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Background: Interpretation of the responses to the pneumococcal polysaccharide vaccine
(Pneumovax®23, PPV) has proven challenging. In addition, there are few studies documenting the long-
evity of these responses.

Methods: The age-specific PPV IgM, IgA, IgG and IgG2 concentrations were determined pre, 4-6 weeks
and 6 years post-vaccination in the serum of Prevnar®-naive adults using VaccZyme™ pneumococcal cap-
sular polysaccharide ELISAs.

gﬁﬁfﬂgﬂ;x Results: The median pre-vaccination concentrations were; PPV IgM 53 U/mL (5-95% CI: 16-169 U/mL),
Pneumococcal IgA 23 U/mL (6-103 U/mL), IgG 41 mg/L (10-184 U/mL) and IgG2 18 mg/L (3-95 U/mL). 4-6 weeks
PPV post-vaccination there was a median 6-fold (5-95% CI: 2-24) increase in PPV IgM (median 315 U/mL
Normal (5-95% CI: 60-1133 U/mL), 18-fold (4-74) increase in IgA (369 U/mL (78-1802 U/mL)), 9-fold (2-19)
IgA increase in IgG (375 mg/L (77-1238 mg/L)) and 8-fold (1-20) increase in IgG2 (141 mg/L (25-573 mg/
IgM L)). This was significant for all isotypes in all age ranges (p < 0.0001). Six years post-vaccination median
IgG PPV concentrations were; IgM 54 U/mL (17-128), IgA 85 U/mL (19-279), IgG 148 mg/L (30-997) and

IgG2 57 mg/L (9-437). The median concentrations for all ages 6 years post-vaccination were significantly
elevated compared to the pre-vaccination titres for PPV IgA, IgG and IgG2 isotypes only. The PPV IgM and
IgA responses were influenced by age. At 6 years post vaccination, in individuals with normal PPV IgG, 34
individuals had PPV IgM and/or IgA concentrations below the lower limit of the healthy adult ranges. We
also used the healthy adult reference ranges developed in this study to assess a cohort of primary immun-
odeficiency (PID) patients.
Conclusion: These ranges will help to provide a framework for assessment and definition of normal
response to PPV, which will facilitate clinical interpretation of a deficient polysaccharide response in
those suspected of antibody deficiency.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Interpretation of the pneumococcal polysaccharide vaccine
(PPV, Pneumovax®23) antibody concentrations and antibody long-
evity post-vaccination has proven challenging and to date there are
few studies reporting the responses in a healthy adult population.
The definition of a normal response, and the development of nor-
mal concentration ranges for PPV IgG antibodies have been prob-
lematic as immunisation with the protein-conjugate vaccine
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(Prevnar®) complicates interpretation [1]. In addition, responses
can differ greatly for the individual 23 serotypes and may also vary
with age [2]. Since the IgM, IgA, IgG and IgG2 responses to PPV are
important tools for aiding in the diagnosis and monitoring of indi-
viduals with a compromised adaptive immune system [1,3-7], and
given that the responses can be variable in heterogeneous immun-
odeficiencies it is essential that concentration ranges and
responses in healthy populations are established and defined.
Measurement of pneumococcal antibodies can be achieved with
measurement of a cumulative antibody response to all 23 sero-
types, or with the measurement of individual serotype-specific
antibodies [8-13]. Measurement of total pneumococcal antibodies
in response to PPV may have some advantages over serotype
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analysis as there are standardized commercial assays available that
are widely used. Interpretation may be simpler and it has been pro-
posed that such a measurement may be a useful screening tool for
patients being evaluated for a humoral immunodeficiency, reflex-
ing to serotype-specific analysis when needed [1,14]. In addition
to measurement of the IgG isotype, measurement of pneumococcal
IgM, IgA and IgG2 can be achieved by commercially available ELISA
kits [4,15-17].

