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Pertussis is a serious infectious disease of the respiratory tract caused by the gram-negative bacteria Bor-
detella pertussis. There has been a reemergence of this disease within the population of several countries
that have well established vaccination programs. Analyzes of clinical isolates suggest an antigenic diver-
gence between the vaccine-based strains to the circulating strains. Although antibodies against P.69
are involved in the observed protective immunity, the sequences recognized as antigenic determinants
in P.133, the precursor for P.69, P.3.4 and P.30, have not be determined. Here, the precise mapping of

g?r/:gz’;;)ertussis linear B-cell epitopes within the predicted P.133 pertactin sequences was accomplished using the SPOT-
Pertactin synthesis of peptide arrays onto cellulose membranes and screening with murine sera generated by
B-epitope vaccination with either the Pertussis cellular (miPc) or Pertussis acellular (miPa) vaccine. A total of 23
Peptide array major epitopes were identified by sera from miPc vaccinated mice, while thirteen were identified by

sera from miPa vaccinated mice. Of these epitopes, 12 epitopes were specifically identified by antibodies
produced in response to the miPc vaccine and two were specific to the miPa vaccine. These epitopes
were distributed throughout the pertactin sequence but a significant number were concentrated to the
P.30 Prn segment. An analysis of the epitope correlation homologies indicated that the variations from
the observed mutations in pertactin would not constitute a problem using these vaccines. In addition,
the mapping of epitopes demonstrated a higher number of linear B-cell epitopes immunized with the Pc
vaccine than the Pa vaccine.

SPOT-synthesis
Synthetic peptides

© 2014 Elsevier Ltd. All rights reserved.

circulating B. pertussis population to induced immunity [2]. Genetic
comparisons of clinical isolates to the strains used for vaccine pro-
duction revealed sequence divergence [3-15], which suggests that

1. Introduction

Pertussis, or whooping cough, is an acute infectious disease of

the bacterium Bordetella pertussis that is especially dangerous in
young children. There has been resurgence over the past 15 years
of infections in countries with a high compliance for vaccine admin-
istration [1]. Several explanations have been suggested for the
reemergence of B. pertussis including improvements in diagnosis,
a waning of immunity from vaccinations and an adaptation of the

Abbreviations: DTP, diphtheria-tetanus-pertussis vaccine; DTPa, diphtheria—
tetanus-pertussis acellular vaccine; FHA, filamentous hemagglutinin; miPa, mice
immunized with Pertussis acellular; miPc, mice immunized with Pertussis cellu-
lar; mAbs, monoclonal antibodies; Prn, pertactin Pertussis acellular; Pc, Pertussis
cellular; Pt, Pertussis toxin.
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pathogen adaptation and innate resistance are the most probable
causes for the increased occurrence of infection [5,16,17].

Of particular interest is the protein pertactin (P.69 Prn), which
is a key component of vaccines since antibody titers against
P.69 Prn correlate with protective immunity [18,19] and clinically
observed protection [20-22]. Multiple polymorphisms have been
described defining 13 variants [2,23,24,19] with variations limited
to two regions comprised of the repeats of Gly-Gly-X-X-Pro or
Pro-GIn-Pro that are designated as the r1 (aa 276-280) and r2 (aa
575-590/594-598) repeat, respectively. Greater variation has been
observed within r1, which is located proximal to the N-terminus
and flanks an Arg-Gly-Asp (RGD) motif implicated in the ligand-
receptor interactions in eukaryotes [25,26].

Despite a number of studies in both animals and humans
demonstrating that P.69 Prn can elicit protective antibodies
[19,27,28], information about the sequences and locations of the
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B-linear epitopes involved is limited to a few segments [29]. Most of
the continuous and discontinuous epitopes identified to date were
obtained using various methodologies and sera from different hosts
[30]. While these studies addressed the involvement of important
segments or domain in the toxins, to our knowledge the studies
did not compare the immune response elicited by the two types of
vaccines at the epitope level.

