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ABSTRACT

Pertussis toxin (PT) is a unique virulence factor of Bordetella pertussis, and therefore a key component of acellular
pertussis vaccines. Although immunity after infection seems to persist longer than after vaccination, the exact
mechanisms are not fully known. In this study the overall binding strength (avidity) of anti-PT IgG antibodies was
compared after acellular booster vaccination and infection, as a parameter to evaluate long-lasting protection.

Danish and Finnish serum samples from a total of 134 serologically confirmed patients and 112 children who received
acellular booster vaccines were included in this study. The concentration of anti-PT IgG was first determined by ELISA,
followed by two separate ELISAs to evaluate antibody avidity: either with a dilution series of urea as a bond-breaking
agent of antibody and antigen binding and a constant anti-PT IgG concentration between the samples or with a
constant dilution ratio of sera and detergent. In addition to urea, the use of diethylamine and ammonium
thiocyanate as disruptive agents were first compared between each other.

A strong Spearman correlation (R > 0.801) was noted between avidity and concentration of anti-PT IgG antibodies if a
constant serum dilution method was used, and avidity was noted to be higher in patients in comparison to vaccinees in
Denmark, but not in Finland. However, no correlation between antibody concentration and avidity was found if a
constant anti-PT 1gG concentration was used (R=-0.157). With this method, avidity after vaccination was
significantly higher in comparison to that after infection in both Danish and Finnish subjects (p < 0.01). A shorter time
since the latest booster vaccination was found to affect avidity positively on the next PT-antigen exposure with either

vaccination or infection.
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Introduction

Primary and booster immunizations with acellular
pertussis vaccines (aP), containing pertussis toxin
(PT), pertactin, filamentous hemagglutinin, and
fimbriae, are commonly used for protection against
pertussis disease by the bacterium Bordetella pertussis.
Despite a high vaccination coverage, B. pertussis still
causes disease among children and adults [1,2], and
worrisomely, pertussis incidence has increased in
recent years, particularly in older children, adoles-
cents, and adults [2-5]. The lack of defined and appro-
priate immune correlates for protection has been a
challenge when evaluating the protective efficacy of
the next-generation aPs [6,7]. Thus far, studies with
aPs illustrate that serological correlates against pertus-
sis toxin, pertactin, and fimbrial antigens contribute to
the protection against pertussis infection [7,8]. How-
ever, the different functions of antibodies such as neu-
tralization of bacterial antigens or prevention of
bacterial binding to epithelial cells may still be inferior

after vaccination in comparison to after natural infec-
tion [6]. Although antibody concentrations decline
rapidly over time after immunization, the duration
of humoral immunity after vaccination seems at
least as long as after infection at 2-6 years [9,10],
whereas cell-mediated immunity is maintained for
several years [11-13].

After antigen exposure, either by vaccination or
infection, the humoral immune response to a specific
antigen consists of the maturation of the quantity and
quality of antibodies over time [14,15]. In terms of
quality, parameters such as affinity/avidity mainly
measure the binding strength of antigen-specific anti-
bodies which thereby determine the efficiency of the
circulating antibodies [16]. This may act as a correlate
for long-term immunity [17,18] and protection
against pertussis [19]. Avidity maturation evolves as
an antigen-driven selection process [20,21] within
the germinal centres [22,23], and as a result of somatic
hypermutation [24] leads to the progressive selection
of high-affinity antibodies [25-28]. Thus, avidity
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maturation may serve as a surrogate marker for mem-
ory priming and clonal selection of high-affinity mem-
ory B cells [25,26], and a high avidity would
potentially indicate individuals who are primed for
long-lasting memory [25].

