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Abstract For the acellular pertussis vaccine with a high immunogenicity, the concentration, com-
position and characteristics of acellular pertussis antigens are the crucial points to be considered.
Nevertheless, it has not been proved yet whether or not the polymerization degree, one of the
characteristics of formalin-detoxified acellular pertussis antigens, has an influence on vaccine po-
tency. Thus, in the present study, the correlations among detoxification conditions of acellular per-
tussis bulks, their polymerization degrees and their immunogenicities were examined. In addi-
tion, the relative importance of pertussis toxoid in vaccine immunogenicity was also investigated.
Results show that a lower lysine concentration during detoxification induces highly-polymerized
antigens, the immunogenicity has a great dependency on the polymerization degree of antigens,
and also pertussis toxoid has a relatively stronger influence on the immunogenicity than other
antigens. Accordingly, in the aspect of the potency of detoxified acellular pertussis vaccine, it
can be demonstrated that the polymerization of antigens and its degree are the major factors
affecting the immunogenicity along with a relatively high content of pertussis toxoid
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INTRODUCTION

Pertussis is an acute infectious disease of the respira-
tory system caused by Bordetella pertussis infection and
has been the cause for higher death rates in children world-
wide. In 1994, there have been an estimated 40 million
infection cases, from which 360,000 deaths were reported
[1]. Whole cell pertussis vaccine against pertussis infec-
tion was first licensed in the United States in 1914 [2]
and till date it has been widely used to immunize the in-
fants. However, its characteristic local reactivity and fever
promoted the development of acellular pertussis vaccine
with fewer side effects. Acellular pertussis vaccine was
first licensed in Japan in 1981 and many studies for en-
hancing its immunogenicity have been conducted [3].
Since then, a number of researchers have focused their
research on the effect of antigens, such as pertussis toxin,
FHA, pertactin, etc., constituting acellular pertussis vac-
cine and have reported the importance of the pertussis
toxin and pertactin {2,4-6], while some researchers, in
the case of antigens such as a tetanus toxin and a hemor-
rhagic principle of Habu snake venom, have reported the
importance of the polymerization degree of the toxoid
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prepared by a detoxification reaction, in triggering im-
munogenicity [7-9]. In the present study, we have mainly
examined whether or not the polymerization degree of
the acellular pertussis toxoid, prepared by detoxifying the
bulk (antigens) purified from supernatants of Bordetella
pertussis cultures, has any influence on vaccine immuno-
genicity in mouse. In addition, the dosage effect of highly-
polymerized acellular pertussis bulk as well as the role of
PT component was scrutinized with respect to the po-
tency of acellular pertussis vaccine.

MATERIALS AND METHODS

Preparation of an Acellular Pertussis Bulk, a Detoxified
Bulk and a Final Vaccine

Pertussis antigens, including PT (pertussis toxin), FHA
(filamentous hemagglutinin), pertactin, and so on, were
produced in a culture supernatant of Bordetella pertussis,
from which an acellular pertussis bulk was prepared by
the combination of the processes such as (NH,),SO, pre-
cipitation, diafiltration, and microfiltration. Subsequently,
an acellular pertussis bulk was detoxified by formalde-
hyde and lysine. The buffer used for detoxification was
100 mM phosphate buffer with 1 M NaCl, pH 8.0. Ini-
tially formalin was added to become 0.2% and its concen-
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tration was increased daily by 0.2% increment until the
final concentration reached to 0.6% (72 mM formalde-
hyde), while the desired concentration of lysine was added
at a single time. Detoxification was conducted at 37°C.
The detoxified bulks prepared by this procedure were
used for the manufacture of final vaccines, in which the
aluminum hydroxide gel was fixed at a concentration of
290 pg Al/mL throughout the study.

Polymerization Degree of Acellular Pertussis Bulks

The polymerization degree of acellular pertussis bulks
was measured by gel permeation chromatography (GPC)
embedded in AKTA explorer (Amersham Pharmacia Bio-
tech, USA) [10,11]. The column and media for separating
proteins were XK series (Amersham Pharmacia Biotech,
USA) with a dimension of 16 x 70 ¢cm and Superdex G200
prep (Amersham Pharmacia Biotech, USA), respectively.
For media equilibrium and protein elution, 100 mM phos-
phate buffer of pH 7.1 with 0.2 M NaCl was used. Pro-
teins were eluted at a rate of 0.2 mL/min from GPC. In
addition, the polymerization degree was re-confirmed by
Western blot analysis, in which a mouse anti-FHA IgG, a
mouse anti-PT IgG and a mouse anti-pertactin 1gG were
used as the primary antibodies for detecting FHA, PT
and pertactin, respectively. Here, a rabbit anti-horse IgG
conjugated to alkaline phophatase (AP) (Sigma, USA)
was used as the secondary antibody in all the cases.

