrifuged at
14,000 � g to remove the CWPS antibodies bound to the CWPS-coupled beads,
the supernatant was mixed with 1.25 � 105 beads coupled with either serotype
6A or serotype 6B polysaccharides, and the mixture was incubated for 2 h at
room temperature. The mixtures were centrifuged at 14,000 � g, and the super-
natant was used in the MIA to determine the amount of antibodies that was
removed by the absorption procedure.

Statistical methods. Antibody concentrations were calculated by interpolation
from a five-parameter logistic standard curve (13, 22), in which the median
fluorescent intensity (MFI) was plotted against the IgG concentration of the
reference serum (BioPlex software; Bio-Rad). The geometric mean concentra-
tions (GMCs) were calculated, and linear regression was used to correlate the
concentrations from the MIA with the concentrations from the ELISA; the result
was expressed as the square of the correlation coefficient (R2) and the slope. The
slope equals the change in the y axis divided by the change in the x axis of the
trend line. The concentrations of the calibration sera obtained by the ELISA
could be evaluated by using the WHO guidelines (www.vaccine.uab.edu).

RESULTS

Evaluation of IVIG as an in-house reference serum. In this
study, IVIG was introduced as an in-house reference serum for
the MIA. IVIG is a pool of purified IgG from plasma obtained
from approximately 1,000 healthy blood donors. The serotype-
specific IgG concentrations in IVIG were determined by using
the lot 89S sera as a reference in the MIA (Table 1). The
undiluted IVIG contained a 10% (wt/vol) concentration of
IgG, which is approximately 10 times greater than the nor-
mal IgG concentration in serum. As a result, the concentra-
tions of IgG antibodies against various pneumococcal poly-
saccharides were also higher than those in healthy adult
serum.

The serotype-specific concentrations in the sera from chil-
dren pre- and post-booster vaccination were assessed by using
both lot 89S and IVIG as reference sera in the MIA. The use
of IVIG yielded the same antibody concentrations as those
obtained by the use of lot 89S, as indicated by the almost
perfect correlation between those concentrations (R2 � 0.98).

TABLE 1. Serotype-specific concentrations for reference serum lot
89S and 10% (wt/vol) IVIG

Serotype
GMC (�g/ml)a

Lot 89S IVIG

1 6.3 6.5
3 2.4 13.8
4 4.1 2.4
5 5.8 5.2
6A 6.1 18.1
6B 16.9 13.2
7F 5.2 13.2
9V 6.9 8.6
14 27.8 29.5
18C 4.5 13.5
19A 18.6 22.3
19F 13.0 60.4
23F 8.1 16.6

a Lot 89S was used as the reference.
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Furthermore, the curves of both reference serum pools were
virtually identical (Fig. 1).

Evaluation of adsorbent buffer. Recently, CWPS Multi,
which carries both types of CWPSs, has become commercially
available, and we investigated whether this reagent could be
used to replace adsorption with CWPS plus capsular polysac-
charide 22F. To assess the degree to which CWPS Multi re-
moved the anti-CWPS antibodies in serum, six serum samples
with high CWPS concentrations were adsorbed with CWPS
Multi and tested by a Luminex assay with CWPS Multi-cou-
pled beads. The CWPS Multi adsorption yielded a reduction in
the CWPS Multi signal of 96% or more (data not shown).

The effect of CWPS Multi adsorption was compared with
the effect of adsorption with CWPS plus capsular polysaccha-
ride 22F on all pre- and post-booster vaccination serum sam-
ples in the MIA for all 13 serotypes (Fig. 2). The correlation
between the results of the two adsorption methods was �0.8
for the vaccine serotypes. For all serotypes except serotypes
19A and 19F, higher concentrations were obtained over the
high concentration ranges, showing that the dynamic range of
the MIA increased by the use of CWPS Multi as the sorbent.
In contrast, serotype 19A yielded overall lower concentrations
in the MIA and the serotype 19F concentrations were lower
over the high concentration range. The results obtained by the
use of CWPS Multi and CWPS plus capsular polysaccharide
22F adsorptions in the MIA were compared with those ob-
tained by their use in the ELISA for eight serotypes. Linear
regression, used to correlate the results of MIA and those of
the ELISA, yielded similar or higher R2 values for CWPS Multi
adsorption, and the slopes improved when CWPS Multi was
used. The only exception was for serotype 19F, for which both
the correlation and the slope of the trend line improved by the
use of CWPS plus capsular polysaccharide 22F adsorption. As
the results for virtually all serotypes were better when CWPS
Multi was used and the use of CWPS Multi would enable the
inclusion of serotype 22F in the MIA in the future, CWPS Multi
was chosen as the sorbent to be used in the optimized MIA.