Avidity index (AI) is commonly used to character-
ize the functionality of antibodies based on the pro-
portion of strong binding of antibodies to an antigen
after treating the antibodies in chaotropic solutions.
Generally, by ELISAs, a constant dilution or a titrated
sample is incubated, and the formed complexes are
exposed to single concentrations of the chaotropic
agent. Alternatively, a fixed concentration of anti-
bodies is incubated with increasing concentrations of
the chaotropic agent [29,30]. In the field of pertussis,
most studies have focused on investigating avidity
from vaccination measured in anti-PT IgG antibodies.
These studies claim that avidity towards PT increases
after vaccination [15,19,27], which is affected by the
previous priming by either aP or whole-cell vaccines
[31], and that avidity declines alongside overall anti-
PT IgG concentration over time since primary vacci-
nation [32]. In regards to infection, a study by
Barkoff et al. demonstrated that similar to aP boosting,
a sharp increase in avidity can be observed between
the first and second sera of culture-confirmed patients,
and a study by Hovingh et al. demonstrated that the
attained avidity remains high after the symptomatic
phase up to years after recovery [19,33]. Yet a princi-
pal question remains whether vaccination-induced
antibodies are as good as those from infection regard-
ing avidity. And if they are not, does this hamper the
full capability of vaccines to protect against the
disease?

Hence, a thorough comparison of antibody avidity
between different exposure backgrounds may aid in
the development of future vaccines as more precise
correlates of protection. It has been suggested that
studies of vaccine efficacy should incorporate analyses
of avidity [34,35]. However, in the literature, there is
large heterogeneity in the experimental methods for
the determination of avidity, thereby raising questions
on the most appropriate procedures. Furthermore, a
practical limitation on the used methodology may
occur when assessing samples with high total antibody
concentrations, as significant decreases in antibody
binding cannot be seen reliably [29].

In Finland, aP vaccine containing a glutaraldehyde-
detoxified PT (Pentavac®, Sanofi Pasteur MSD,
France) was used from 2005 to 2008, and Infanrix®
(GlaxoSmithKline, Belgium) containing formal-
dehyde-detoxified PT was used from 2009 to 2019
for primary immunizations. In Denmark, a vaccine
containing only hydrogen peroxide-detoxified PT
was used since 1997 until 2019 (DiTeKiPol or DiTeKi-
Pol/Act-Hib, previously Statens Serum Institut, now
AJ Vaccines). In both countries, children receive a

booster dose at 4-5 years of age, and in Finland, an
additional booster is given at 14 years of age. During
the acellular vaccine era, the number of pertussis
cases has also varied between the two countries as
shown in Figure 1.

We aimed to specifically study if overall anti-PT
IgG titers affect avidity with two methodological
approaches, and to show whether avidity varies
between infected and vaccinated individuals in two
countries with different vaccines and pertussis inci-
dence history.

Materials and methods
Study samples

Table 1 chosen for this study were selected to have at
least 25 TU mL™' of anti-PT IgG-antibodies. Five
different categories of sera were analyzed, three from
Denmark and two from Finland. The study included
sera from Danish adolescents with confirmed pertussis
by serology (DK-P) [36], who were vaccinated in
childhood with the Danish PT-only aP vaccines
(DiTeKiPol/Act-Hib and DiTeKiPol, Statens Serum
Institut / AJ Vaccines) at the schedule 3m + 5m +
12m + 5y, sera from Danish children, who had
recently received their third primary dose of PT-only
aP vaccine (DiTeKiPol/Act-Hib) at the age of 1
(DK-1), and sera from Danish children who had
recently received a booster dose of the PT-only vaccine
(DiTeKiPol) at the age of 5 years (DK-5). From Fin-
land, sera from serologically diagnosed pertussis
patients (from the period 2015-2016, based on IgA
and IgM antibody concentrations to sonicated
B. pertussis bacteria [37] in combination with anti-
PT IgG antibody concentrations) (F-P), and sera
from Finnish children from a vaccination cohort
(“BERT”) who had received a booster dose of
Tdap3-IPV vaccine (BoostrixTM-IPV - GlaxoS-
mithKline (GSK), Wavre, Belgium), and whose sera
were collected one month after vaccination (F-8/15)
[38]. All sera in this study were stored either at —20
or —70°C and their anti-PT IgG antibodies were
measured with standardized ELISA at the Finnish
National Reference Laboratory for Pertussis as pre-
viously described [19,39].

