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Whole-cell pertussis vaccines (WPVs) have been completely replaced by the co-purified acellular vaccines (APVs) in
China. To date few laboratory studies were reported for co-purified APVs in terms of their antigenic composition and
protective immune responses. To further understand the antigenic composition in co-purified APVs, in the present
study 2-dimensional gel electrophoresis-based proteomic technology was used to analyze the composition of co-
purified APVs. The results showed that besides the main antigens pertussis toxin (PT) and filamentous hemagglutinin
(FHA), co-purified APVs also contained pertactin (PRN), fimbriae (FIM) 2and3 and other minor protein antigens. Of the 9
proteins identified, 3 were differentially presented in products from manufacturer 1 and manufacturer 2. Compared
with WPVs and purified APVs, co-purified APVs induced a mixed Th1/Th2 immune response with more toward to a Th1
response than the purified APVs in this study. These results hint that different immune mechanisms might be involved

in protection induced by co-purified and purified APVs.

Introduction

Whooping cough is an acute respiratory infectious disease
caused by the bacterium Bordetella pertussis. Inactivated whole-
cell pertussis vaccines (WPVs) have been in use in national
immunization program for many years and the mortality and
morbidity of pertussis have been drastically reduced.'”
Although the safe and effective, WPVs could be associated
with some serious adverse events.* These reactions, although
without permanent sequelae, may alarm parents and affect
compliance with subsequent vaccinations.” In response to
these concerns, acellular pertussis vaccines (APVs) were devel-
oped and first made available in Japan in 1980s for children at
2 y of age or older.® Currently, 2 different commercial types
of APVs are available: the more expensive type that is com-
prised of either one to 5 highly purified antigens (purified
APVs) and the less expensive type, co-purified antigen compo-
nents from B. pertussis (co-purified APVs). Till now, WPVs
have been replaced by purified APVs in almost all developed
countries in North America, Europe and Australia while co-
purified APVs are in use in Japan since the 1980s and Korea,
China and possibly other Asian countries.

In China, primary immunization using WPVs have been
started in 1960s. Since 2007, co-purified APVs have been
included in the Chinese national expanded program on immuni-

In 2013, APVs have completely replaced WPVs
throughout the country. The APVs were prepared using the

zation.”

co-purification of 2 main components pertussis toxin (PT) and
filamentous hemagglutinin (FHA). While being much less reac-
togenic than WPVs, the co-purified APVs have been proven to
be immunogenic and efficacious in human clinical trials.*’
Although pertussis vaccines have been introduced for many
years and also demonstrated to confer the effective protection
against pertussis, the mechanism of vaccine-induced protective
immunity is not fully understood. Recently, resurgence of pertussis
in older children a number of years after completion of the full pri-
mary series has been reported in countries using purified
APVs''! and this was thought to be related to suboptimal or wan-
ing immunity induced by purified APVs."? In contrast, accumulat-
ing epidemiological evidence in Japan suggests that using co-
purified APVs may be achieving more consistent population pro-
tection although other factors may also be influencing this.'”"”
Studies on the immunized children and animal models have shown
that WPVs induce strong Th1-type cellular immune response with
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litcle antibody production, whereas purified APVs promote Th2-
type responses with strong antibody production.'®'® However, to
date most of these studies were focused on purified APVs, very few
studies on co-purified APVs were reported. Furthermore, due to
the characteristic of the purification technology used, the antigen
components of co-purified APVs have not been completely
defined except for the 2 main antigen proteins, PT and FHA. In
this study, proteomic technology was used to identify the uncertain
protein components in the co-purified APVs. Preliminary investi-
gations of humoral and cellular immune responses induced by co-
purified APVs were also carried out in comparison with WPVs
and purified APVs. At the same time, in vivo protective effects of
the co-purified APVs were analyzed in the intracerebral challenge
model.