In the present study, we aimed to define the PPV IgM, IgA, IgG
and I1gG2 concentration ranges and responses to PPV pre-
vaccination and at 4-6 weeks and 6 years post-vaccination in 100
Prevnar-naive adults.

2. Materials and Methods
2.1. Volunteer inclusion criteria

Healthy subjects were eligible to participate in the study if they
met all of the following inclusion criteria: male or female adults
aged 18 years or older on the date of vaccination or after physician
evaluation, able to return for 2 follow-up visits (4-6 weeks and
6 years post-vaccination) and willing to comply with study guide-
lines and requirements. Additionally, these healthy adult donors
were screened to determine lack of recurrent infections and
inflammation at the time of vaccination, and were free of pneumo-
coccal infection in the period 4 weeks to 6 year post-vaccination.

2.2. Exclusion criteria

Subjects were ineligible to participate in this study if they met
any of the following exclusion criteria:

(1) Previous vaccination with any licensed or experimental
pneumococcal vaccine prior to commencement of the study.

(2) Contraindication for vaccination with PPV.

(3) History of severe adverse reactions associated with a vaccine
or vaccine component.

(4) Pregnancy or plans to be pregnant within 3 months of start-
ing the study.

(5) If the patient was ever diagnosed with an immune deficiency
or immune suppression, defined as presence of one or more
of the following conditions:

(a) Previous or current diagnosis of an immunodeficiency
(primary or secondary).

b) Previous or current diagnosis of autoimmune disease

c) Previous or current diagnosis of malignancies

d) Previous or current diagnosis of diabetes.

e) Current diagnosis of active infection such as pneumonia,

otitis media, HIV or other significant viral infection etc.

(f) Previous or current diagnosis of renal disease such as
nephritis or nephrotic syndrome.

(g) Previous or current diagnosis
enteropathy.

(6) On any form of systemic, and sustained immunosuppression.
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2.3. Healthy adult volunteer sample selection

100 normal healthy adult volunteers were initially recruited
into the study between 2008 and 2010, with 77 of these meeting
the above defined inclusion and exclusion criteria (40 males and
37 females; median age 44 years, range 22-66). All individuals
were vaccinated with Pneumovax®23 (25ug per serotype/0.5 mL)
at the Mayo Clinic, Rochester, Minnesota, USA and were required
to complete a health-related questionnaire. Samples were

collected pre-vaccination, 4-6 weeks post-vaccination and 6 years
post-vaccination and stored at —80 °C.

Samples were available from 67 individuals for all three time
points and from 77 individuals for the pre-vaccination and 4-
6 weeks post-vaccination time points only.

2.4. Primary immunodeficiency (PID) patients

Data were obtained from 102 patients (median age 41 years,
range 18-74) diagnosed with primary antibody deficiency at the
Mayo Clinic, Rochester, Minnesota, USA (Common Variable
Immunodeficiency, (CVID) n = 37; CVID with granulomatous lym-
phocytic interstitial lung disease (GLILD) n=21; unclassified PID
n =39; X-linked agammaglobulinemia (XLA), n=5). All patients
were vaccinated with PPV and samples taken within 2 years of
vaccination.

2.5. Ethics

Sample collection was approved by the Mayo Clinic Institu-
tional Review Board with external collaboration with The Binding
Site Group. All participants provided written informed consent.

2.6. Measurement of PPV antigen-specific antibodies

Commercially available ELISA kits (VaccZyme™ pneumococcal
capsular polysaccharide ELISAs, The Binding Site Group Limited,
UK) were used to measure PPV IgM, IgA, IgG and IgG2 according
to the manufacturer’s instructions. All four ELISAs employ the
use of C-polysaccharide absorption to improve the specificity of
pneumococcal antibody detection. The data obtained was stratified
by age. Median values and 5-95% confidence intervals (5-95% CI)
were calculated to establish the healthy adult concentration ranges
for each age group. Cut-offs used in this study were the lower limit
of the normal range (LLNR) and the median values (see Table 1).
The LLNR was determined by calculating the 5th percentile of the
PPV IgG, IgG2, IgM and IgA antibody concentrations in the 77
healthy volunteers 4-6 weeks post-vaccination.