Study approval

The regional research ethics committee in Denmark
did not require discrete approval for the use of Dan-
ish sera for this study. The BERT clinical study was
registered at the European Clinical Trials register
under the study number: 2016-003678-42 and
approved by the medical research ethics committee
of Turku University Hospital (ETMK Dnro: 129/
1800/2017). Parents or legal guardians of minor
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Figure 1. Laboratory confirmed notification rates of pertussis in Denmark (Blue) and Finland (Orange) during the acellular vac-

cination era.

participants provided written informed consent. The
study was designed and conducted in compliance
with the principles of the Declaration of Helsinki
(1996). For the use of Finnish patient samples, per-
mission was granted by the Ethics Committee of
the Hospital District of Southwest Finland by the
chief of the operative group of Turku University
Hospital (Decision 14/17 MBG).

Avidity assay optimization

The concentration of antibodies in the sample, as well
as of detergent, was addressed for optimization. The
assays were performed as described in the next chap-
ter: “Avidity assays.” A strong correlation was noted
between avidity and antibody concentrations when
seven serum samples, selected from Finnish patients
and vaccinees, with varying initial anti-PT IgG con-
centrations were diluted in series with urea, diethyla-
mine (DEA), and ammonium thiocyanate (Figure 2).
Based on the dilution series, avidity remained
unchanged in the samples at a limit below 0.25 TU
mL™" corresponding to 0.025 anti-PT IgG IU per
well with urea and DEA, but with ammonium thiocya-
nate, such a limit could not be defined with the used
dilution series. The serum concentration of 0.025 IU
per well was selected for the following experiments

Table 1. Study subjects.

since smaller amounts might occasionally result in
too diluted samples, which in return led to very low
differences between detergent and PBS wells, resulting
in high avidity values. Urea was selected as the deter-
gent for the final assay based on good linearity and
replication.

Avidity assays

The avidity of serum antibodies was determined by
ELISA [19]: First, 96-well plates (Greiner Microlon,
art. No. 655061, Frickenhausen, Germany) were
coated overnight with 200 ng of purified native PT
(GlaxoSmithKline, Belgium) in 100 uL of PBS (pH
7.4). After the wells were washed once with 0.9%
NaCl-0.05% Tween (Sigma P-1379, St. Louis, USA)
washing buffer, the plates were blocked with 1%
BSA-PBS (cat no 810033; MP Biomedicals, Solon,
Ohio, USA) for one hour at 37°C. Next, after three
washes, the serum samples were diluted either by a
constant 1:50 dilution or to match a fixed concen-
tration of 0.025 IU per well of anti-PT IgG in 100 pL
of 1% BSA-PBS, the diluted sera were then added in
duplicate wells and incubated for two hours at 37°C.
Blank samples (1% BSA-PBS and PBS) and anti-PT
IgG negative and positive controls from in-house
serum sample pools with known concentrations of

Age, years (median, Sex Anti-PT IgG, IU mL~" (median, Days since last vaccination (median,

Group N range) (F/M) range) range)
Danish children, primary vaccine 20 1.5 (1.1-2.1) 7/13 47 (25-252) 158 (15-413)

(DK-1)
Danish children, booster vaccine 34 5.7 (5.0-6.9) 18/16 113 (30-559) 174 (10-677)

(DK-5)
Danish patients (DK-P) 39 13.5 (10.2-18.9) 21/18 257 (43-769) 3262 (5-13 years)
Finnish children, booster vaccine* 58 11.1 (8.5-15.8) 29/29 226 (25-1432) 28 (26-30)

(F-8/15)
Finnish patients (F-P) 95 13.5 (3-66.5) 13/13** 202 (26-1041) not available

* From a clinical pertussis booster study of BERT conducted in Finland [38].