In the previously described protocol for the pneumococcal
MIA (11, 16), newborn bovine serum (NBBS) was used as the
blocking reagent in the buffers. However, the results of another
polysaccharide Luminex assay, which combined polysaccha-

rides from Haemophilus influenzae type b and meningococcal
serogroups A, C, Y, and W-135, correlated better with those of
the ELISA when ADHS was used (7). Therefore, we evaluated
the use of 5% ADHS as a blocking reagent and compared the
results obtained with 5% ADHS with those obtained by the use
of 5% NBBS. The results obtained for serotypes 6B, 9V, 14,
and 18C with either blocking agent were quite similar. How-
ever, for serotypes 4, 19F, and 23F, the addition of 5% ADHS
considerably increased the dynamic range of the assay (data
not shown). The use of 50% ADHS did not yield results better
than those obtained by the use of 5% ADHS (data not shown),
and therefore, 5% ADHS was used in this study.

Comparison of MIA and ELISA. To evaluate the perfor-
mance of the MIA, the correlation of the results of MIA with
those of the gold standard assay, the WHO ELISA, was de-
termined. The correlation between the results of MIA and
those of the ELISA for the calibration panel of 12 serum
samples was high, with R2 values ranging from 0.75 to 0.92, on
the basis of the published ELISA results for all 12 serum
samples (Table 2). Comparison of the results of the MIA with
those of the WHO ELISA performed in-house resulted in
lower correlations. However, on the basis of the results for the
12 serum samples only, the R2 value was still fairly good (Table
2). By using the WHO guidelines, which state that the results
for 75% of the serum samples should be within an error range
of 40%, all serotypes met the WHO criterion when they were

FIG. 1. Similarities of the curves obtained by MIA with serial di-
lutions of the lot 89S and IVIG reference sera for serotypes 6A, 6B,
and 14. The median fluorescent intensities are plotted against the IgG
concentration. Similar curves were obtained for the other serotypes.

FIG. 2. Correlation between IgG concentrations obtained by sero-
type 14- and serotype 23F-specific MIAs by using adsorption with
CWPS Multi (x axis) and CWPS plus serotype 22F capsular polysac-
charide (y axis). The dotted lines indicate the perfect correlation. The
IgG concentrations are log transformed.
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tested by our ELISA. However, when this criterion was applied
to the MIA, only two of the seven serotypes met this error
range. For two serotypes, 4 of the 12 serum samples did not
have results within the error range, and the result for one of

the serum samples exceeded the error range by only 1%. For
serotypes 6B and 4, the results for five of the sera fell outside
the error range. MIA yielded overall higher concentrations
against serotype 19F for all serum samples, and therefore, the
results for none of the serum samples was within the error
range. According to the WHO guidelines and the description
of Plikaytis et al. (21), these guidelines are used for comparison
of the results of ELISAs among laboratories. Therefore, these
guidelines should be used only to assess the agreement of the
results of ELISAs among laboratories and not for comparison
of the results of the ELISA with those of other immunological
assays. The assessment of the error range for these sera ob-
tained by MIA is therefore only exploratory and not restrictive.
In the future, error ranges could be defined for the standard-
ization of MIAs.