The analysis of the immune response obtained from vaccination
with the two forms of vaccines, Pertussis cellular (Pc) and Pertussis
acellular (Pa), indicate that a robust protection is induced indepen-
dent of the process of antigen preparation [31]. The Pc vaccine is
prepared using heat-killed bacteria, a physical process that dena-
tures proteins and destroys most of the discontinuous epitopes. Pa
vaccines, on the other hand, are prepared containing proteins that
are purified and fixed with formaldehyde, which preserves most
epitopes [32]. However, the commonality between the two vac-
cines is linear B-cell epitopes, which suggests that their presence
is key to understanding the mechanisms of protection induced by
vaccination and its loss over time.

Our results confirm and refine those from previous studies by
identifying the linear B-cell epitopes recognized in P.133 Prn (the
P.69 Prn precursor) by antibodies generated through immunization
with the two types of available vaccines. The identity of the epitopes
allowed an extensive comparison between the immunological
response against the cellular and acellular generated vaccines to
address the hypothesis that genetic drift was contributing to the
resurgence of pertussis in the world’s population.

2. Material and methods
2.1. Materials

Cellulose membranes were from Intavis Bioanalytical Instru-
ments (Germany). Sheep anti-mouse immunoglobulin was
obtained from Promega Biosciences (CA, USA) and the SuperSignal
West Pico chemiluminescent substrate from Pierce (IL, USA). All
other reagents and chemicals including amino acids were from
Merck-Calbiochem (Darmstadt, Germany). The DTP vaccine con-
taining inactivated whole-cell bacterium of B. pertussis combined
with formaldehyde inactivated diphtheria and tetanus toxoid
was obtained from Bio-Manguinhos (FIOCRUZ, RJ, Brazil). The
DTPa vaccine (Prn, pertussis toxin, filamentous hemagglutinin
and fimbrial serotypes 2 & 3) was from GlaxoSmithKline. Both
the DTP and DTPa vaccine containe aluminum hydroxide as an
adjuvant.

2.2. Immunization of mice

NIH Swiss mice (12-16 g) were immunized with either DTP or
DTPa vaccines reconstituted with saline and 21U (defined by the
Brazilian National Immunization Program) administered in 0.5 ml
with an interval of 21 days. For the DTPa vaccine, 21U contains
25 wgPT, 25 wg FHA and 8 g pertactin adsorbed to aluminum salts.
Groups of 15 mice received injections from one of three different
lots of the DTP or one of three different lots of DTPa vaccine. Sera
was collected one week after the last inoculation, stored at —20°C
and pooled for each vaccine before use.

2.3. Ethical aspects
All experiments involving animals were approved by ethi-

cal committees and the approvals are acknowledged within the
manuscript.

2.4. Synthesis of the cellulose-membrane-bound peptide array

A peptide array was synthesized onto amino-PEGsqg-UCs4g cel-
lulose membranes according to standard SPOT-synthesis protocols
[33] using an Auto-Spot Robot ASP222 (Intavis). The array was com-
prised of 179 peptides that covered the entire coding region of the
P.69 Prn precursor protein (Fig. 1). Each peptide was a 14-mer and
its sequence was offset from the previous by 5 amino acids. After
synthesis, membranes were either probed immediately or stored at
—20°Cuntil needed. The negative control was an area without pep-
tide and the positive control was the peptide IHLVNNESSEVIVHK
from Clostridium tetani precursor.

2.5. Measurement of spot signal intensities

Spotsignal intensity was measured as described previously [34].
Chemiluminescent signals were detected on a MF-ChemiBis 3.2
(DNR Bio-Imaging Systems, USA) at a resolution of 5 MP and the
image analyzed with Total Lab Software (Nonlinear Dynamics, USA)
to quantify signal intensities and to define the empirical proba-
bility that the intensity from a spot was distinct from that of the
background signal using algorithms that compared the intensities
between background, spot area and negative controls.