Pertussis Immunogenicity by Mouse Protection Test

The acellular pertussis potency was measured using
SPF-grade ICR mice. The test vaccine and reference vac-
cine (11.9 IU/mL, GreenCross Vaccine Corp., Korea)
were diluted 8, 40, and 200 fold, respectively. Each dilu-
tion group was composed of 20 mice. After 3 weeks of
intraperitoneally immunizing the mice with 0.5 mL of the
diluted vaccine, their brains were challenged with 0.025
mL of live B. pertussis 18323 (about 200 LD,). After 14
days of the challenge, the acellular pertussis potency was
statistically calculated based on the number of surviving
mice (The minimum requirements for biological products
of Korea, K-FDA).

RESULTS AND DISCUSSION

Effect of the Detoxification by Formaldehyde and
Lysine on the Characteristics of Acellular Pertussis Bulk

There have been numerous reports on the detoxifica-
tion of virulent proteins by formaldehyde itself or both
formaldehyde and amino acids [9,12-15]. The present study
shows the effect of the detoxification by both formalde-
hyde and lysine on the characteristics of acellular pertus-
sis bulk, characterized by SDS-PAGE, Western blot and
gel permeation chromatogram, and on the composition
of major acellular pertussis antigens including FHA, PT
and pertactin. In the present case, 72 mM of formaldehyde
and 40 mM of lysine were used to detoxify the acellular
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Fig. 1. Comparison of the migration pattern of antigens before
and after detoxification. Lane 1: SDS-PAGE of acellular pertus-
sis bulk; Lane 2: SDS-PAGE of detoxified acellular pertussis
bulk; Lane 3: Western blot analysis of pertussis toxin in acellu-
lar pertussis bulk; Lane 4: Western blot analysis of pertussis
toxoid in detoxified acellular pertussis bulk; Lane 5: Western
blot analysis of pertactin in acellular pertussis bulk; Lane 6:
Western blot analysis of pertactin in detoxified acellular pertus-
sis bulk; Lane 7;: Western blot analysis of FHA in acellular per-
tussis bulk; Lane 8: Western blot analysis of FHA in detoxified
acellular pertussis bulk.

pertussis bulks and the other detoxification conditions are
described in Materials and Methods. As a result, some
characteristic changes on detoxified acellular pertussis
bulk have been observed and are reported as follows. Ini-
tially, Western blots revealed that FHA proteins, the ma-
jor factor in the attachment of B. pertussis onto the
epithelial cell, were polymerized at a relatively high pro-
portion during detoxification, while, in the case of PT
and pertactin, only a small amount was modified into
higher molecules (Fig. 1). Subsequently, changes in the
relative composition of antigens, especially the increase of
pertactin ratio, was observed by SRID (single radial im-
munodiffusion) assay, following detoxification (Table 1).
Finally, the overall shift of peaks by detoxification was
definitely confirmed by the gel permeation chromatograms,
in which the major peak of acellular pertussis bulk, pre-
sumed to be mostly polymerized FHA proteins, moved
significantly forward after detoxification (Fig. 2). Basically,
detoxifying toxic proteins with both formaldehyde and
lysine is thought to induce their aggregation and precipi-
tation through a polymerization process forming an exces-
sive network of intermolecular cross-linking between ho-
mologous or heterologous species. The intermolecular cross
linking resulting in polymerization appears to be induced
by the protein-derived Schiff base produced by the reac-
tion of acellular pertussis antigens and formaldehyde.
Besides, it is thought that acellular pertussis antigens can
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Table 1. Comparison of the antigen composition before and
after detoxification by both 72 mM of formaldehyde and 40
mM of lysine

Antigen composition in acellular

Components pertussis bulk (%)
Before detoxification After detoxification
PT 6.6 6.3
FHA 89.0 87.4
PRN 4.4 6.3

Untreated,
Acellular
. pertussis bulk

P Detoxified
aceliular
pertussis bulk

T [ I A
TR T T O I S M S Y s

Elution volume (Column volume)