Results

Two-dimensional gel electrophoresis-based proteomic
analysis

Three replicates of 2-dimensional gel electrophoresis (2-DE)
of 3 batches of the co-purified APV bulks from each Chinese vac-
cine manufacturer were performed. After being stained with
Coomassie blue (G-250), the gel images from the 2 manufac-
turers were analyzed to compare the consistencies and differences
between batches from the same manufacture and between differ-
ent manufacturers. The average spots detected on the gels of these
2 manufacturers were 138 £ 9, and 103 =£ 5, respectively
(Fig. 1). No differences in the gel images were found within the
same manufacture (data not shown) while some discrepancy on
the number and composition of the spots existed between the 2
manufacturers.

Forty seven most abundant proteins spots with clear separa-
tion were excised, digested and analyzed using MALDI-TOF/
TOF MS, in which 42 spots were identified successfully as corre-
sponding to 9 distinct proteins (Table 1). It was noted that other
than the expected main components (PT & FHA) 3 well-known
B. pertussis protective antigenic proteins pertactin (PRN), fim-
briae (FIM) 2, FIM3 were also detected in the co-purified APVs.
In addition, 4 other B. pertussis proteins including putative outer
membrane ligand binding protein (BipA), sulfate-binding pro-
tein precursor (Sbp), autotransporter subtilisin-like protease
(sphB1), and ABC transporter substrate-binding protein were
also identified. It was interesting to note that the presence of
these proteins were not identical in the co-purified APVs from
different manufacturers, for example sphB1 was only found in
co-purified APVs (S§3) from manufacture 2 while Sbp and ABC
transporter substrate-binding protein existed in APVs (S2) from
manufacturer 1. Further analysis revealed that some of the pro-
teins, such as sphB1, FIM3, FHA, PRN, BipA and PT S1 sub-
unit, were resolved in multiple spots of exhibiting variability in
masses and/or pls (Fig. 1).

Antibody response
Specific IgG antibody responses to PT, FHA, PRN and
FIM2and3 were observed in sera from mice immunized with
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Figure 1. Two-dimensional gel electrophoresis proteome map of co-
purified APV bulks. Separation and identification of proteins in co-puri-
fied APV bulk samples using 2-DE analysis followed by MALDI-TOF/TOF
MS. Samples were resolved by IEF (pH 3-11) and 12.5% SDS-PAGE. Pro-
tein spots were visualized by colloidal Coomassie staining. The main
stained spots were excised individually for identification. Protein spots
are labeled as indicated in the legend for Table 1. (A) co-purified APV
(S2) bulk, from manufacture 1; (B) co-purified APV (S3) bulk from manu-
facture 2.

WPVs, co-purified and purified APVs included in the study
when compared to the negative control group. After the booster
immunization, antibody levels were obviously increased in all
vaccine-immunized groups (Fig. 2). High and-PRN and
FIM2and3 antibody response were observed in co-purified APV-
immunized groups (S2 and S3), which supported the results of
the proteomic analysis that PRN and FIMs2and3 are presented
in co-purified APVs. Compared with the WPV group, higher
antibody responses to PT, FHA (except for S2 group) and Prn
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were found in the mice after the second
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mice immunized with the 2 co-purified

products showed comparable anti-FIMs
response compared to the WPV group.
The purified APVs (S4) tested in this
study did not contain any FIMs antigen
hence no antibody to FIMs was pro-

duced. The difference in antibody | and S3)groups.

Figure 2. Levels of antigen-specific IgG in mice immunized with different pertussis vaccines. Sera from
control mice and immunized mice were determined by ELISA. Antibody level (EU/mL) is calculated
against mouse serum reference NIBSC 97/642. Results represent the geometric mean antibody titres
for 5 mice per group. *indicates a statistically significant difference (P < 0.05) compared with WPV (S1)
group; # indicates a statistically significant difference (P < 0.05) compared with co-purified APV (S2

response to each antigen by the differ-

ent vaccines may reflect differences in

the amount of antigen presented in these vaccines. Further analy-
sis of subclasses IgG1 and IgG2a of these antibodies showed that
the IgG1/IgG2a ratios were lower in WPV group than all of the
3 APV groups except for anti-FIMs which were similar between
all the groups (data not shown). Unfortunately, the sources of
other protein antigens identified in the proteomic analysis are
not available. Therefore we could not perform the antibody
detection assays on these antigens.