2.6. Bioinformatics and in silicon analysis model

The complete sequence of B. pertussis pertactin (A4UTL5) was
used for epitope mapping and the other strains of B. pertussis
(Q03035, K4QEPO, K4TPW9, Q9L4E2, Q6U896, KATCVO, Q9IAIXS,
KOMTCS, J7RKBO, A4UTL5, FALFL2, P14283) were retrieved from the
National Center for Biotechnology Information, USA (http://www.
ncbi.nlm.nih.gov). Multiple sequence alignments were performed
using the programs ClustalW (http://www.ebi.ac.uk/clustalw) and
BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit. html).

The alignment of the P.69 Prn from the three major species, Bor-
detella spp. (B. pertussis (Tahoma I), Bordetella parapertussis (12822)
and Bordetella bronchiseptica (RB50), was performed using the
program Kodon (Applied Maths, Belgium). The predicted struc-
tural model of P.133 pertactin was obtained by submission of the
sequence (A4UTL5) to the I-Tasser server [35,36].

3. Results
3.1. Epitope mapping

Epitopes in the pertactin precursor protein (900 aa) were iden-
tified based on recognition of peptides in a synthesized library by
murine antibodies immunized with a B. pertussis vaccine, either Pc
or Pa (see Materials and Methods). Fig. 1, Panels A and C present
the position of each peptide and the measured intensity from the
chemiluminescent detection of mouse IgG antibodies in sera pooled
from mice vaccinated with the Pc vaccine. The intensities were nor-
malized using 100% as defined by the positive control (data not
shown). Panels B and D show the results from the reactivity of
IgG antibodies in pooled murine sera vaccinated with the Pa vac-
cine. A list of the peptides synthesized and their positions on the
membranes is presented in Panel E.

