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Background and Aim: Recently, the 23-valent IgG-assay was suggested as screening
assay to identify poor responders to pneumococcal polysaccharide (PnPS)-vaccination
with the serotype-specific assay as a second-line test. However, in a low pre-test
probability general hospital setting predicting good responders could be more valuable
to reduce the number of samples needing serotyping.

Methods: Serotype-specific PnPS antibody-assays were performed for suspected
immunodeficiency in two Dutch general hospitals (Jeroen Bosch Hospital,
's-Hertogenbosch; Elisabeth  Tweesteden Hospital, Tilburg). 23-Valent PnPS
antibody-assays were subsequently performed in archived material. Data were analyzed
using receiver operating characteristic curves (AUC) and agreement indices (ICC).

Results: Sera of 284 patients (348 samples) were included; 23-valent IgG-titres
and the corresponding sum of PnPS-serotype specific antibodies showed moderate
correlation (ICC = 0.63). In 232 conjugated-pneumococcal-vaccine-naive patients
(270 samples), a random 23-valent IgG-titer could discriminate between samples
with and without >7/11, >7/13, or >6/9 pneumococcal serotypes when both
cut-off values 0.35 and 1.0pug/ml were used (AUC 0.86 and 0.92, respectively).
All patients with a pre-immunization-titer >38.2 j.g/ml and/or post-immunization-titer
>96.1 ng/ml and none with a post-immunization-titer <38.5 wg/ml exhibited a good
response to PnPS vaccination. Using these breakpoints as screening test to
predict good responders, only 24% of patients would require further serotyping, as
opposed to 68% if breakpoints to predict poor responders would have been used.
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Decision Tree Using 23-Valent Pneumococcal-IgG-Assay

Conclusion: In alow pre-test probability setting, the 23-valent IgG-assay proved to be a
reliable screening test for good responders in conjugated-pneumococcal-vaccine-naive
patients, reducing the overall number of patient samples needing further serotyping, thus
reducing overall costs of pneumococcal vaccination response assessment.

Keywords: primary immunodeficiency, humoral immunodeficiency, pneumococcal polysaccharide response,
serotype-specific assay, polysaccharide response, pneumococcal vaccination response, 23-valent IgG assay,

VaccZyme™

INTRODUCTION

Serotype-specific pneumococcal polysaccharide (PnPS) antibody
testing is currently accepted as the “gold standard” (1-4) for the
evaluation of anti-polysaccharide antibody production capacity
in patients who are suspected to have primary antibody deficiency
because of unexplained or recurrent (mainly respiratory)
infections (4, 5). However, serotype-specific PnPS testing is not
widely available and is time consuming, labor intensive and
expensive. Moreover, uniform reference values are not available,
and interpretation is therefore challenging (6-10).

Recent data has indicated that one-step measurement of
the summated response to all 23 serotypes present in the
polysaccharide pneumococcal vaccine (here called “23-valent IgG
assay”) could be used as a screening test to reduce the overall
number of patient samples needing serotyping (11, 12). This
could significantly improve efficiency and reduce overall costs. In
addition, this assay is widely available as in-house assay or easy-
to-use commercial kit, and the test result is easy to interpret based
on a single cut-off value (13). Given these advantages, the 23-
valent IgG assay has been proposed to be used as a first-line test
to identify clear-cut poor responders, and the serotype-specific
assay as a second-line test for assessment of the PnPS vaccination
response in non-clear-cut cases only. In their tertiary-center
adult cohort (n = 62), Lopez et al. identified a cut-off value of
110 pg/ml, which was constantly associated with a poor response
to PnPS vaccination using the serotype-specific assay (11).

However, on a population basis—i.e., in the context of a
low pre-test probability setting—a screening method that can
reliably predict good responders could be of greater value.
After all, many patients with recurrent infections do not have
an immunodeficiency. Or they suffer from milder forms of
hypogammaglobulinemia, such as selective anti-polysaccharide
antibody deficiency (SPAD) only (or combinations with IgG-
subclass and/or IgA deficiency), without significantly decreased
total immunoglobulin levels. These patients generally present
themselves in secondary care, where the pre-test probability
for severe antibody deficiency is inherently low. However, even
milder hypogammaglobulinemia can lead to serious problems,
requiring adequate medical attention (14). These milder patients
are often not recognized due to lack of available test facilities

Abbreviations: AUC, area under the curve; CPS, capsular polysaccharide;
ICC, intraclass correlation coefficient; PID, primary immunodeficiency; Pn-
C, conjugated pneumococcal vaccine; PnPS, pneumococcal polysaccharide;
ROC, receiver operating characteristics; SPAD, selective anti-polysaccharide
antibody deficiency.

in secondary care, and reluctance to refer many patients to
an immunologist. Easy, reliable selection of patients can create
support for a lower screening threshold for antibody deficiency in
patients with recurrent infections in secondary care. Ultimately,
this will help timely detection of all patients who do have
an immunodeficiency. Our study was designed to investigate
the suitability of the one-step summated response test for
this purpose.

MATERIALS AND METHODS

Study Design

Between February 2012 and December 2018, serotype-specific
PnPS assays were performed on 348 blood samples in regular
patient care, obtained from 284 patients who were analyzed
for potential immunodeficiency in two secondary centers
in the Netherlands [Jeroen Bosch Hospital, ’s-Hertogenbosch
(n = 234), Elisabeth Tweesteden Hospital, Tilburg (n = 50)].
Of these, 78 samples were from 64 patients who were previously
vaccinated with conjugated pneumococcal vaccine (Pn-C). Left-
over samples were stored at <-80°C and later retrieved from the
laboratory to perform 23-valent pneumococcal IgG assays. The
research project was granted ethical approval by the local medical
ethics committee and consent was obtained from all adults and
parents of the children.