Cytokine response

In order to evaluate the cellular immune response following
the immunization with pertussis vaccines, 2 cytokines, IFN-y
and IL-4 released'® from spleen cell cultures after in vitro re-stim-
ulating with killed B. pertussis were measured (Fig. 3). Spleen
cells derived from WPV-immunized mice (S1) secreted signifi-
cantly larger amounts of IFN-y compared with the co-purified
APV groups (S2 and S3) as well as the purified APV group (54)
(P < 0.05). However, spleen cells from the purified APV group
showed a significantly lower IFN-vy release than the 2 co-purified
APV groups (P < 0.05). In contrast, there was no measurable
production of IL-4 upon 7z vitro stimulation in the WPV group
but with a moderate amount IL-4 release from spleen cell culture

from all the APV groups (S2, S3 and S$4).

Protection efficacy in murine model

The ability to protect mice from B. pertussis challenge by these
vaccines was determined by the intracerebral challenge model
and their protective efficacies (potencies) were calculated against

the Chinese National Standard. Although all 4 vaccines included
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in the study passed the minimum requirement: > 4 IU/SHD
(Chinese Pharmacopoeia, 2010 Edition), the WPVs (S1) and
one of the co-purified APVs (§3) showed higher potencies than
S2 and S$4 (Fig. 4) but were not statistically significant.

Discussion

The introduction of WPVs has resulted in a rapid reduction
in both the incidence of pertussis and the number of death
caused by the infection."® However, since WPVs were replaced
by purified APVs in many developed countries in 1980s/1990s,
a resurgence of pertussis has been observed in these countries
with high vaccination coverage in the past 10 y'"'**! The inci-
dence of pertussis among children who were born and vacci-
nated during the transition to purified APVs have found that
the rate of infection is significantly higher among children who
have been vaccinated with only APVs compared with those who
have been vaccinated with even a single dose of the WPVs.”* In
contrast, in countries where co-purified APVs are used in the
national immunization program e.g., Japan and China, the
accumulating epidemiological evidence suggests that co-puri-
fied APVs may be achieving more consistent population protec-
tion, in fact a lower pertusiss incidence is noted in China
according to the official report.’*'*?! The reason for the differ-
ences in epidemiological observation in counties using purified
APVs and counties using co-purified APVs is unknown. Fur-
thermore, to date most of laboratory immunological studies
were focused on WPVs and purified APVs, few studies for
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Table 1. Proteins in the co-purified APV bulks identified by mass spectrometry and database research

NCBI GI Sequence

Order Protein name identifier Mass (Da) pl coverage (%) Function Localization

1 Putative outer membrane ligand gi|33592249 137111 6.26 22-32 Uncharacterized Outer membrane
binding protein (BipA)

2 Filamentous hemagglutinin (FHA)  gi|518079040 239347 8.59 18-36 Hemagglutinin Outer membrane

3 Pertactin (PRN) gi|72539781 68635 6.65 28-46 cell adhesion Outer membrane

4 Autotransporter subtilisin-like gi|408414445 99673 9.5 35-48 Hydrolase, serine-type Outer membrane
protease (sphB1) endopeptidase activity

5 Pertussis toxin S1 subunit gi|33594638 30127 6.97 57-72 Virulence, NAD-+ ADP- Extracellular

ribosyltransferase activity

6 Serotype 2 fimbrial subunit (FIM2) gi|33592254 22448 839 58-64 cell adhesion Extracellular

7 Serotype 3 fimbrial subunit (FIM3) gi|33592658 21903 9.1 58-69 cell adhesion Extracellular

8 ABC transporter substrate-binding  gi|33594007 33389 599 51 cell adhesion, metal ion transport ~ Cytoplasmic membrane
protein

9 Sulfate-binding protein (Sbp) gi|33592122 37891 7.82 68 Secondary active sulfate Periplasmic

transmembrane transporter activity

co-purified APVs have been reported. It would be interesting to
compare these 3 types of vaccines in their immune responses
and 77 vivo protection.