** Data available from 26 participants.
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Figure 2. Seven samples (marked with individual colours) with varying anti-PT IgG concentrations were tested in a dilution series
with different detergents for avidity: (a) 6.5 M urea, (b) T M ammonium thiocyanate and (c) 30 mM DEA. The nonlinear curve fit
(dashed grey line) of the samples was plotted with Origin, V. 2016 (OriginLab Corporation, Northampton, MA, USA.)

anti-PT IgG antibodies were included on each test
plate and were used to adjust for inter-assay vari-
ation. After washing the plates thrice, half of the
wells were treated with 100 pl of either 2-8 M urea,
30 mM DEA or 1 M ammonium thiocyanate in a
constant or a dilution series of a detergent, and the
other half with PBS for 15 min. Similar ranges of
detergents are widely used in the literature
[19,27,29,31-33,40-45]. Wells were washed thrice,
and goat anti-human IgG conjugate (AP124, Merck,
Espoo, Finland) was then diluted 1:2000 in 100 pl
of BSA-PBS and incubated for one hour at 37°C.
Last, after three washes, 100 pL of p-Nitrophenylpho-
sphatase substrate (cat no S0942, Sigma, Helsinki,
Finland) in diethanolamine-MgCl,-buffer (Reagena,
cat no 170057, Toivala, Finland) was incubated and
covered from light for six minutes before the reaction
was stopped with 100 ul of 3 M NaOH. Absorbance
was measured at 405 nm with Victor X4 device (Per-
kinElmer, Turku, Finland). The avidity index was
defined as the ratio of absorbance of the sample trea-
ted in detergent divided by the absorbance of the
sample in a PBS well from background reduced
signals.
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Statistics

Al values were analyzed using IBM SPSS statistics 27.0
software for Windows (IBM Corp., Armonk, NY,
USA). Al values over 100% were converted to
100.0% for data analysis. The differences in means
between the groups were tested with ANOVA or Stu-
dent’s t-test, and two-sided p-values less than 0.05
were considered statistically significant. The corre-
lation of AI to the overall anti-PT IgG IU mL™" con-
centrations was calculated with the Spearman
correlation coefficient.

Results

Avidity dependency on overall antibody
concentrations

The binding strength of anti-PT antibodies induced
after infection and acellular vaccination was assessed
with ELISA using disrupting detergents as a chaotro-
pic agent. A constant 1:50 dilution ratio of serum
samples and DEA as the detergent lead to a high cor-
relation between anti-PT IgG concentrations and
avidity (Spearman R=0.801 and 0.804 among the

100 0 O@ED G @ 00 ) o <)
o ) o
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QO o o0
80 o
o
O F-8/15
107 ? o F-p
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60
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Figure 3. A high correlation between anti-PT IgG and avidity, measured with a constant 1:50 dilution of serum together with
30 mM DEA, was observed across samples from (a) recently vaccinated Danish children, age of 1-2 years (DK-1), and 5-6
years (DK-5), as well as pertussis patients (DK-P) (N =10, 25, 38 respectively), and (b) recently vaccinated Finnish children, age
of 8-15 years (F-8/15), and pertussis patients (F-P) (N =42 and 42) were tested. Only samples with higher than 50 IU mL™!
anti-PT IgG were included in this test and analysis. R represents Spearman correlation.



Danish and Finnish study samples, respectively)
(Figure 3). The level of avidity (Figure 4) (and overall
anti-PT IgG, Table 1) were significantly higher among
the Danish patients in comparison to Danish vacci-
nation groups (p <0.01), however, no difference in
avidity or anti-PT IgG was noticed between the Fin-
nish groups of patients and vaccinees (Figure 4,
Table 1). A similar outcome in avidity was also
found with 6.5 M urea instead of DEA with the Fin-
nish samples (R =0.79, data not shown). Due to the
noted high correlation between avidity and overall
concentrations of anti-PT IgG, these conflicting obser-
vations could be due to differences in anti-PT IgG
concentrations between the groups (Table 1). If the
study cases were separated into two groups based on
a threshold of 100 international units per mL (IU
mL™") anti-PT IgG, the avidities were significantly
higher in each of the >100 IU mL™" groups.