The correlation between the results of MIA and those of the
ELISA was also determined by using pre- and post-booster
vaccination samples from immunized children after they re-
ceived a primary series of three immunizations with PCV-7

TABLE 2. Correlations of the GMCs obtained by MIA and ELISA
for the calibration panela

Serotype

R2

ELISAb vs
MIA

ELISAc vs
MIA

ELISAb vs
ELISAc

4 0.77 0.87 0.93
6B 0.82 0.91 0.98
9V 0.68 0.80 0.96
14 0.95 0.92 0.99
18C 0.54 0.75 0.94
19F 0.55 0.88 0.93
23F 0.91 0.90 0.94

a n � 12 serum samples for the calibration panel.
b In-house WHO ELISA.
c Published results of the WHO ELISA (http://www.vaccine.uab.edu/qc3.pdf).

FIG. 3. High degree of correlations between the IgG concentrations obtained by ELISA and MIA by using infant sera obtained pre- and
post-booster vaccination with PCV-7. The dotted lines indicate the perfect correlation. The IgG concentrations are log transformed.
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(Fig. 3). The correlations varied from 0.69 (serotype 19F) to
0.91 (serotype 4). The mean of the R2 values for all eight
serotypes was 0.85, demonstrating that MIA yields antibody
concentrations that are comparable to those obtained by
ELISA. For serotypes 4, 6B, 9V, 18C, 19F, and 23F, the anti-
body concentrations measured by MIA were higher than those
obtained by ELISA, particularly over the high concentration
range. For serotype 14, almost identical concentrations were
obtained by the two assays. MIA yielded antibody concentra-
tions in the low concentration range lower than those obtained
by ELISA only for serotype 6A.

On average, the concentrations measured by MIA were
higher than those measured by ELISA, and the results also
suggested that the dynamic range of the MIA is larger than
that of the ELISA. The latter was corroborated when the
results for dilution series of the lot 89S reference serum ana-
lyzed by ELISA and MIA were compared (Fig. 4). As an
example, the concentrations of antibody against serotype 14
could be determined by ELISA over a range of 0.1 to 30 ng/ml.
In contrast, MIA enabled measurements over a 0.1- to 90-
ng/ml range. Thus, the range over which anti-serotype 14 an-
tibody concentrations can be accurately measured by MIA is
approximately 3-fold greater than that for the ELISA. The
dynamic range of the MIA for the other serotypes was also
larger, ranging from 3-fold to up to 50-fold.

Low R2 values due to small concentration ranges. The rel-
atively poor correlation between the results obtained by MIA
and ELISA for serotype 19F prompted further analysis. That
analysis showed that the distribution of the concentrations had
a considerable impact on the correlation between the results of
MIA and those of the ELISA. As an example, the R2 value was
calculated separately for the anti-serotype 4 pre- and post-
booster vaccination concentrations. The R2 values were only
0.65 for the pre-booster vaccination concentrations and 0.76
for the post-booster vaccination concentrations. However, if
the pre- and post-booster vaccination concentrations were
combined, the R2 value increased to 0.91 (Fig. 5). This illus-
trates that R2 may be inaccurate if only a small range of con-
centrations is used. The R2 values for the pre-booster vaccina-
tion, the post-booster vaccination, and the combined comparisons

are given in Table 3. Measurement of the R2 values over a small
concentration range yielded lower R2 values for all serotypes.

Response to booster vaccine after immunization with PCV-7.
The concentrations of antibodies to 13 serotypes in the pre-
and post-booster vaccination sera were assessed by the MIA.
For the serotypes present in PCV-7, virtually all serum samples
had antibody concentrations above the protective concentra-
tion of 0.35 �g/ml after the booster vaccination (Fig. 6). Only
five serum samples had low concentrations of antibodies to
serotype 6B, a single sample had low concentrations of anti-
bodies to serotype 9V, and another sample had low concen-
trations of antibodies to serotype 23F. Similar results were
obtained by the ELISA (1). The GMCs for the non-vaccine
serotypes were well below the level of protection, with the
exception of the GMC for serotype 6A.