Co-purified APVs have been in use for more than 30 y in Asia
and proven to be effective in preventing the disease. However,
the antigen content in the co-purified APVs is expressed by pro-
tein nitrogen (PN), assuming mainly PT and FHA without
knowing the precise antigen composition in the vaccine. Two-
DE technology has been widely used for separating complex pro-
tein samples with good resolution and considered as one of the
main methods for proteomic research.”> Proteome of B. pertussis
based on 2-DE have been studied to clarify the pathogenesis and
immune mechanisms of pertussis.”*** In this study, proteomic
technology was applied to clarify the composition of the co-puri-
fied APVs and compared the consistency of products between
different batches and between different manufactures. A 2-DE
protocol was developed to effectively resolve the protein mixture
of the samples and subsequently protein spots were identified by
MALDI-TOF/TOF MS. The gel images of each of the 3 batches

from each manufacture had high resolution and good

reproducibility. Comparative proteomics analysis showed little
differences among batches from the same manufacture (data not
shown). A total of 42 spots were identified successfully which
corresponded to 9 distinct proteins. In addition to antigens PT
and FHA, both co-purified APVs from the 2 manufacturers also
contained PRN and FIM 2 and 3. However, of the 9 proteins
identified, 3 were differentially presented in products from man-
ufacturer 1 and manufacturer 2. ABC transporter substrate-bind-
ing protein and sulfate-binding protein (Sbp) existed in APVs
from manufacture 1, and an autotransporter subtilisin-like prote-
ase (sphB1) was presented in APVs from manufacture 2. The
2DE-MS/MS approach used in this study revealed that 6 out of
9 identified proteins occur in multiple spots of different masses
and/or pls. These may be associated with protein processing and/
or modification during different production process.”**’ The
results provided the evidence that besides the main antigens PT
and FHA, co-purified APVs also contained PRN, FIM2and3
and other minor protein antigens which can be differently pre-
sented between APVs from different manufactures. To our
knowledge, this is the first report that all components of co-puri-

fied APVs were identified using proteo-

350 -

300

250

("

200

ra

150

IFN-y (pg/mL)

100

#
50 - D #
i 1
1 2 3

S

IL-4 (pg/mL)

1 4
=== g L—= _&I

54 Control s1 s2

mic technology.

It is reported that high levels of cir-
culating antibodies against the B. pertus-
sis virulence factors, such as PT, and
PRN, may be important for protec-
tion.**” Consistent with previous stud-
ies,'®!7 our results showed that mice
immunized with WPVs had lower anti-
body production to PT, FHA and PRN
compared with the purified APV group.

Control

Our results were also in agreement with

groups.

Figure 3. Cytokine responses in mice immunized with different pertussis vaccines. Seven days after
the second immunization, spleen cells were prepared from 5 mice from each group. The cytokines
were determined by ELISA. Results are the mean responses for 5 mice per group. *indicates a statisti-
cally significant difference (P < 0.05) compared with co-purified (S2 and S3) and purified (S4) APV
groups. # indicates a statistically significant difference (P < 0.05) compared with purified (S4) APV

the previous findings,'®*® that high
level secretion of IFN-vy and no detect-
able of IL-4 by spleen cells from WPVs
immunized mice observed indicated a
typical Thl-type of response. In con-
moderate anti-PT and FHA

trast,
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Figure 4. Protective effects of pertussis vaccines in the murine intracele-
bral challenge model. The results of each test sample were analyzed by
the probit method, using the proportion of mice that survived the chal-
lenge for estimation of relative potency against Chinese National Stan-
dard, and expressed in [lU/SHD. Number in bracket is 95% limit.

antibody response were observed in mice immunized with co-
purified APVs, which were lower than that of purified APVs, but
higher than the WPV group. It is interesting to note that unlike
the WPV group, mice immunized with co-purified APVs
induced a mixed Th1/Th2 response. While the IL-4 levels were
similar in both purified and co-purified APV groups, the levels of
IFN-v in the spleen cultures from mice immunized with co-puri-
fied APVs were greatly lower than the WPV group, but they were
significantly higher than the purified APV group. More evidences
have been emerging that humoral immunity alone may not be
sufficient to confer long term protection of pertussis, and it is
suggested that cell-mediated immune response plays a key ele-
ment in acquired immunity to B. pertussis infection.''®* Our
results may suggest that co-purified APVs could induce a mixed
Th1/Th2 response with more toward a Thl-type response than
the purified APVs. Recently, Th17 and regulatory T (Treg) cells
have been reported to be involved in protective immunity of per-
tussis.””>" The role of these T cells in co-purified APV-induced
immunity should be further evaluated for understanding the
mechanism of acquired protective immunity in the future.