2.7. Statistical analysis

Index of Individuality (II) was calculated using the following
formula (CV;/CV;) where CV; is the within subject biological varia-
tion and CVg the between subject biological variation. Shapiro-
Wilks, Kruskal-Wallis, Fishers exact test, and Mann Whitney U
tests were performed using Graphpad Prism software. A p < 0.05
was considered statistically significant.

3. Results
3.1. Total PPV responses in a healthy adult population

The PPV IgM, IgA, IgG and IgG2 concentrations pre-vaccination,
and in response to PPV vaccination in the healthy adult population
4-6 weeks and 6 years post-vaccination are shown in Table 1. The
LLNR was determined from the 4-6 week post-vaccination concen-
trations (PPV IgG 77 mg/L, PPV IgG2 25 mg/L, PPV IgA 78 U/mL and
PPV IgM 60 U/mL). The increase in concentrations between pre-
and 4-6 weeks post-vaccination were significant for all
immunoglobulins. The median concentrations of PPV IgA, IgG and
[gG2 but not IgM were significantly higher than the pre-
vaccination concentration at 6 years post-vaccination. The Indices
of Individuality (I) for PPV IgM, IgA, IgG and IgG2 are shown in
Supplementary Table 1. IgA had the largest I and IgG2 the lowest,
with the II for all specific responses to PPV > 1.0.
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Table 1

The PPV IgM, IgA, IgG and IgG2 concentrations pre vaccination, at 4-6 weeks and 6 years post PPV-vaccination in a healthy adult population.

Adult median antibody concentrations and fold increase in concentrations pre/post-vaccination (5-95% CI)

Pre-vaccination 4-6 weeks post-vaccination

6 years post-vaccination

Median Concentration Median Concentration P value' Fold Increase Median Concentration P valuef Fold Increase
(5-95% CI) (5-95% CI) (5-95% CI) (5-95% CI) (5-95% CI)
Sample number 77 77 67
PPV IgM (U/mL) 3 (16-169) 315 (60-1133) <0.0001 6 (2-24) 54 (17-128) 0.85 1(1-2)
PPV IgA (U/mL) 23 (6-103) 369 (78-1802) <0.0001 18 (4-74) 85 (19-279) <0.0001 3(1-19)
PPV IgG (mg/L) 41 (10-184) 375 (77-1238) <0.0001 9 (2-19) 148 (30-997) <0.0001 4(1-12)
PPV IgG2 (mg/L) 18 (3-95) 141 (25-573) <0.0001 8 (1-20) 57 (9-437) <0.0001 4(1-11)

f P value is for the appropriate post vaccination concentration relative to the pre vaccination concentration.

3.2. Age-specific pneumococcal responses in a normal adult population

The age-specific responses to PPV are shown in Fig. 1 and Tables
2 and 3. The median increase in concentration between pre- and
4-6 weeks post-vaccination were significant for all ages and all
immunoglobulins (p < 0.0001-0.0002). The median concentrations
of PPV IgA, IgG and IgG2 were significantly higher at 6 years post-
vaccination than at pre-vaccination for all ages (p = 0.0002-0.04)
but not for PPV IgM (p = 0.1-0.8).

The IgM and IgA responses were influenced by age. The IgM
concentrations at pre-vaccination and 4-6 weeks post-
vaccination (p=0.002 and p=0.0003 respectively) and the IgA
concentrations 4-6 weeks post-vaccination (p = 0.005) decreased
with increasing age. Age did not influence the IgG or IgG2 response.