Test Methods

The Clinical Reference Standard

The IgG antibodies against PnPS were measured on a Luminex
platform using a quantitative multiplex immunoassay including
cell wall polysaccharide (CPS) and 22F adsorption (15).
For the Jeroen Bosch Hospital, this serotype-specific assay
was performed in the Department of Medical Immunology,
University Medical Center Utrecht, the Netherlands. Titers were
assessed against eleven serotypes (1, 3, 4, 5, 6B, 7F 9V, 14,
18C, 19E, 23F) until February 2014, and thereafter against nine
serotypes (6B, 8, 9V, 14, 15B, 19F 20, 23F 33F). For the
Elisabeth Tweesteden Hospital, this assay was performed in the
St. Antonius Hospital, Nieuwegein, the Netherlands. In this
laboratory, titers were assessed against thirteen serotypes (1, 3,
4,5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F); in a subset of these
samples (n = 132), 22 of the serotypes present in the 23-valent
IgG assay (all except 17F) were determined. For the interpretation
of PnPS serotype concentrations two different thresholds were
used: >0.35 and >1.0pg/ml (based on protection against
invasive infection and colonization, respectively) (10, 16-19).
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For both limits, sufficient levels were defined in vaccine-
naive patients as >7/11, >7/13, or >6/9 serotypes reaching
these concentrations (based on the reference values of the
respective laboratories). In 174/284 (61%) patients a blood
sample was drawn 4-8 weeks after intramuscular vaccination
with one dose of 23-valent PnPS vaccine (Pneumovax 23; Merck,
Sharp & Dohme BV, Haarlem, The Netherlands) containing
23 g purified type-specific capsular polysaccharide of 23
pneumococcal serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A,
11A, 12F 14, 15B, 17F 18C, 19E 19A, 20, 22F, 23F, and 33F;
Danish nomenclature). A positive response to PnPS vaccination
was defined according to the guidelines of the laboratory (20,
21). Briefly, a good response to PnPS vaccination was defined
by a post-immunization titer >1.0 pg/ml in >7/11, >7/13, or
>6/9 serotypes in patients not previously immunized with Pn-
C vaccine. In Pn-C pre-vaccinated patients, the serotypes not
present in the vaccine were evaluated (Utrecht; when vaccinated
with Pn-C7, serotypes 1, 3, 5, 7F; when vaccinated with Pn-C10,
serotypes 8, 15B, 20, 33F|Nieuwegein; when vaccinated with Pn-
C7, serotypes 1, 3, 5, 6A, 7F, 19A; when vaccinated with Pn-
C10, serotypes 3, 6A, 19A). According to the Utrecht laboratory’s
reference values, we corrected for age in these samples: for ages
4-6 years, an abnormal result was defined as <50% of serotypes
evaluated reaching an IgG titer of >1 pg/ml. For age >6 years,
an abnormal result was defined as <75% of serotypes evaluated
reaching an IgG titer of >1 pug/ml. According to the Nieuwegein
laboratory’s reference values, an abnormal result was defined as
<70% of serotypes evaluated reaching an IgG titer of >1 pg/ml
in those samples.

The Index Test

For the measurement of the 23-valent IgG titer, the VaccZyme™
anti-PCP IgG ELISA Kit (The Binding Site, Birmingham,
United Kingdom) with precoated microtiter plates was used
according to the manufacturer’s instructions (22, 23). Absorption
of interfering anti-cell wall polysaccharide (CPS) antibodies was
incorporated in this assay. The VaccZyme™ anti-PCP IgG assay
was performed in the Laboratory of Medical Microbiology and
Immunology at the Elisabeth Tweesteden Hospital (Tilburg,
the Netherlands).

Statistical Analysis

Data were analyzed using SPSS 24.0 software for Mac. Differences
in measurements were tested with t-test (Welch’s t-test when
the variances are unequal) and ANOVA. Separate analyses
were performed for patients previously immunized with Pn-C.
Correlation between the 23-valent IgG titer and the sum of the
serotype-specific antibody titers in the same sample was assessed
with the intraclass correlation coefficient (ICC). The strength of
the relationship for the ICC coefficient r was classified as follows:
03 <r < 0.5 “poor; 0.5 < r < 0.75 “moderate,” 0.75 < r <
0.9 “good” and 0.9 < r < 1.0 “excellent” (24). To determine
whether a random 23-valent IgG titer could predict that >7/11,
>7/13, or >6/9 (vaccine-naive patients) vs. >2-3/4, >2/3, or
>4/6 (Pn-C pre-vaccinated patients) serotypes were above the
two different cut-off levels (>0.35 or >1.0 pg/ml) in the same
sample, receiver operating characteristics (ROC) curves were

plotted and the area under the curves (AUCs) were calculated.
To determine whether the pre-, or 4-8 weeks post-immunization
23-valent IgG titer could predict if that patient would become a
good or poor responder to PnPS vaccination as assessed by the
serotype-specific assay, also for these variables ROC curves were
plotted and AUCs calculated. The best cut-off values were chosen
according to (1) the Youden index calculation, (2) the maximum
sensitivity for pre-immunization 23-valent IgG titers, and (3)
the maximum sensitivity and specificity for 4-8 weeks post-
immunization 23-valent IgG titers. For each identified cut-off
value, the positive and negative predictive values were calculated.
All tests were two-tailed and p-values <0.05 were considered to
be statistically significant.

RESULTS

Participants

127/284 (45%) patients were females, and the mean age at
inclusion was 36.3 years (range 1.1-89.7). In 54 patients, two or
more different samples were available, resulting in 348 samples
with paired serotype-specific and 23-valent pneumococcal
IgG titers available for analysis [78/348 (22%) samples from
patients previously immunized with Pn-C vaccine]. Of the 270
samples from patients not previously immunized with Pn-
C vaccine, 194 were pre-immunization samples, 38 were 4-
8 weeks post-immunization samples, and 38 were >8 weeks
post-immunization samples (mean duration after vaccination
33 months, range 15-70 months). Of the 78 samples from
patients previously immunized with Pn-C vaccine, 63 were pre-
immunization samples, 14 were 4-8 weeks post-immunization
samples, and 1 was a >8 weeks post-immunization sample
(28 months).