Avidity assays with a fixed antibody
concentration and dilution series of detergent

The Danish study samples were tested in the presence
of five dilutions of urea ranging between 2 and 8 M
(Figure 5). Diluting to a fixed anti-PT IgG concen-
tration resulted in a normal distribution of data for
all groups (Shapiro-Wilkins p>0.05). The inter-
assay variation was evaluated to be 10.9% using the
Danish samples on duplicate runs. There was no cor-
relation between avidity and anti-PT IgG concen-
trations (R=-0.157), and if the signals of the
control wells with PBS were considered (which acts

X X
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as a reference to the overall amount of bound anti-
bodies to PT), there were no differences between the
study groups. With lower urea concentrations at 2-
3.5 M, there were no differences in avidity-index
between the groups, whereas with higher concen-
trations DK-1 and DK-5 groups had higher avidities
in comparison to DK-P (p <0.01) (Figure 5). The
DK-1 group had slightly higher avidities in compari-
son to the DK-5 group. Similar to the Danish study
groups, the F-8/15 group had higher avidity with 8M
urea than F-P (Figure 5). Within DK-P, those adoles-
cents who had been vaccinated within 5-8 years before
the infection had statistically significantly higher avid-
ity across 3.5-8 M urea concentrations in comparison
to those adolescents who had been vaccinated 9-13
years before infection (p <0.01) (Figure 6), although
they had similar anti-PT IgG concentrations (p=
0.710). This difference between vaccination history
was not observed with a constant dilution method
(p=0.827) since high anti-PT IgG concentrations in
this cohort lead to nearly a stagnant >90% avidity
response in these participants. A negative correlation
was found with the Danish vaccination samples
between avidity and the time since the latest vacci-
nation across all urea concentrations (range of Spear-
man R: [—0.336 to —0.284], p < 0.05).

Discussion

Studies with immunoassay-based methods have
shown that anti-PT avidity correlates with antibody
concentrations [19,27,41,42]. However, at times, it

XX
100
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Avidity index (%)

60
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40

DK-1 DK-5

DK-P F-p F-8/15

Figure 4. Avidity of anti-PT IgG antibodies was tested by using 30 mM DEA with a constant 1:50 dilution of serum from recently
vaccinated Danish children, age of 1-2 years (DK-1), and 5-6 years (DK-5), as well as pertussis patients (DK-P) (N =10, 25, 38
respectively), and recently vaccinated Finnish children, age of 8-15 (F-8/15), and pertussis patients (F-P) (N =42 and 42). Only
samples with higher than 50 IU mL™" anti-PT IgG were included in this analysis. Significance by the two-tailed ANOVA for inde-
pendent samples comparing each study population within countries is indicated as**p < 0.01. The box plots demonstrate the
median, quartile range, and 1.5 times the quartile range of inhibition of the study groups. O = values exceeding 1.5 times the

interquartile range.
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Figure 5. The cumulative distribution of avidity index values of the recently vaccinated Danish children, age of 1-2 (DK-1, black
line), and 5-6 (DK-5, blue line) as well as pertussis patients (DK-P, red line) (N = 20, 34, 39 respectively), (Table 1) across different
urea concentrations: a) 2 M b) 3.5 M ¢) 5 M d) 6.5 M e) 8 M. Finnish children, age of 8-15 (F-8/15), and pertussis patients (F-P)
(N =58 and 95, respectively) (Table 1) were measured with 8 M urea (f). Significance by ANOVA is indicated between the groups

as **p-value < 0.01, *p-value < 0.05.