3.3. Correlation of pneumococcal responses in a healthy adult
population

Correlations between the total immunoglobulins and PPV
responses are shown in Supplementary Table 2. The median
1000
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concentrations highly correlated between PPV IgG and PPV IgA
(p=0.001 and p=0.006, Supplementary Table 3, respectively)
but not between PPV IgM and PPV IgA (p=0.13 and p = 0.06) or
between PPV IgM and PPV IgG (p = 0.19 and 0.11) (Supplementary
Table 3).

3.4. Longitudinal assessment of PPV IgA and IgM in individuals with
normal PPV IgG post-vaccination

PPV IgM, IgA and IgG2 responses were assessed in individuals
with PPV IgG greater than the LLNR (>77 mg/L) post-vaccination
(Fig. 2). At 4-6 weeks post vaccination, 74/77 individuals had
PPV IgG > 77 mg/L. In those individuals 2, 1 and 2 individuals had
PPV IgM, IgA and IgG2 concentrations < LLNR. At 6 years post-
vaccination, 51/67 individuals had PPV IgG > 77 mg/L. Of these
27,18 and 0 had PPV IgM, IgA and IgG2 concentrations < LLNR. A
total of 34 individuals had PPV IgG concentrations above the LLNR
but PPV IgM and/or IgA concentrations below the LLNR 6 years
post-vaccination.

(B) 10000

PPV IgA (U/mL)
l-D]1
A
S
HI—

Ll Ll Ll T T T T T Ll Ll Ll Ll Ll L) T

PO P DO DD P D OPD PSS
P 5 3 5

P ro° s Y S '15" S @so

Pre 4—6 weeks post 6 years post

10000

C

1000

1

PPV IgG2 (mg/L)
S

il

T T T T L) T T T
PORDE DD DD E DS DS
‘ﬂ"‘;“&“ﬁ“b“'ﬂ"bbbp(v?%“"ﬂ’ Qh“‘)“
II ]
1

6 years post

Pre 4-6 weeks post

Fig. 1. Age-stratified concentrations of PPV (A) IgM, (B) IgA, (C) IgG and (D) IgG2. Specific antibody concentrations were defined in a healthy adult population vaccinated
with PPV at pre-vaccination and 4-6 weeks and 6 years post-PPV. Box and Whisker plots show median concentrations, interquartile range and minimum/maximum values.
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The age specific PPV IgM, IgA, IgG and IgG2 concentrations pre-vaccination and 4-6 weeks and 6 years post PPV-vaccination in a healthy adult population.
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3.5. Use of healthy adult reference ranges to assess a cohort of PID
patients

We used the reference ranges to compare the pneumococcal
responses in 102 patients diagnosed with a PID (Fig. 3). The per-
centage of non-responders were high for PPV IgM and IgA but
lower for PPV IgG and IgG2 (78% vs 88% vs 63% vs 49%, P < 0.0001).

4. Discussion

Current guidelines recommend measurement of PPV IgG only
for the assessment of polysaccharide antibody production in indi-
viduals suspected of antibody deficiency. The IgG responses to
PPV are complicated due to the success of Prevnar. Additionally,
knowledge of antibody decrease post-vaccination per unit time
in a healthy adult population is lacking. Such information is
required to set the threshold for interpretation of the antibody
response to PPV. In the present study, we report age-specific con-
centration reference ranges and responses for PPV IgM, IgA, IgG
and IgG2 pre-vaccination, 4-6 weeks post-vaccination and 6 years
post-vaccination in a population of healthy adults.

Recent data suggests that additional measurement of PPV IgM
and IgA may provide identification of those individuals who have
a persistent antibody deficiency, as well as those most at risk of
infection [4,5,7,18,19] suggesting the utility and value of a multi-
isotypic approach to defining a deficient antibody response. The
purpose of this study was to assess the antibody response to PPV
in a healthy adult age-defined population at 4-6 weeks and 6 years
post vaccination. The pre-vaccination concentrations for all four
immunoglobulins were comparable, where reported, to previous
publications [13,16,20]. However, Cavaliere et al. reported that
the pre-vaccination PPV IgM and IgA concentrations in several
CVID patients were lower than the LLNR reported in this study
(PPV IgM 35U/mL vs 60 U/mL, PPV IgA 46.7 U/mL vs 78 U/mL
respectively) [4]. In addition, Chua et al. and Janssen et al. [1,15]
also reported several antibody deficiency patients with a post-
vaccination PPV IgG concentration <40 mg/L. Their results
together with data presented in this study suggest pre-
vaccination concentrations below the LLNR may be a useful base-
line screen for identifying an antigen-specific antibody deficiency.