Test Results

In all samples taken together, a moderate correlation between the
sum of the individual PnPS serotypes and the 23-valent IgG titer
in the same sample was observed (ICC = 0.65, 95% CI = 0.57-
0.72, P < 0.0001; Figure 1A). The ICC did not improve when the
sum of a larger set of 22 individual PnPS serotypes was plotted
against the 23-valent IgG titer (available for 132 samples; ICC =
0.64, 95% CI = 0.49-0.75; Figure 1B).

Patients Not Previously Immunized With Conjugated
Pneumococcal Vaccine

First, all samples from patients not previously immunized
with conjugated pneumococcal vaccine were analyzed together,
irrespective of whether the patients had received PnPS-
vaccination. The 23-valent IgG titers were significantly higher
in samples with >7/11, >7/13, or >6/9 serotypes above both
the cut-off levels 0.35 and 1.0 pg/ml, respectively, compared to
samples with <7/11, <7/13, or <6/9 serotypes above these cut-
off levels (p < 0.0001 for both cut-off levels; Figure 2). A 23-
valent IgG titer could discriminate between samples with and
without >7/11, >7/13, or >6/9 serotypes above both the cut-
off values 0.35 and 1.0 pg/ml [ROC analysis; AUC 0.86 (95% CI
0.82-0.91) and 0.92 (95% CI 0.88-0.95), respectively; Figure 2,
Table 1]. Based on the calculation of the Youden index, the
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best threshold was a 23-valent IgG titer of <38.2g/ml for
the serotype-specific cut-off level of 0.35 and <54.2 pg/ml for
the cut-off level 1.0 wg/ml. However, neither of them achieved
estimates of both sensitivity and specificity >86% (Table 1).
Next, the pre- and 4-8 weeks post-immunization 23-valent
IgG measurements were compared with the serotype-specific

>
w

sum of the 9-13 serotypes (ug/ml)
sum of the 22 serotypes (ug/ml)

04 1 10 100 1000 T 1 10 100 1000
23-valent IgG itre (ug/ml) 23-valentlgG titre (ug/ml)

FIGURE 1 | Correlation between the 23-valent pneumococcal IgG titer and
the sum of the pneumococcal polysaccharide serotype titers determined in the
same sample (A: sum of 9-13 individual serotypes, 348 samples, ICC = 0.65,
95% Cl = 0.57-0.72, P < 0.0001; B: sum of 22 individual serotypes, 132
samples, ICC = 0.64, 95% Cl = 0.49-0.75).

PnPS vaccination response to perform a per patient analysis
(information available for 147 patients). This is clinically the
most interesting evaluation. Sixty (41%) patients were defined
as poor responders according to the serotype-specific assay. For
both 23-valent pre- and 4-8 weeks post-immunization titers
a significant difference was observed between good and poor
responders (p < 0.0001; Figure 3). The results of ROC curve
analyses of the 23-valent IgG assay performance vs. the serotype-
specific assay per patient are shown in Figure 3 and Table 2.
Because Cohen’s kappa was never better than moderate (<0.75),
this ruled out the use of the 23-valent IgG assay alone and
implicated the necessity of a stepwise approach. We wanted
to establish whether use of the 23-valent IgG assay alone
could reliably discriminate good responders, who do not need
any further diagnostic work-up, as well as poor responders,
whom we do not want to miss. We therefore favored a high
sensitivity for pre-immunization titers, and both high specificity
as well as high sensitivity for post-immunization titers. All
patients with a 23-valent pre-immunization titer >38.2 pg/ml
and/or post-immunization titer >96.1 pg/ml and none of the
patients with a post-immunization titer <38.5 pg/ml exhibited
a good response to PnPS vaccination (Table2B). Based on
these data, a stepwise approach was developed using both tests
(Figure 4). 24% (26/109) of patients had a pre-immunization
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FIGURE 2 | 23-Valent pneumococcal IgG titers (ug/ml) in samples with and samples without >7/11, >7/13, or >6/9 serotypes above the cut-off values of 0.35 pLg/ml
(A) and 1.0 ng/ml (B). P-values were calculated in an unpaired t-test. Receiver operating characteristic (ROC) curves of sensitivity vs. specificity of the 23-valent
pneumococcal IgG titer using two different cut-off levels for the serotype-specific assay (C).
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TABLE 1 | 23-Valent pneumococcal IgG titers compared to the serotype-specific assay in the same sample (0 = 270).

A. Estimated areas under the curve (AUCs) with their (95% CI) and p-values

AUC (95% CI) P-value Youden index Best-choice criterion according to:
Youden index calculation 100% Se 100% Sp
Cut-off >0.35 pg/ml 0.86 (0.82-0.91) <0.0001 0.55 <38.2 png/ml >188.5 pg/ml <16.1 pg/ml
Cut-off >1.0 ng/ml 0.92 (0.88-0.95) <0.0001 0.69 <54.2 ng/ml >188.5 pg/ml <36.8 ng/ml

B. Performance indicators and levels of agreement for the 23-valent pneumococcal IgG titers

Criterion Se (%) Sp (%) PPV (%) NPV (%) McNemar’s test Cohen’s kappa
p-value

Cut-off value 0.35 pg/ml

<38.22 79.3 (71.8-85.6) 75.8 (67.2-83.2) 79.3 (73.5-84.1) 75.2 (68.6-80.8) 1.000 0.55
Cut-off value 1.0 ng/ml
<54.28 83.3 (77.5-88.1) 85.7 (73.8-93.6) 95.6 (91.9-97.7) 59.1 (51.4-66.4) <0.0001 0.60

aSelected using the Youden index. All statistics are presented with the corresponding (95% Cl).
Cl, confidence interval; IgG, immunoglobulin G; NPV, negative predictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