The results from the current study were in agreement with
reported data that the potency of WPVs was higher than purified
APVs in mice.'”?*7%3% Previous studies also demonstrated that
most good WPVs had efficacy of 93-96% in children and a UK
WPVs was significantly more protective than the 3-components
purified APVs in a randomized controlled trial.>*>® This has
been attributed to the induction of Thl cells by WPVs.>® The
mechanism of immunity against B. pertussis involves both
humoral and cellular immune responses but not directed against
a single protective antigen in an aerosol challenge model."” Com-
pared with the purified APVs contained several antigenic pro-
teins, it is believed that the presence of many antigenic
components in WPVs make a positive contribution to the overall
protective efficacy. This may be one of the possible explanations
for the discrepancy in potencies between WPVs and purified
APVs. Interestingly, in the present study, although not statisti-
cally significant, protection induced by the co-purified APVs S3
seemed to be better than that of S2. One antigen, sphBlwere
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presented in S3 but not in S2. It is reported that the expression
of sphBl is under the control of Bordetella virulence regulon
(bvg), and sphB1 is an outer membrane protein, which has been
associated with the adherence and invasion of B. pertussis to host
cells.””? This protein is also found to be recognized by the
human immune system and identified as human immunoreactive
proteins of B. pertussis.* Since this antigen could not be sourced,
direct assessment of antibody production and protective effect of
the antigen were not possible. However, although the precise role
of sphB1 in pertussis immune response and protection deserve
further investigation, it cannot be ruled out that it may serve as
one of the possible explanations for the observed differences in
protection between S2 and S3.

Material and Methods

Bacterial strains and culture condition

B. pertussis strain 18323, an international reference strain, was
used in the mouse intracerebral challenge assays. B. pertussis
strains were grown at 37°C on Bordet-Gengou (BG) charcoal
agar (Oxford, UK) medium supplemented with 20% defibrin-
ated sheep blood.

Test samples

Co-purified APV bulks and products (S2 and S3) were
donated by Chinese manufacturers 1 and 2, respectively. In
order to compare the characteristics of co-purified APVs from
China in parallel, WPVs and imported purified APVs were also
included in this study (Table 2). All vaccine products used were
commercially available and their pertussis components were in
combination with diphtheria and tetanus toxoids.

Two-DE analysis of co-purified APV bulks
and identification of proteins

The co-purified APV bulk was concentrated using trichloro-
acetic acid-acetone method as described previously.”® The con-
centrated bulk was treated with the 2-D-Clean up kit (GE, USA)
to remove salts and the interfering substances completely and dis-
solved with rehydration solution (8 M Urea, 2% CHAPS and
0.002% bromophenol blue, plus 2% IPG Buffer3—10 and 1%
DTT, the latter 2 reagents added before the first dimension iso-
electric focusing (IEF)). 260 g proteins in a total volume of
250 wL were loaded on 13 c¢m IPG strip of pH range 3—10 (lin-
earity). The strip was rehydrated for 4 h at 0 V and re-swelled
for 8 h at 30 V at 20°C. Then IEF was performed as following
parameters: 200 V for 1 h, 500 V for 1 h, 1000 V for 1 h in
boosting voltage manner, 8000 V for 1 h in boosting voltage
manner, 8000 V for 40000 Vh. After IEF, the strips were placed
in SDS equilibration buffer (50 mM Tris-Cl PH8.8, 6 M Urea,
30% glycerol, 2% SDS and 0.002% bromophenol blue, 1%
DTT) for 15 min, followed by another 15 min step with the
same buffer with 4% iodoacetamide substitute for 1% DTT.
The second dimension SDS-PAGE of the strips was performed
with a 12.5% resolving polyacrylamide gel without a stacking gel
in 2 steps: 6 mA/gel for 40 min and 15 mA/gel until the running