Fig. 2. Comparison of a gel permeation chromatogram of acel-
lular pertussis bulk with that of its detoxified form. Red line:
Acellular pertussis bulk, Untreated; Blue line: Detoxified acellu-
lar pertussis bulk.

also react with the lysine-derived Schiff base formed by
the preceding reaction of lysine and formaldehyde, by which
they end up as non-polymerized proteins. Thus, it is pre-
sumed that the two kinds of reactions mentioned above
can occur simultaneously during the detoxification by for-
maldehyde and lysine, and the preference for each reac-
tion depends significantly on the ratio of reagents as well
as the characteristics of proteins, participating in the de-
toxification reaction. Therefore, detoxifying the acellular
pertussis bulk is thought to not only vary its antigen com-
position, by which pertactin content can increase rela-
tively, but also results in the preferential shift of FHA in
Western blot by its preferential polymerization with acel-
lular pertussis antigens and also the overall shift of peaks
on gel permeation chromatograms. Accordingly, it can be
concluded that the detoxification of acellular pertussis bulk
by formaldehyde and lysine eventually leads to biophysical
and biochemical changes of the constituting components,
including the polymerization, aggregation and precipita-
tion of antigens, and the following composition change. In
addition, the physico-chemical modifications of the anti-
gens can potentially affect their immunogenicity, which is
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Weakly-
polymerized

Highly-
polymerized

Elution volume (Column volume)

Fig. 3. Changes in gel permeation chromatograms of detoxified
acellular pertussis bulks according to detoxification conditions.
Red line: Acellular pertussis bulk, Untreated. Blue dot line:
Acellular pertussis bulk detoxified by 72 mM formaldehyde and
90 mM lysine, Weakly-polymerized; Blue line : Acellular pertus-
sis bulk detoxified by 72 mM formaldehyde and 40 mM lysine,
Highly-polymerized.

important for vaccine performance [7-9,15,16]. Hence,
in the present study, the detailed effect of antigen com-
ponents, contents and its polymerization degree on vac-
cine immunogenicity was investigated as follows.

Effect of the Polymerization Degree on Vaccine
Immunogenicity

The following experiments were conducted to investi-
gate the effect of polymerization degree and antigen com-
ponents on the immunogenicity, which was assayed by
the mouse protection test. Different concentrations of ly- -
sine were used to induce several degrees of polymeriza-
tion. As a result, the acellular pertussis bulks with various
polymerization degrees were prepared, which were con-
firmed by the gel permeation chromatograms (Fig. 3). As
shown in Fig. 3, the considerable amount of acellular per-
tussis antigens was shifted evidently towards the peak
with higher molecular weight, in the presence of low ly-
sine concentration. The results show that lysine concen-
tration has a significant effect on the degree of intermo-
lecular cross-linking of antigens. In addition, the change
in antigen composition according to the lysine content
was observed by SRID, in which the lower lysine condi-
tions finally induced the higher pertactin contents, while
PT and FHA contents were not visibly affected (Table 2).
The immunogenicity of the acellular pertussis bulks with
these different characteristics was examined (Table 2). The
resulting analysis showed a strong dependency of the im-
munogenicity on detoxification conditions. More specifi-
cally, immunogenicity was highest in the acellular pertus-
sis bulk detoxified by 40 mM of lysine, in which the two
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Table 2. Effect of the lysine contents with a fixed formaldehyde
concentration (72 mM) on the characteristics of antigens and
the immunogenicity of acellular pertussis bulk

Lysine content (mM)

Division
40 60 20
Polymerization degree High Middle Low
N PT 6.3 6.9 6.9
Comgjmon FHA  87.4 89.0 89.5
PRN 6.3 4.1 3.6
Potency (Units/mL) 11.9+32 52+1.5 25+1.2

Table 3. Acellular pertussis vaccines with different antigen com-
positions

Antigen content (%)

Vaccines
FHA PT Pertactin
Vaccine with mainly FHA 93.0 6.0 1.0
Vaccine with mainly both FHA
and PRN 73.5 4.7 21.8
Vaccine with mainly both FHA 5192 483 0.6
and PT