A pre-immunization levels B post-immunization levels
P<0.0001 P<0.0001
150+ [ 1 600~ I 1
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E . E o
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FIGURE 3 | 23-Valent pneumococcal IgG titers (iug/ml) for good vs. poor responders, using the two indicated parameters in a per patient analysis: (A) 23-valent
pre-immunization IgG levels, (B) 23-valent post-immunization IgG levels in good- and poor responders to pneumococcal polysaccharide vaccination. P-values were
calculated in an unpaired t-test. Receiver operating characteristic (ROC) curves of sensitivity vs. specificity for the 23-valent pre- and 4-8 weeks post-immunization
levels vs. serotype-specific response to vaccination (C).

23-valent IgG level >38.2 ug/ml, 32% (12/38) of patients had  as pre-screen would have decreased costs in our general hospital
a post-immunization 23-valent IgG level < 38.5pg/ml; 37%  patient population from $46.00 down to $20.37 per patient (based
(14/38) of patients had a post-immunization 23-valent IgG level ~ on global average test prices of the 23-valent IgG assay of $5.30
>96.1 pg/ml (in four of these patients also a pre-immunization  per well, and of the serotype-specific assay of $46.00 per sample,
sample was available). A scenario using the 23-valent IgG assay ~ and on the assumption that all wells are used in the test run;
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TABLE 2 | 23-Valent pneumococcal IgG titers compared to serotype-specific response to pneumococcal vaccination in patients not previously immunized with

conjugated pneumococcal vaccine.

A. Estimated areas under the curve (AUCs) with their (95% CI) and p-values

AUC (95%Cl) P-value Youden index Best-choice criterion according to:
Youden index calculation 100% Se 100% Sp
Pre-immunization levels (n = 109) 0.84 (0.76-0.91) <0.0001 0.51 <22.4 pg/ml >38.2 ng/ml NC
4-8 weeks post-immunization levels (n = 38)  0.93 (0.85-1.00) <0.0001 0.71 <58.3 pg/ml >96.1 pg/ml <88.5 pg/ml
B. Performance indicators and levels of agreement for the 23-valent IgG titers
Criterion Se (%) Sp (%) PPV (%) NPV (%) McNemar’s test Cohen’s kappa
p-value
Pre-immunization titer (L g/ml)
<22.42 81.4 (66.6-91.6) 69.7 (57.2-80.4) 63.6 (54.2-72.2) 85.2 (75.1-91.6) 0.003 0.44
>38.2 100.0 (91.8-100.0) 39.9 (27.6-52.2) 48.2 (43.6-52.8) 100.0 <0.0001 0.34
4-8 weeks post-immunization titer (ug/ml)
<58.32 82.4 (56.6-96.2) 88.2 (63.6-98.5) 87.5 (64.8-96.4) 86.4 (69.2-94.7) 1.000 0.73
<38.5 70.6 (44.0-89.7) 100.0 (80.5-100.0) 100.0 80.8 (66.8-89.8) 0.063 0.73
>96.1 100.0 (80.5-100.0) 58.8 (32.9-81.6) 66.7 (53.5-77.7) 100.0 0.016 0.64

aSelected using the Youden index. The selected threshold’s performance is highlighted in bold font. All statistics are presented with the corresponding (95% ClI).
Cl, confidence interval; IgG, immunoglobulin G; NC, not calculated; NPV, negative predictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

calculation: (100 x 5.30 + 76 x 5.30 + 24 x 46.00)/100 =
20.37) (25).

Antibody levels against individual serotypes differed
considerably, with serotypes 14 and 19F being dominant in
most cases (Figure5). On average, antibodies to individual
serotypes contributed to the total 23-valent IgG titer ranging
from 1.1 to 7.6% in pre-immunization samples, and 1.1 to
14.7% in post-immunization samples. In pre-immunization
samples, serotype 14 contributed significantly more to the
23-valent IgG titer compared to serotypes 1, 3, 4, 5, 6A, 6B,
7, 9, 18C, and 23F (analysis of variance; F 5974, p =
<0.0001). In post-immunization samples, no overall dominant
serotype could be identified (analysis of variance; F = 1.291,
p = 0.20). In 19 pre-immunization and 4 post-immunization
samples, antibodies against a single serotype contributed
more than 50% to the 23-valent IgG titer, but only two of
those pre-immunization samples and none of those post-
immunization samples had a high 23-valent IgG titer (defined
as >38.2pg/ml pre-immunization and >96.1pg/ml post-
immunization, Supplementary Figure 1). In these two samples,
the pre-immunization sample where serotype 19F dominated
(73% of the 23-valent IgG titer), had 4/13 serotypes with a
concentration >0.35pg/ml and 2/13 serotypes >1.0pg/ml
A post-immunization sample was not available for this
patient, therefore it was not possible to classify this patient
as good or bad responder to PnPS vaccination. In the pre-
immunization sample where serotype 14 was dominant (84%
of the 23-valent IgG titer), an additional 7/9 serotypes had
concentrations above both cut-off levels 0.35 and 1.0 pg/ml
(this patient can be considered a good responder based on
natural exposure).