The percentage of children with concentrations above the
protective level can be derived from the relative cumulative
distribution curves (RCDCs) (Fig. 7). The concentrations mea-

FIG. 4. Visualization of the larger dynamic range of the serotype
14-specific MIA compared to that of the serotype 14-specific ELISA.
Serial dilutions of the lot 89S reference serum were made and tested
in both assays. The MFI (left y axis) and optical density (OD; right y
axis) are plotted against the IgG concentration. By the MIA, the
dynamic range was 0.1 to 90 ng/ml, whereas the ELISA allowed as-
sessment of the IgG concentration only over a range of 0.1 to 30 ng/ml.

FIG. 5. Influence of the IgG concentration range on the correla-
tions between the results of the MIA and ELISA. The IgG concentra-
tions were obtained for serotype 4 pre-booster vaccination (A), post-
booster vaccination (B), and pre- and post-booster vaccination
combined (C). The IgG concentrations are log transformed.
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sured by MIA were generally higher, and therefore, as deter-
mined by MIA, a higher percentage of children had antibody
concentrations above the protective concentration even before
the booster vaccination. The graphs also illustrate the larger
dynamic range of the MIA compared with that of the ELISA,
and this was particularly obvious for serotype 6A. The RCDC
for serotype 6A showed that, according to the MIA, 20% and
77% of the children had concentrations above the protected
concentration pre- and post-booster vaccination, respectively.
In contrast, the ELISA results suggested that 67% of the chil-
dren had protective antibody concentrations pre-booster vac-
cination and that 89% reached this level after the booster
vaccination.

Cross-reactivity of serotypes 6A and 6B. Although PCV-7
does not contain the serotype 6A capsular polysaccharide, the
serum samples from the vaccinated children contained a con-

siderable amount of antibody that reacted in the serotype 6A-
specific ELISA and MIA (Table 3). Furthermore, as a result of
the booster vaccination with PCV-7, the serotype 6A-specific
concentration increased. This suggests that vaccination with
serotype 6B elicits antibodies that cross-react with serotype
6A. The nature of the cross-reactivity was assessed by absorb-
ing antibodies from post-booster vaccination serum samples
from four children with considerable concentrations of anti-
bodies against both serotype 6A and serotype 6B (Table 4).
Using polysaccharide 6B, we were able to remove virtually all
serotype 6B and 6A signals. In contrast, using polysaccharide
6A, we were able to fully adsorb the serotype 6A signal, but
only 40 to 60% of the serotype 6B signal could be removed.

DISCUSSION

In this report, we describe the optimization and application
of an MIA for the simultaneous assessment of the concentra-
tions of antibodies directed against 13 different pneumococcal
capsular polysaccharides in infant sera in a single assay. This
MIA will enable us to perform large immunosurveillance stud-
ies that require the assessment of the concentrations of anti-
bodies against a large number of different antigens simulta-
neously. Such studies would be extremely time-consuming and
expensive if they were performed by ELISA and therefore
would be virtually impossible to perform by ELISA. To assess
the performance of the assay, we compared the concentrations
of antibodies against the seven serotypes included in PCV-7
and serotype 6A, as measured by the MIA and the WHO
ELISA with serum samples from infants pre- and post-booster
vaccination with PCV-7. The correlation between the results
obtained by MIA and ELISA was good, with virtually all R2

values exceeding 0.85. A relatively low correlation was found

TABLE 3. GMCs and correlations between the results of ELISA
and MIA obtained with a panel of 188 serum samples

from children pre- and post-booster
vaccination with PCV-7

Serotype

Pre-booster vaccination
(n � 93)

Post-booster
vaccination (n � 95) Pre- and

post-booster
vaccination

R2
GMC (�g/ml)

R2
GMC (�g/ml)

R2

ELISA MIA ELISA MIA

4 0.3 0.6 0.65 3.0 6.3 0.76 0.91
6A 0.5 0.1 0.59 2.4 1.4 0.86 0.85
6B 0.4 0.4 0.65 4.4 7.3 0.83 0.86
9V 0.3 0.9 0.52 2.3 7.1 0.69 0.83
14 1.6 1.6 0.85 10.4 10.8 0.70 0.87
18C 0.2 0.7 0.60 1.9 7.7 0.75 0.87
19F 0.9 2.7 0.51 4.5 8.7 0.60 0.69
23F 0.2 0.6 0.64 3.1 7.9 0.73 0.88