can be challenging to evaluate avidity due to a very low
quantity of antibodies or due to a low difference in
antibody concentrations [15,19,32,43]. Problemati-
cally, such issues are often left unreported. There are
a variety of models to present avidity data ranging
from avidity index values, IC50-values (based on
either a detergent or a serum dilution series) [29,44],
Al thresholds (40-60%) [27], and combinatory models

227 °

207

187

Avidity index (%)

14

127

10+ ©

T T

5-8 years 9-13 years

Figure 6. The avidity index of the Danish patients was
measured with 8 M urea. Adolescents who had been more
recently vaccinated (within 5-8 years, N = 20) had significantly
higher avidity (t-test, p <0.01) in comparison to vaccination
after 9-13 years (N=19). The box plots demonstrate the
median, quartile range, and 1.5 times the quartile range of
avidity. O = values exceeding 1.5 times the interquartile range.

which aim to fractionate respective avidity pro-
portions across detergent ranges or to account for
overall antibody IgG titers [46,47]. Since Al is affected
by detergent and its concentrations (Figure 5) [29],
incubation time, and temperature [15] it is challenging
to define arbitrary cutoffs for interpreting high or low
antibody avidity [48]. These experimental conditions
may further influence the measurements as much as
different clinical backgrounds [49], genetics or other
environmental factors [38,50]. The variety of data
analysis models and assay designs makes it particularly
challenging to make consistent conclusions across
previous studies. Arguably, the most reliable avidity
assays would utilize both dilution series of samples
and detergent, to assess these two important par-
ameters for each study population. However, this is
reagent, sample, and time-consuming. The approach
of detergent dilution series is, at least for now, essen-
tial to visualize the whole spectrum of antibodies, as
we yet lack the knowledge of a clinically relevant con-
centration of avidity for protection [6,7,46,47].
Inevitably, initial antibody concentrations and thus
sample selection may and will influence the clinically
relevant conclusions regarding avidity, which was
also demonstrated by the presented data. Hypotheti-
cally, the same sample should have the same avidity
regardless of antibody amount, as the proportion of
strong-weak antibodies is always the same. However,
surprisingly, contradictory conclusions on avidity
were made solely based on the variation of the initial
concentrations of antibodies; based on a constant
dilution rate of serum, vaccination-induced antibodies
were, at the same time, inferior or equal in avidity in
comparison to infection (Figure 4). The high overall
amount of antibodies on a capture surface affected
the ability of a detergent to interfere with binding,



with the surface oversaturating with only strong bind-
ing antibodies, roughly with titers higher than 200 TU
mL~" (Figure 3), and this concern has also been high-
lighted by others [15,29]. On the contrary, with a
lower concentration of antibodies, detergents seem
to interfere more effectively leading to higher individ-
ual variation of avidity. Therefore, an approach with a
fixed serum concentration [30,51,52] and with a wide
range of detergent concentrations was developed in
this study. After diluting the sample to the point,
where all antigen-specific antibodies with varying
affinities within a sample have space to bind on the
capture surface, from this immunologic equilibrium,
avidity can be reliably evaluated. This was defined as
the lowest point of the linear region of the antibody
dilution curve (Figure 2). Urea’s ability to intervene
with binding was optimal in the range of 5-8 M to sep-
arate patient and vaccine backgrounds. Nevertheless,
urea at 3.5 M concentration also demonstrated a
high range of variation in avidity and may therefore
be useful in other study populations. Concentrations
below 3.5 M and above 8 M urea were too polarizing
to avidity either way, and any differences between
groups were lost. It may be possible to constitute
more accurate ranges of detergent concentrations
(and even single concentrations) to be tested in the
future in respective study populations. Nevertheless,
a wide range of detergent concentrations is necessary
to categorize avidity responses accurately.