Patients Previously Immunized With Conjugated
Pneumococcal Vaccine
First, all samples from patients who were previously immunized
with conjugated pneumococcal vaccine were analyzed together
(n = 78), irrespective of whether the patients had received PnPS-
vaccination. The 23-valent IgG titers were higher in samples
with >2-3/4, >2/3, or >4/6 serotypes above both the cut-
off levels of 0.35 and 1.0 pg/ml, respectively, compared to the
samples with <2-3/4, <2/3, or <4/6 serotypes above these cut-
off levels (p = 0.013 for the cut-off level of 0.35 pug/ml, and p =
0.058 for the cut-off level of 1.0 jLg/ml; Supplementary Figure 2).
The 23-valent IgG titer could only fairly discriminate between
samples with and without >2-3/4, >2/3, or >4/6 serotypes
above both the cut-off values 0.35 and 1.0 pug/ml [ROC analysis;
AUC 0.77 (95% CI 0.66-0.88) and 0.80 (95% CI 0.67-0.92),
respectively; Supplementary Figure 1]. Based on the calculation
of the Youden index, the best threshold was a 23-valent I1gG
titer of <50.2pug/ml for the serotype-specific cut-off level of
0.35 pg/ml (sensitivity 76%, specificity 71%) and <58.4 pg/ml for
the cut-off level 1.0 wg/ml (sensitivity 77%, specificity 83%).
Next, the pre- and 4-8 weeks post-immunization 23-
valent IgG measurements were compared with the serotype-
specific PnPS vaccination response to perform a per patient
analysis (information available for 27 patients; 33% (26/78)
of patients were <4 years and therefore not yet tested
with PnPS vaccination). Eight (30%) patients were defined
as poor responders according to the serotype-specific assay.
For both 23-valent pre- and 4-8 weeks post-immunization
titers, there was no significant difference between good and
poor responders (pre-immunization titers: mean 43.8 ug/ml
vs. 43.0ug/ml, p = 0.584; post-immunization titers: mean
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Step 1 First-intention evaluation of pre-immunization 23-valent IgG titer

238.2 pg/ml

<38.2 ug/ml

Step 2 Evaluation of post-immunization 23-valent IgG titer

I <38.5 pug/ml || 38.5-96.1 pg/ml “ 296.1 pug/ml |

Step 3 Serotype-specific assay

| R . .

‘ Poor vaccine response ‘ Good vaccine response

FIGURE 4 | Decision tree using the 23-valent pre-immunization titer as a first-line test, 23-valent 4-8 weeks post-immunization titer as second-line test, and
serotype-specific assay for definitive assessment of response, if indicated. The cut-off levels were determined only on patients who were not previously immunized
with conjugated pneumococcal vaccine (see Results section and Figure 3).
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FIGURE 5 | Percentage that a serotype contributed to the 23-valent IgG titer in pre-immunization samples (A), and post-immunization samples (B) in Pn-C
vaccine-naive patients. Error bars represent mean percentages +95% Cl.
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1572 ug/ml vs. 148.0ug/ml, p = 0.401). Because too few
patients in our cohort were vaccinated with the 23-valent PnPS
vaccine, test performance statistics could not be performed on
these data.

DISCUSSION

We showed that a 23-valent IgG assay can be a reliable
screening test to predict good responders to PnPS-vaccination in
conjugated-vaccine-naive patients in the low pre-test probability
setting of a general hospital using our decision tree (Figure 4).
The 23-valent IgG assay is widely available and easy to interpret.
Implementing this procedure in general hospital care could lower
the threshold for timely detection of primary antibody deficiency
(PAD) by reducing the overall number of patient samples needing
serotype specific antibody measurement, thus reducing overall
costs. It is important to realize that recent studies focusing
on using this assay as a first-line test were used to screen for
poor responders to PnPS vaccination in highly selected patient
populations referred to tertiary immunodeficiency expert centers
(11, 12). Both approaches are valuable, but each should be used
in the appropriate setting only.

We found that a cut-off value of >38.2pug/ml in the pre-
PnPS-immunization 23-valent IgG assay could reliably predict
good responders in our cohort of conjugated-vaccine-naive
patients. This cut-off value is higher than the lower limit of
the normal range (10.0, 11.0, and 15.4 pg/ml), and just below
the means (41.0, 45.8, and 59.5 pg/ml) found in three previous
studies of healthy vaccine-naive adults using the same assay as
our study (13, 26, 27). A post-PnPS-immunization threshold
of <38.5 ug/ml yielded 100% specificity in conjugated-vaccine-
naive patients. This cut-off value is below the lower limit of
the normal range post-vaccination (50 and 77 pg/ml) found
in 2 studies of healthy unvaccinated adults using the same
assay as our study (28, 29), and similar to the cut-off value
(<40 pg/ml) used by the Utrecht group (12, 22). It is also lower
than found in a previous study by Lopez et al, were a 23-
valent IgG titer of <110 wg/ml yielded a specificity of 100% and
predicted 57% of the poor responders to PnPS vaccination (11).
However, our data are not easily comparable to those of Lopez
et al, as different sets and numbers of serotypes were tested
in the serotype-specific assay, the criteria to define a deficient
response were different, and most important, they investigated
a highly selected patient population of which 75% was diagnosed
with a humoral immunodeficiency. In contrast, good responders
predominated in our general population cohort. This again
emphasizes the importance of fitting the screening approach to
the appropriate setting.

The performance of the 23-valent IgG assay was better in
post-immunization 23-valent IgG sera (AUC 0.93) than in pre-
immunization sera (AUC 0.84), which is consistent with previous
studies (11, 27, 30).

In Pn-C pre-vaccinated patients, both pre- and post-23-valent
IgG titers were similar in good and poor responders. This is in
agreement with previous studies, in which it has been shown
that the 23-valent IgG assay could not discriminate between

good and poor responders to PnPS-vaccination in Pn-C pre-
vaccinated patients (12, 31). Since a majority of childhood
vaccination programs now include Pn-C vaccination, and a 20-
valent conjugated vaccine is currently investigated with the intent
to broaden global protection against pneumococcal disease, the
future value of the 23-valent IgG assay as screening method
for SPAD will probably become limited. Recent results show
promising results for the measurement of the Typhim Vi
IgG response as a diagnostic tool for assessing polysaccharide
production in Pn-C pre-vaccinated patients (32).