FIG. 6. IgG concentrations and GMCs for 13 different serotypes obtained by MIA of sera taken from infants 1 month post-booster vaccination
with PCV-7. Each colored dot represents an individual serum sample. GMCs are indicted by the black dashes in the colored dots. The horizontal
dashed line indicates the protective concentration of 0.35 �g/ml. The serotypes that are depicted within the box with a dashed border are the
serotypes used to compare MIA and ELISA in this study.
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for serotype 19F. However, the range of concentrations of IgG
antibodies against this serotype was narrow, and we demon-
strated that the use of data with a small range may result in low
correlation values. The dynamic range of the MIA appeared to
be at least 3-fold larger than that of the WHO ELISA, which
we demonstrated by comparing the results for serial dilutions
of lot 89S obtained by the MIA and the ELISA. For most
serotypes, the GMCs obtained by MIA were higher than those
obtained by ELISA; the exceptions were the GMCs for sero-
types 14 and 6A. For serotype 14, the GMCs obtained by MIA
and ELISA were virtually identical, whereas the MIA for se-
rotype 6A yielded lower concentrations in the low concentra-
tion range. As a result of the higher average GMCs obtained by
the MIA, the number of serum samples with concentrations
exceeding the proposed concentration of 0.35 �g/ml required
for protection was higher by the MIA than by the ELISA. The
protective concentration of 0.35 �g/ml is based on a meta-
analysis of studies that used ELISA. The actual correlate of
protection is difficult to assess, as this would require monitor-
ing of invasive pneumococcal disease in children with various
antibody levels. Such experiments are impossible to perform.
The value of 0.35 �g/ml was set as a cutoff value for noninfe-
riority but is often used as a surrogate level of protection.

Because of the differences between MIA and ELISA, we be-
lieve that the protective concentration of 0.35 �g/ml should be
amended and that there should be a distinct value for each
serotype for MIA and for ELISA as well. Although we used a
13-plex pneumococcal MIA, we were able to truly evaluate the
performance of the assay for only eight of these serotypes in
this study, because we used serum samples from children im-
munized with PCV-7. In order to assess the performance of the
MIA for the other five serotypes, serum samples from infants
immunized with these capsular polysaccharides (e.g., a 13-
valent PCV) are required. No such sera were available to us
during our study.

The results of previously described pneumococcal multiplex
assays were also shown to correlate well with those of the
ELISA (2, 16, 20). In the study whose results are presented
here, we introduced an alternative and readily available refer-
ence serum sample and the use of CWPS Multi as the sorbent.
A replacement for lot 89S, 007sp, has been prepared, but this
serum sample was not available to us (10). The introduction of
IVIG as a new in-house reference serum sample has the main
advantage that it is available in large quantities, and therefore,
the same reference serum sample can be used in a number of
large-scale studies. The calculated concentrations of antibodies
in the samples from the immunized infants were the same
whether IVIG or lot 89S was used as the reference serum
sample. The curves obtained by the use of serial dilutions of
both reference serum samples were nearly identical, even
though the nature of the individuals who donated blood for
those serum pools was quite different, that is, unimmunized
versus immunized individuals. Once it is calibrated, a single
batch can be used for a large number of studies. The 3-g batch
that we purchased for this purpose is sufficient for analysis of
approximately 4 � 106 serum samples. Due to the variety of
antibodies present in IVIG, this serum sample pool can also be
used as a reference for other serological assays targeting anti-

FIG. 7. Relative cumulative distribution curves of the pre- and post-booster vaccination IgG concentrations for four serotypes obtained by MIA
and ELISA. The vertical dotted line indicates the protective concentration of 0.35 �g/ml. The percentage of subjects (y axis) is plotted against the
IgG concentration (x axis). The graph for serotype 4 is illustrative for the other serotypes, for which the results are not depicted here.