Vaccine with similar contents

of FHA, PT and PRN 31.6 47.0 21.3

characteristics with high polymerization degree and high
pertactin content were observed. There have been some
reports, which specify that the toxoids with high polym-
erization degree are favorable for inducing the antibody
of a hemorrhagic principle isolated from the venom of a
Habu snake [9], and that PT and pertactin contribute
largely to the immunogenicity of acellular pertussis vac-
cine [2,4-6]. Therefore, a series of studies were con-
ducted to evaluate the factors, which are more important
for immunogenicity. To investigate the role of antigen com-
ponents in detoxified acellular pertussis vaccine, some
vaccines with different concentrations of components but
with similar total concentrations were prepared as shown
in Table 3. As a result, with 10 fold increase in relative PT
content (FHA — FHA + PT, FHA + PRN — FHA + PT
+ PRN), the vaccine immunogenicity showed a surprising
rise, but in case of the significant rise of relative pertactin
content (FHA — FHA + PRN, FHA + PT —» FHA + PT
+ PRN), it didn’t contribute much to the immunogenic-
ity (Fig. 4). Therefore, it is presumed that PT has a major
effect on the immunogenicity of acellular pertussis vac-
cine prepared in this study, while pertactin doesn’t have
much influence contrary to our expectations. Considering
the results so far, the reason for an increase in the vac-
cine immunogenicity at low lysine contents seemed to be
mainly due to the high polymerization degree of antigens.
Moreover, this notion can be supported not only by some
reports, which talk about that large and insoluble anti-
gens are more immunogenic than small and soluble ones
because the former are more readily phagocytosed and
processed by macrophage [17], but also by general meth-
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Fig. 4. Effect of vaccine components on the immunogenicity of
acellular pertussis vaccine. FHA: Vaccine with mainly FHA;
FHA + PRN: Vaccine with mainly both FHA and PRN; FHA +
PT: Vaccine with mainly both FHA and PT; FHA + PT + PRN:
Vaccine with similar contents of FHA, PT and PRN; Gray-
colored column: lowest assay value; White-colored column: highest
assay value.

ods which have long been used for vaccines, such as the
induction of antigen aggregation by formalin treatment
and the attachment of antigens onto insoluble alum gels
[12,13,16,18-22]. Accordingly, it can be concluded that
the polymerization degree of antigens is one of the major
factors, which bring about a significant rise in the immu-
nogenicity of detoxified acellular pertussis vaccine.

Effect of the Dosage Levels of Highly-polymerized
Acellular Pertussis Bulk on Immunogenicity

Six acellular pertussis vaccines with highly-polymerized

- acellular pertussis bulks, detoxified by both 72 mM of

formaldehyde and 40 mM of lysine were prepared and
were subsequently investigated for the dose-response char-
acteristics of antigens. In the present case, the amount of
acellular pertussis bulk in vaccines ranged from 2 to 19.2
ug PN/mL, while aluminum hydroxide gel was fixed at
290 pg Al/mL in all the cases. As a result, a strong corre-
lation between the dose of acellular pertussis bulk and its
immunogenicity is shown at low dose range (Fig. 5). In-
stead, the immunogenicity between 8.4 and 19.2 pg
PN/mL remained stabilized without any significant varia-
tion. Similarly, the dependency of the dose of a polymer-
ized antigen on its immunogenicity was reported on the
polymerized HR1B toxoid detoxified by both formalde-
hyde and lysine, in which the toxoid dose within the ex-
perimental range had a significant effect on the level of
circulating anti-HR1B antibody [9]. Accordingly, it can
be concluded that the highly-polymerized acellular per-
tussis bulk prepared in the study had a typical dose-
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Fig. 5. Correlation between the dose of detoxified acellular per-
tussis bulk and its immunogenicity. aP dose : Dose of acellular
pertussis bulk in vaccines; aP potency: Potency of detoxified
acellular pertussis vaccines.

response pattern similar to the polymerized HR1B toxoid

and its optimal dose for vaccine was around 8 pg PN/mL.

CONCLUSION

The detoxification of acellular pertussis bulks by for-
maldehyde and lysine induced some biophysical and bio-
chemical modifications of antigens constituting acellular
pertussis vaccines, including their polymerization and also
notable rise in pertactin content after the filtration of final
detoxified bulks. These modifications also led to changes in
immunogenicity of the acellular pertussis vaccines and the
detailed investigation revealed that the polymerization of
antigens and its degree are the major factors for any sig-
nificant increase in immunogenicity. In addition, the vac-
cines from highly-polymerized antigens exhibited a typi-
cal dose-response pattern and the dose of detoxified bulk

for the optimal immunogenicity was around 8 pg PN/mL.
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