Adult age-specific reference ranges for the increase in concen-
tration from pre- to post-vaccination, and the final concentrations
post-vaccination for all PPV immunoglobulins were developed.
There was at least a two-fold increase in PPV IgG concentration
post-vaccination, which is supportive of previous studies suggest-
ing a 2-4 fold increase for the assessment of antibody deficiency
[6,21]. Post-vaccination antibody concentration is a correlate of
protection as it is statistically associated with vaccine-induced pro-
tection [22,23]. Achievement of a post-vaccination antibody con-
centration is important irrespective of magnitude of response,
and for IgG, the LLNR or correlate of protection in the normal adult
population was 77 mg/L. This is higher than previously defined by
Chua et al. (50 mg/L determined from the geometric mean of two
studies of healthy unvaccinated adults) [15].

The reference ranges developed in this study were used to
assess a cohort of PID patients. The percentage of non-responders
was higher for PPV IgM and IgA compared to PPV IgG and IgG2.
The responders for PPV IgM and IgA were almost exclusively in
individuals diagnosed with PIDs other than CVID and XLA. This
association could not be statistically validated due to small num-
bers in some patient groups, but it would be interesting to explore
this association further in a larger population. Responders for PPV
IgG and IgG2 were a mixture representing all four groups of PID
patients. It is important to note, that this was a retrospective anal-
ysis, and did not account for the fact that several patients in each
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The age specific fold increases in concentrations from pre-vaccination to 4-6 weeks and 6 years post PPV-vaccination for PPV IgM, IgA, IgG and IgG2 in a normal healthy adult

population.

Median fold increase in concentrations pre/post vaccination (5-95% CI)

4-6 weeks post-vaccination

6 years post-vaccination

Age ranges (years) ~ 22-29 30-39 40-49 50-59 60-66 22-29 30-39 40-49 50-59 60-66
Sample number 11 18 17 15 16 7 16 15 13 16
PPV IgM (U/mL) 3 (2-25) 8 (2-23) 6 (1-35) 5(2-23)  4(1-39) 0.8(0.3-2) 09(0.6-2) 09(0.7-2) 1(0.7-2) 1(0.9-4)
PPV IgA (U/mL) 21(15-65) 19(3-86)  15(4-177)  20(1-67) 14(3-73) 4(2-7) 3(0.9-20)  2(1-18) 3(0.7-17)  4(1-21)
PPV IgG (mg/L) 9 (2-51) 8(0.7-17) 11(05-22) 10(1-22)  8(2-19) 4(2-11) 4(1-10) 3(0.8-23) 2(06-12)  3(0.9-38)
PPV IgG2 (mg/L) 10 (2-51) 7(08-17) 10(0.5-28) 9(1-17) 8 (2-20) 4(2-11) 4(0.9-8) 3(0.8-25) 2(0.6-10)  3(0.9-43)
60- The pneumococcal responses for all four immunoglobulins did
”z‘ not correlate with their total respective immunoglobulins, whereas
4 the concordance between PPV IgA and PPV IgG were significant.
v 401 Using LLNR or median concentrations as a cut-off, PPV IgG did
[ not always predict PPV IgM.
% The intra-subject variation (CV;) for PPV IgM, IgA, IgG and IgG2
£ 207 was higher than the inter-subject variation (CV¢) leading to high
5 indices of individuality (II). The high I was driven by the concen-
= P— R tration variation that exists between pre, 4-6 weeks and 6 years
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Fig. 2. Percentage of healthy individuals with normal PPV IgG that had low
concentrations of PPV IgG2, IgM or IgA at 4-6 weeks and 6 years post-
vaccination. In individuals with normal PPV IgG (>77 mg/L), the percentage of
individuals with antibody concentrations below the LLNR for PPV IgG2, IgM or IgA
was calculated at 4-6 weeks and 6 years post-vaccination.

group may have received immunoglobulin replacement, which can
confound interpretation of the antibody data.