TABLE 4. Absorption of serotype 6A and 6B cross-reactive
antibodies in serum samples from four children

after booster vaccination with PCV-7

MIA
serotype

Adsorbent
serotype

% inhibition

Child 1 Child 2 Child 3 Child 4 Lot 89S
(n � 11)

6A 6A 86 93 91 87 95
6A 6B 98 99 99 98 44
6B 6A 64 62 61 42 9
6B 6B 95 98 98 94 68
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bodies against a number of different pathogens. Preliminary
data indicate that IVIG can be used as a reference serum
sample in an MIA targeting diphtheria, tetanus, Haemophilus
influenzae type b, and meningococci. An IgG preparation sim-
ilar to IVIG was also used as a quality control preparation in
the assay for serum bactericidal activity for Haemophilus influ-
enzae type b (26).

In our analyses we showed that adsorption of the sera with
CWPS Multi yielded results similar to those obtained by ad-
sorption with CWPS plus serotype 22F capsular polysaccharide
but that the use of CWPS Multi appeared to improve the
dynamic range of the MIA. CWPS Multi will most likely re-
move anti-CWPS2 antibodies more efficiently than the capsule
polysaccharide preparation obtained from serotype 22F iso-
lates, because in the latter preparation, CWPS2 makes up only
approximately 5% (wt/wt) of the total polysaccharide compo-
sition (28). In addition, the use of CWPS Multi enables the
future expansion of the MIA to include serotype 22F as well.

The PCV-7 vaccination induced an anti-serotype 6A anti-
body response. This suggests cross-reactivity between serotype
6B and the related serotype 6A antigen, a phenomenon de-
scribed earlier (2, 11, 16, 17). The absorption experiments in
the study presented here conclusively show that vaccination
with the serotype 6B antigen evokes antibodies against one or
more epitopes carried by both the serotype 6B and serotype 6A
capsular polysaccharides and against serotype 6B-specific
epitopes. In similar experiments, Findlow et al. (11) obtained
somewhat different results. Unlike the results obtained in our
experiments, they could not completely remove antibodies re-
acting with serotype 6B-specific beads by serotype 6B absorp-
tion. In addition, the antibodies reacting with serotype 6A-
specific beads were only partially removed by absorption with
serotype 6B. Although absorption with serotype 6A completely
removed the anti-serotype 6A antibodies, the anti-serotype 6B
antibodies were apparently left unaffected, a result which dif-
fers from our results. The experiments described by Findlow et
al. were performed with reference serum lot 89S. Lot 89S is a
pool of sera from adults who were vaccinated with the 23-
valent polysaccharide vaccine, which does not contain the se-
rotype 6A polysaccharide. It is likely that these adults have
developed antibody responses against serotype 6A both
through natural exposure to this serotype and by cross-reactiv-
ity with the serotype 6B polysaccharide which is present in the
23-valent vaccine. In our study, we used individual serum sam-
ples from PCV-7-vaccinated young children, who are less likely
to have been naturally exposed to pneumococci of serotype 6A.
In addition, we removed the cross-reacting antibodies with
beads to prevent possible interference by the low-avidity anti-
bodies that are released from the sorbent during the incuba-
tion steps in the MIA. These factors may explain the differ-
ences between the results of our absorption experiments and
those found in other studies. Irrespective of the reasons for the
induction of anti-serotype 6A and anti-serotype 6B antibodies,
it is clear that the concentrations of antibodies against sero-
types 6A and 6B should be carefully interpreted.

In conclusion, we optimized and evaluated the performance
of an MIA for quantification of the levels of antibodies di-
rected against 13 different pneumococcal polysaccharides. We
have introduced a new in-house reference serum sample and a
new adsorption buffer, and we showed that the results of the

MIA correlated well with those of the ELISA. The MIA per-
forms at least as well as the ELISA, and its multiplex nature
makes it more suitable for large-scale studies in which the
titers of antibodies against several antigens must be measured.
The differences between the GMCs obtained by the MIA and
those obtained by the ELISA suggest that the internationally
used cutoff value for protection, 0.35 �g/ml, may not be valid
for the MIA. Furthermore, it is likely that the true protective
levels need to be assessed for each serotype separately. This
will require extensive further investigation.
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