With a fixed amount of antibodies between the
samples, among both Danish and Finnish samples,
the vaccinated children had higher antibody avidity
to PT than pertussis patients within a wide range of
urea concentrations (Figure 5). Based on previous
studies, repeated vaccine doses with a high amount
of PT should produce high antibody avidity
[15,19,27]. Yet, all patients have very likely received
vaccinations in their childhood, and therefore yet
another re-exposure to PT should lead to a strong
avidity if any immunological memory remains. One
explanation lies in the difference of age between the
groups, or rather in the timing of the latest vacci-
nation: avidity was the highest in DK-1 (third dose
of primary vaccination within 6 months), the second
highest within DK-5 (four years from priming), then
F-8/15 (4-10 years since latest booster), and finally
DK-P with (5-13 years since boosting). A similar
age trend was noted by Fumimoto et al [42]. Likewise,
within DK-P the highest avidities were in general
noted among the younger and thereafter more
recently vaccinated subjects. The slight differences
between the two countries are possibly reflected
upon differences in the vaccines [53]. Although age
in general affects the overall capability of antibody
maturation [21,24,50,54], our results instead highlight
the significance of multiple vaccination doses and the
time since vaccination (or reoccurring exposure in
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general) to avidity, despite lower antibody titers
induced by vaccination in young children (Table 1)
[45,55,56]. This finding is similar to those observed
with anti-PT antibodies [57], anti-PT neutralizing
antibodies [58], and PT-related memory B-cells [59],
studies which demonstrated that existing memory
increased the immune response after vaccination to
PT.

The sampling time of vaccinated subjects was well-
defined in the study, whereas the timing of serologi-
cally diagnosed patients’ sampling may highly vary
from weeks to possibly even years after the actual
infection. Unfortunately, no data regarding vacci-
nation history were available for most of the Finnish
patients to further confirm the effect of the recency
of vaccination on avidity response upon infection.
Preferably, patient samples with a diagnosis either by
PCR or culture would be more suited for future
studies, as these will be at a similar stage in the course
of the infection. Reassuringly though, the finding by
Hovingh et al. [33] (with a fixed serum concentration
avidity method) demonstrated that avidity remained
unchanged from symptomatic infection to years
after recovery. Although the sample selection was
restricted in our study to samples with higher than
25 IU mL™" anti-PT IgG, no doubt lower concen-
trations could be tested However, with samples con-
taining very low antibodies (less than 5 TU mL™"),
the non-specific binding from the high amount of
overall sera to be included may interfere with the
assay [15]. Of note, measuring low antibody concen-
trations does not pose significant relevancy for recent
clinical pertussis infections, as the recommended diag-
nostic cut-off of anti-PT IgG antibodies is 100 TU ml ™"
[60]. Arguably, we have aimed to reduce the effect of
overall anti-PT antibody concentrations on avidity,
but still, bias might exist as a straight-dilution assay
is not always accurate. Nevertheless, reassuringly the
fixed serum concentration led to normally distributed
data within all the study groups.

In conclusion, inconsiderately chosen methods for
avidity measurements combined with the diversity of
initial antibody concentrations can on their own
have a very high influence on the outcome and claims
of clinically relevant observations regarding antibody
avidity. With the fixed serum concentration approach,
together with a wide detergent concentration range,
the effects of different initial antibody concentrations
of samples could be nullified, and thus ease the
interpretation and comparisons between future
studies. With this approach, recent vaccination was
found to produce a higher avidity response in com-
parison to pertussis infection, demonstrating the capa-
bility of acellular vaccines in this regard to produce
efficient antibodies. Importantly, this finding does
not rule out that infection still induced a lot of anti-
bodies (Table 1) with overall high avidity (Figure 3).
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A shorter period from the latest previous childhood
acellular booster vaccination was noted to positively
affect the avidity responses at the next PT-antigen
exposure whether via vaccination or infection, which
may reflect the effectiveness of vaccination-induced
protection over time. This study thus provides evi-
dence to evaluate avidity antibody response also at
other vaccine and infection studies. Studies that pro-
vide a connection between other antibody character-
istics and a sufficient, justified, and long-lasting
concentration of avidity regarding protection against
the disease are needed for future vaccination develop-
ment to ensure the quality of the induced antibodies.
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