The WHO recommended assay for measuring serotype-
specific PnPS antibodies is by ELISA. A growing number of
clinical laboratories, including ours, now are using multiplex
bead technology for this purpose. The correlation between the
two types of assays is good, although there can be variation in the
absolute concentrations measured. It has been evaluated whether
this variation would affect response classification of patients
when using paired clinical sera (33). It was concluded that despite
variation in absolute values of pneumococcal antibodies, the
overall classification of the pneumococcal immune status of the
patient was remarkably similar between assays (33, 34). In a
recent publication it has been suggested to adjust multiplex cut-
off values of selected polysaccharides to improve agreement level
with WHO ELISA (35).

Our study has several limitations. First, a high 23-valent IgG
titer corresponding with a good PnPS vaccination response by
the serotype-specific assay may nevertheless not be protective
because the antibody has low avidity or low opsonophagocytic
activity. However, there are currently no accepted clinical
criteria regarding normal PnPS-vaccination response based on
measurements other than serotype-specific PnPS concentration
(3). For future studies, it would be interesting to compare the
23-valent IgG assay with functional opsonophagocytosis assays.
Second, the modest correlation between the 23-valent IgG titer
and the sum of individual PnPS serotypes may be explained by
the use of serotype-specific results expressed as “higher than” (for
example >10 pg/ml). Determination of the exact concentration
by titration of the sera, which has not been performed in this
study, may result in a better agreement between both assays.
It has long been recognized that the 23-valent IgG assay is of
limited value in patients where isolated, elevated serotype titers
are responsible for a high 23-valent IgG titer. While this may be
true for selected patient cohorts, in a general patient population,
such as ours, this turns out not to be the case. In only few samples
(19/270 pre-immunization and 4/38 post-immunization), an
isolated serotype contributed more than 50% to the 23-valent IgG
titer, and a high 23-valent IgG titer was never present in the four
post-immunization samples and only in 2/19 pre-immunization
samples. Unfortunately, these two patients were not vaccinated,
so it cannot be excluded that they could be incorrectly classified
as “expected to be a good responder” by our decision tree. Last,
it should be pointed out that in our per patient analysis, post-
immunization samples obtained >8 weeks after vaccination were
excluded. The number of those samples was too low to perform a
meaningful comparison.

In conclusion, this is the first study evaluating the application
of the 23-valent IgG VaccZyme™ anti-PCP IgG ELISA Kit for
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predicting good responders to PnPS-vaccination in a general
hospital patient population setting. We showed that this assay
can be a first screening test in Pn-C vaccine-naive patients to
determine which patients in a general hospital setting do not
need serotype-specific testing. This can reduce the number of
PnC vaccine-naive patients needing PnPS serotyping in the low
pre-test probability setting of a general hospital, thus lowering
the threshold for testing for suspected PAD while simultaneously
reducing overall costs.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by METC Brabant. Written informed consent to
participate in this study was provided by the participants or their
legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

L], MH, and EV designed the study and wrote the manuscript.
MH and EV acquired the data. L] carried out the statistical

REFERENCES

1. Orange JS, Ballow M, Stiehm ER, Ballas ZK, Chinen J, De La Morena
M, et al. Use and interpretation of diagnostic vaccination in primary
immunodeficiency: a working group report of the Basic and Clinical
Immunology Interest Section of the American Academy of Allergy,
Asthma & Immunology. ] Allergy Clin Immunol. (2012) 130:S1-24.
doi: 10.1016/j.jaci.2012.07.002

2. Perez E, Bonilla FA, Orange JS, Ballow M. Corrigendum: Specific Antibody
Deficiency: Controversies in Diagnosis and Management. Front Immunol.
(2018) 9:450. doi: 10.3389/fimmu.2018.00450

3. Perez E, Bonilla FA, Orange JS, Ballow M. Specific antibody deficiency:
controversies in diagnosis and management. Front Immunol. (2017) 8:586.
doi: 10.3389/fimmu.2017.00586

4. Bonilla FA, Khan DA, Ballas ZK, Chinen J, Frank MM, Hsu JT, et al. Practice
parameter for the diagnosis and management of primary immunodeficiency.
J Allergy Clin Immunol. (2015) 136:1178-86. doi: 10.1016/j.jaci.2015.04.049

5. de Vries E. Patient-centred screening for primary immunodeficiency, a multi-
stage diagnostic protocol designed for non-immunologists: 2011 update. Clin
Exp Immunol. (2012) 167:108-19. doi: 10.1111/j.1365-2249.2011.04461.x

6. Daly TM, Hill HR. Use and clinical interpretation of pneumococcal antibody
measurements in the evaluation of humoral immune function. Clin Vaccine
Immunol. (2015) 22:148-52. doi: 10.1128/CVI1.00735-14

7. Borgers H, Moens L, Picard C, Jeurissen A, Raes M, Sauer K, et al.
Laboratory diagnosis of specific antibody deficiency to pneumococcal capsular
polysaccharide antigens by multiplexed bead assay. Clin Immunol. (2010)
134:198-205. doi: 10.1016/j.clim.2009.10.006

8. Balloch A, Licciardi P V, Tang MLK. Serotype-specific anti-pneumococcal
IgG and immune competence: critical differences in interpretation criteria
when different methods are used. J Clin Immunol. (2013) 33:335-41.
doi: 10.1007/s10875-012-9806-9

9. Hare ND, Smith BJ, Ballas ZK. Antibody response to pneumococcal

vaccination as a function of preimmunization titer. ] Allergy

analyses. GR helped with the interpretation of the data. J-LM, AL,
and GR reviewed the results and contributed to the final version
of the manuscript.