Previous studies have reported influence of age on the response
to pneumococcal vaccination. Park and Nahm, and Ademokun et al.
[24,25] reported that older adults (>65 years) had lower PPV IgM
and IgA in response to PPV compared to younger adults. In addi-
tion, adults (>55years of age) vaccinated with PPV failed to
demonstrate a decrease in the risk of pneumonia (reviewed in
[26]). In this study the PPV IgM and IgA responses, but not the
PPV IgG responses were influenced by age. With increasing age
the pre-vaccination concentration of PPV IgM antibodies
decreased, and at post-vaccination time points (4-6 weeks, and
6 years) the concentrations of both PPV IgM and IgA decreased.
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post-vaccination.

A major topic of debate has been the expected rate of decrease
of antibody concentrations post-vaccination. Definition of an
expected rate would allow identification of those who fail to main-
tain production post-vaccination as an indicator of antibody defi-
ciency. Moschese and colleagues identified the failure to
maintain pneumococcal IgM, IgA and IgG concentrations post-
vaccination in a child diagnosed with unclassified hypogamma-
globulinemia [5]. We identified a significant number of individuals
who retain a concentration of PPV IgA, IgG and IgG2 antibodies
within the age-specific ranges developed at 4-6 weeks. A high per-
centage of individuals, however, had PPV IgM concentrations
below the age-specific ranges developed at 4-6 weeks post-
vaccination. The number of individuals with a PPV IgG concentra-
tion within the normal adult ranges and PPV IgM and/or IgA less
than LLNR was 4% 4-6 weeks post-vaccination and increased to
67% 6 years post-vaccination.

Using the responses to PPV, antibody-deficient patients may be
stratified according to their risk of infection. Hanitsh and col-
leagues reported that 13/28 hypogammaglobulinemia patients
had pneumococcal responses for IgM, IgA and IgG below the lower
limit of normal recorded in this study. Those with no detectable
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Fig. 3. Measurement of PPV IgM, IgA, IgG and IgG2 concentrations 4-6 weeks post-vaccination in PID patients. The concentrations are plotted for each of 102 PID
patients. The dotted line in each graph is the LLNR for each specification. Black circles, CVID patients; green circles, CVID-GLILD patients; red circles, other PID and blue circles,

XLA patients.
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IgM or IgA responses had a higher percentage of pneumonia and
sinusitis [18]. Cavaliere et al., identified four phenotypes with
response to IgA and IgM in CVID patients receiving antibody
replacement therapy. Using data derived from this study, a signif-
icant proportion of patients would have had IgM and IgA concen-
trations below the normal ranges, and correspondingly, a higher
proportion with pneumonia and bronchiectasis [4].

In conclusion, we report the development of age-specific refer-
ence ranges for PPV IgM, IgA, IgG and IgG2 in a healthy adult pop-
ulation at pre, 4-6 weeks and 6 years post PPV-vaccination. These
ranges are useful in defining what constitutes a normal response to
PPV, with the intention of facilitating clinical classification of
patients who may have a global humoral immunodeficiency, or
impaired antigen-specific antibody responses. This study high-
lights the relevance of assessing more than IgG-specific antibody
response to pneumococcal polysaccharide, and provides a practical
framework for evaluating multiple immunoglobulin isotypes to
better define the antibody response and deficiency to a specific
vaccine.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at
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