425



Table 2. Vaccine samples used in this study*

No. Vaccine types Indicated pertussis component content per single human dose
S1 DTwP 4.5 x 10° CFU of B. pertussis

S2 Co-purified DTaP 9 PNpg of pertussis antigens

S3 Co-purified DTaP 9 PNp.g of pertussis antigens

S4 purified DTaP PT 25 g, FHA 25 pg, PRN 8 g

"Note: DTwP, diphtheria, tetanus and whole cell pertussis vaccines; DTaP, diphtheria, tetanus toxoids and acellular pertussis vaccines.

dye reached the bottom. After that, the gel was staining with
Coomassie blue (G-250), scanned with Imagesanner III scanner
(GE, USA) and analyzed with ImageMaster 2-D Platinum, Ver-
sion6.0 software. Two-DE analysis for each batch of co-purified
APV bulk was run 3 times on separate days according to the
above procedure.

Protein spots were excised from 2-DE gels for destaining and
in-gel tryptic digestion, peptide mixtures then analyzed using
MALDI-TOF/TOF MS with 4700 Proteomics Analyzer (ABI,
USA).? Search and identification of peptides was performed
with MASCOT software against the NCBI database (http://
www.matrixscience.com). The parameters including oxidation of
methionine, modification of cysteine by carbamidomethylation,
one missed cleavage for trypsin digestion and peptide mass toler-
ance of £100 ppm were used to search the database. Of the
results given by the MASCOT software, those having a probabil-
ity score value higher than 60, at least 6 matching peptides and
amino acid sequence coverage more than 15% were considered
for successful protein identification.*! Prediction of protein local-
ization was carried out using PSORT algorithm.42

Immunization of mice

Specific pathogen free NIH mice (3—4 weeks of age) were used
in this study. All animal experiments were accordance with under
the Animal (Scientific Procedures Act) 1986, UK and Regula-
tions on Management of Laboratory Animal (Ministry of Science
and Technology) 1988, China. Ten female NIH mice were
immunized intraperitoneally on day 0 and 28 with 0.25 SHD of
each test vaccine samples (S1-4), respectively. Control mice were
immunized intraperitoneally with saline. Five mice of each group
were terminated on days 21 and 35, respectively and used for
analysis of humoral and cellular immune responses.

Antibody measurement

Antibody levels in mice were determined by ELISA for each
antigen PT, FHA, PRN and FIM2and3 as described previ-
ously.”® The geometric mean ELISA units/ml of the antibody to
each antigen was calculated against the first International Refer-
ence Mouse Serum for Pertussis (NIBSC, code 97/642) using
parallel line assay of response in the linear range using SoftMax
Pro v5 software (Molecular Devices, USA).

Cytokine measurement

Seven days after the second immunization (days 35), spleen
cells (2 x 10°/mL) from mice of each group were cultured with
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heat-killed B. pertussis (1 x 10%/mL) or medium alone. Superna-
tants were removed after 48 h, and levels of IFN-vy and IL-4
were quantified using a commercial ELISA kit (Biolegend, USA)
according to the manufacturer’s recommended procedure. The
cytokine concentrations were determined through comparing to
the supplied positive control standards.

Intracerebral challenge with B. pertussis

The intracerebral challenge assay, which was used to evaluate
the protective efficacy (potency) of pertussis vaccine, was per-
formed as described in WHO Recommendations to Assure the
Quality, Safety and Efficacy of Acellular Pertussis Vaccines and
Chinese Pharmacopeia.”® In brief, mice were immunized with
graded dilutions of each test vaccine sample, or Chinese National
Standard Vaccine, and then challenged with B. pertussis strain
18323 intracerebrally 3 weeks post-immunisation. Survivors
were enumerated at 14 d post challenge. The potency of the test
vaccines were calculated against the standard vaccine group using
the probit method of the Statistical Analysis, version 2004

software. ™

Statistical analysis

All analyses were performed by use of SPSS 19.0 software.
One-way analysis of variance followed by Dunnett’s (2-sided)
test was utilized for the statistical analysis of difference between
results from different groups. P-value < 0.05 was considered sta-
tistically significant.
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