FUNDING

The Care Path in ’s-Hertogenbosch where part of these sera
were collected was financially supported by unrestricted research
grants from CSL Behring, Breda, the Netherlands and Sanquin,
Amsterdam, the Netherlands.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02496/full#supplementary-material

Supplementary Figure 1 | Titers of serotypes that contributed >50% to the
23-valent IgG titer plotted against the 23-valent IgG titer in the same sample.
Lines are drawn at the cut-off values as previously calculated (38.2 j.g/ml for
pre-immunization samples; 38.5 and 96.1 pg/ml for post-immunization samples).

Supplementary Figure 2 | 23-Valent pneumococcal IgG titers (Lg/ml) in samples
with and samples without >2-3/4, >2/3, or >4/6 serotypes above the cut-off
values of 0.35 wg/ml (A) and 1.0 wg/ml (B). P-values were calculated in an
unpaired t-test. Receiver operating characteristic (ROC) curves of sensitivity vs.
specificity of the 23-valent pneumococcal IgG titer using two different cut-off
levels for the serotype-specific assay (C).

Clin Immunol. (2009) 123:195-200. doi: 10.1016/j.jaci.2008.
09.021
10. Balmer P, Cant AJ, Borrow R. Anti-pneumococcal antibody titre

measurement: what useful information does it yield? J Clin Pathol. (2007)
60:345-50. doi: 10.1136/jcp.2006.041210

11. Lopez B, Bahuaud M, Fieschi C, Mehlal S, Jeljeli M, Rogeau S, et al.
Value of the overall pneumococcal polysaccharide response in the diagnosis
of primary humoral immunodeficiencies. Front Immunol. (2017) 8:1862.
doi: 10.3389/fimmu.2017.01862

12. Janssen WJM, Bloem AC, Vellekoop P, Driessen GJ, Boes M, van
Montfrans JM. Measurement of pneumococcal polysaccharide vaccine
responses for immunodeficiency diagnostics: combined IgG responses
compared to serotype specific IgG responses. ] Clin Immunol. (2014) 34:3-6.
doi: 10.1007/s10875-013-9925-y

13. Schauer U, Stemberg F, Rieger CHL, Buttner W, Borte M, Schubert
S, et al. Levels of antibodies specific to tetanus toxoid, Haemophilus
influenzae type b, and pneumococcal capsular polysaccharide in
healthy children and adults. Clin Diagn Lab Immunol. (2003) 10:202-7.
doi: 10.1128/CDLI.10.2.202-207.2003

14. Janssen LMA, Bassett P, Macken T, van Esch J, Pruijt H, Knoops A, et al. Mild
hypogammaglobulinemia can be a serious condition. Front Immunol. (2018)
9:2384. doi: 10.3389/fimmu.2018.02384

15. Pickering JW, Martins TB, Greer RW, Schroder MC, Astill ME, Litwin CM,
et al. A multiplexed fluorescent microsphere immunoassay for antibodies to
pneumococcal capsular polysaccharides. Am J Clin Pathol. (2002) 117:589-96.
doi: 10.1309/LMCH-C4Q2-VFL9-3T1A

16. Sanders LA, Rijkers GT, Kuis W, Tenbergen-Meekes AJ, de Graeff-
Meeder BR, Hiemstra I, et al. Defective antipneumococcal polysaccharide
antibody response in children with recurrent respiratory tract infections.
J Allergy Clin Immunol. (1993) 91:110-9. doi: 10.1016/0091-6749(93)9
0303-W

17. Siber GR, Chang I, Baker S, Fernsten P, O’Brien KL, Santosham M,
et al. Estimating the protective concentration of anti-pneumococcal

Frontiers in Immunology | www.frontiersin.org

November 2019 | Volume 10 | Article 2496


https://www.frontiersin.org/articles/10.3389/fimmu.2019.02496/full#supplementary-material
https://doi.org/10.1016/j.jaci.2012.07.002
https://doi.org/10.3389/fimmu.2018.00450
https://doi.org/10.3389/fimmu.2017.00586
https://doi.org/10.1016/j.jaci.2015.04.049
https://doi.org/10.1111/j.1365-2249.2011.04461.x
https://doi.org/10.1128/CVI.00735-14
https://doi.org/10.1016/j.clim.2009.10.006
https://doi.org/10.1007/s10875-012-9806-9
https://doi.org/10.1016/j.jaci.2008.09.021
https://doi.org/10.1136/jcp.2006.041210
https://doi.org/10.3389/fimmu.2017.01862
https://doi.org/10.1007/s10875-013-9925-y
https://doi.org/10.1128/CDLI.10.2.202-207.2003
https://doi.org/10.3389/fimmu.2018.02384
https://doi.org/10.1309/LMCH-C4Q2-VFL9-3T1A
https://doi.org/10.1016/0091-6749(93)90303-W
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Janssen et al.

Decision Tree Using 23-Valent Pneumococcal-IgG-Assay

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

capsular  polysaccharide antibodies.  Vaccine.  (2007)  25:3816-26.
doi: 10.1016/j.vaccine.2007.01.119

TRS R. Recommendations to Assure the Quality, Safety and Efficacy of
Pneumococcal Conjugate Vaccines Replacement. Geneva: World Health
Organization (2009).

K, Sorensen RU. Assessment and clinical interpretation of
polysaccharide antibody responses. Ann Allergy Asthma Immunol. (2007)
99:462-4. doi: 10.1016/S1081-1206(10)60572-8

Meek BA, Roos AJ, van Houte AMEC. Bepaling Antistoffen Tegen
Pneumokokken  Polysachariden-Luminex. St.  Antonius
Ziekenhuis (2014).

Laboratorium Translationele Immunologie. Richtlijn Interpretatie van
Uitslagen van Respons op Pneumokokken Vaccinaties. Utrecht (2016).

The Binding Site Group Ltd. VaccZyme™ Anti-PCP IgG Enzyme
Immunoassay Kit For in-vitro Diagnostic Use Product code: MKO0I2.
Birmingham (2014). p. 12-4.

Wernette CM, Frasch CE, Madore D, Carlone G, Goldblatt D, Plikaytis B, et al.
Enzyme-linked immunosorbent assay for quantitation of human antibodies
to pneumococcal polysaccharides. Clin Diagn Lab Immunol. (2003) 10:514-9.
doi: 10.1128/CDLI.10.4.514-519.2003

Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation
coefficients for reliability research. J Chiropr Med. (2016) 15:155-63.
doi: 10.1016/j,jcm.2016.02.012

Ltd TBSG. Could VaccZyme PCP IgG ELISA be a cost effective pre-screen to
PCP serotyping? Poster. (2016).

Stead A, Douglas JG, Broadfoot CJ, Kaminski ER, Herriot R. Humoral
immunity and bronchiectasis. Clin Exp Immunol. (2002) 130:325-30.
doi: 10.1046/j.1365-2249.2002.01974.x

Rose MA, Buess ], Ventur Y, Zielen S, Herrmann E, Schulze J, et al.
Reference ranges and cutoff levels of pneumococcal antibody global serum
assays (IgG and IgG2) and specific antibodies in healthy children and
adults. Med Microbiol Immunol. (2013) 202:285-94. doi: 10.1007/s00430-013-
0292-3

Parker AR, Park MA, Harding S, Abraham RS. The total IgM,
IgA and IgG antibody responses to pneumococcal polysaccharide
vaccination (Pneumovax(R)23) in a healthy adult population and patients
diagnosed with primary immunodeficiencies. Vaccine. (2019) 37:1350-5.
doi: 10.1016/j.vaccine.2019.01.035

Chua I, Lagos M, Charalambous BM, Workman S, Chee R, Grimbacher

Paris

Nieuwegein:

additional benefit to therapeutic management over total serum IgG.
] Allergy Clin Immunol. (2011) 127:1410-1. doi: 10.1016/jjaci.2011.
01.035

Rubins JB, Alter M, Loch J, Janoff EN. Determination of antibody responses
of elderly adults to all 23 capsular polysaccharides after pneumococcal
vaccination. Infect Immun. (1999) 67:5979-84.

Lakshman R, Gennery AR, Arkwright PD, Flood T, Abinun M, Spickett
G, et al. Assessing immune responses to pneumococcal vaccines. Arch Dis
Childhood. (2003) 88:648-9. doi: 10.1136/adc.88.7.648

Guevara-Hoyer K, Gil C, Parker AR, Williams L], Orte C, Rodriguez de la Pena
A, et al. Measurement of typhim Vi IgG as a diagnostic tool to determine anti-
polysaccharide antibody production deficiency in children. Front Immunol.
(2019) 10:654. doi: 10.3389/fimmu.2019.00654

Zhang X, Simmerman K, Yen-Lieberman B, Daly TM. Impact of analytical
variability on clinical interpretation of multiplex pneumococcal serology
assays. Clin Vaccine Immunol. (2013) 20:957-61. doi: 10.1128/CV1.00223-13
Daly TM, Pickering JW, Zhang X, Prince HE, Hill HR. Multilaboratory
assessment of threshold versus fold-change algorithms for minimizing
analytical variability in multiplexed pneumococcal IgG measurements. Clin
Vaccine Immunol. (2014) 21:982-8. doi: 10.1128/CV1.00235-14

Tan CY, Immermann FW, Sebastian S, Pride MW, Pavliakova D,
Belanger KA, et al. Evaluation of a validated luminex-based multiplex
immunoassay for measuring immunoglobulin G antibodies in serum
to pneumococcal capsular polysaccharides. mSphere. (2018) 3:¢00127-18.
doi: 10.1128/mSphere.00127-18

30.

31.

32.

33.

34.

35.

Conflict of Interest: VaccZyme™ Anti-PCP human IgG ELISA kits were donated
by the Binding Site Group Ltd., Birmingham, UK. Binding Site Group Ltd. had no
role in the experimental design nor the analysis and interpretation of the data.

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Janssen, Heron, Murk, Leenders, Rijkers and de Vries. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic

B. Pathogen-specific IgG antibody levels in immunodeficient practice. No use, distribution or reproduction is permitted which does not comply
patients receiving immunoglobulin replacement do not provide with these terms.
Frontiers in Immunology | www.frontiersin.org 10 November 2019 | Volume 10 | Article 2496


https://doi.org/10.1016/j.vaccine.2007.01.119
https://doi.org/10.1016/S1081-1206(10)60572-8
https://doi.org/10.1128/CDLI.10.4.514-519.2003
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1046/j.1365-2249.2002.01974.x
https://doi.org/10.1007/s00430-013-0292-3
https://doi.org/10.1016/j.vaccine.2019.01.035
https://doi.org/10.1016/j.jaci.2011.01.035
https://doi.org/10.1136/adc.88.7.648
https://doi.org/10.3389/fimmu.2019.00654
https://doi.org/10.1128/CVI.00223-13
https://doi.org/10.1128/CVI.00235-14
https://doi.org/10.1128/mSphere.00127-18
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Focusing on Good Responders to Pneumococcal Polysaccharide Vaccination in General Hospital Patients Suspected for Immunodeficiency. A Decision Tree Based on the 23-Valent Pneumococcal IgG Assay
	Introduction
	Materials and Methods
	Study Design
	Test Methods
	The Clinical Reference Standard
	The Index Test

	Statistical Analysis

	Results
	Participants
	Test Results
	Patients Not Previously Immunized With Conjugated Pneumococcal Vaccine
	Patients Previously Immunized With Conjugated Pneumococcal Vaccine


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