The pattern of reactivity for the antibodies generated in mice
immunized with the Pc vaccine demonstrated that a greater num-
ber of peptides were recognized than in mice immunized with the
Pa vaccine (Fig. 1A). An analysis of the sequences constituting the
peptides synthesized in reactive regions defined 23 epitopes gener-
ated by the miPc vaccine while only 13 epitopes were created by the
miPa vaccine (Table 1). Twelve epitopes (Prn-1, Prn-2, Prn-3, Prn-4,
Prn-7,Prn-10, Prn-20, Prn-21, Prn-22, Prn-23, Prn-24, Prn-25) were
uniquely specified by the miPc vaccine and two epitopes (Prn-14
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A2 | SRIVKAAPLRRTTL | B23 | DGGHITGGRAAGVA | D20 | EAGRFKVLTVNTLA | F17 | HLGGLAGYTRGDRG
A3 AAPLRRTTLAMALG | B24 TGGRAAGVAAMQGA D21 KVLTVNTLAGSGLF F18 AGYTRGDRGFTGDG
Ad | RTTLAMALGALGAA | C1 | AGVAAMQGAVVALQ | D22 | NTLAGSGLFRMNVF | F19 | GDRGETGDGGGHTD
A5 | MALGALGAAPARHA | C2 | MQGAVVHLQRATIR | D23 | SGLFRMNVFADLGL | F20 | TGDGGGHTDSVHVG
A6 LGAAPARHADWNNQ c3 VHLQRATIRRGDAP D24 MNVFADLGLSDKLV F21 GHTDSVHVGGYATY
A7 | ARHADWNNQSIVKT | C4 | ATIRRGDAPAGGAV | E1 | DLGLSDKLVVMQDA | F22 | VHVGGYATYIADSG
A8 | WNNQSIVKTGERQH | C5 | GDAPAGGAVPGGAV | B2 | DKLVVMQDASGQHR | F23 | YATYIADSG-FYLDA
A9 | IVKTGERQHG-HIQ | C6 GGAVPGGAVPGGFG | E3 MQDASGQHRLWVRN | F24 | ADSGFYLDATLRAS
A10 ERQHGIHIQGSDPG c7 GGAVPGGFGPVLDG E4 GQHRLWVRNSGSEP G1 YLDATLRASRLEND
All | IHIQGSDPGGVRTA | C8 | GGFGPVLDGWYGVD | E5 | WVRNSGSEPASANT | G2 | LRASRLENDFKVAG
Al2 | SDPGGVRTASGTTI | €9 | VLDGWYGVDVSGSS | E6 | GSEPASANTLLLVQ | G3 | LENDFKVAGSDGYA
Al13 VRTASGTTIKVSGR c10 YGVDVSGSSVELAQ E7 SANTLLLVQTPLGS G4 KVAGSDGYAVKGKY
Al4 | GTTIKVSGRQAQGI | C11 | SGSSVELAQSIVEA | EB | LLVQTPLGSAATET | G5 | DGYAVKGKYRTHGV
Al5 VSGRQAQGILLENP c12 ELAQSIVEAPELGA E9 PLGSAATFTLANKD Gé6 KGKYRTHGVGASLE
A16 | AQGILLENPAAELQ | C13 | IVEAPELGAAIRVG | EL0 | ATFTLANK-DGKVDI | G7 | THGVGASLEAGRRE
A17 | LENPAAELQFRNGS | C14 | ELGAAIRVGRGARV | E11 | ANKDGKVDIGTYRY | G8 | ASLEAGRRETHADG
Al8 | AELQFRNGSVTSSG | C15 | IRVGRGARVTVSGG | E12 | KVDIGTYRYRLAAN | G9 | GRRETHADGWFLEP
Al9 | RNGSVTSSGQLSDD | C16 | GARVIVSGGSLSAP | E13 | TYRYRLAANGNGOW | G10 | HADGWFLEPQAELA
A20 | TSSGQLSDDGIRRF | C17 | VSGGSLSAPHGNVI | E14 | LAANGNGOWSLVGA | G11 | FLEPOAELAVFRAG
A21 LSDDGIRRFLGTVT c18 LSAPHGNVIETGGA E1S5 NGQWSLVGAKAPPA Gl12 AELAVFRAGGGAYR
A22 | IRRFLGTVIVKAGK | C19 | GNVIETGGARRFAP | E16 | LVGAKAPPAPKPAP | G13 | FRAGGGAYRAANGL
A23 | GTVIVKAGKLVADH | C20 | TGGARRFAPQAAPL | E17 | APPAPKPAPQPGPQ | G14 | GAYRAANGLRVRDE
A24 | KAGKLVADHATLAN | C21 | RFAPQAAPLSITLQ | E18 | KPAPQPGPQPPQPP | G15 | ANGLRVRDEGGSSV
Bl VADHATLANVGDTW | C22 AAPLSITLOQAGAHA E19 PGPQPPQPPQPQPE Gl6 VRDEGGSSVLGRLG
B2 | TLANVGDTWDDDGI | C23 | ITLOAGAHAQGKAL | E20 | PQPPQPQPEAPAPQ | G17 | GSSVLGRLGLEVGK
B3 | GDTWDDDGIALYVA | C24 | GAHAQGKALLYRVL | E21 | PQPEAPAPQPPAGR | G18 | GRLGLEVGKRIELA
B4 | DDGIALYVAGEQAQ | D1 | GKALLYRVLPEBVK | E22 | PAPQPPAGRELSAA | G19 | EVGKRIELAGGRQV
B5 | LYVAGEQAQASIAD | D2 | YRVLPEPVKLTLTG | E23 | PAGRELSAAANAAV | G20 | IELAGGRQVQPYIK
B6 | EQRQASIADSTLQG | D3 | EPVKLTLTGGADAQ | E24 | LSAAANAAVNTGGV | G21 | GRQVQPYIKASVLQ
B7 | SIADSTLOGAGGVQ | D4 | TLTGGADAQGDIVA | F1 | NAAVNTGGVGLAST | G22 | PYIKASVLOEFDGA
B8 TLQGAGGVQIERGA D5 ADAQGDIVATELPS F2 TGGVGLASTLWYAE G23 SVLQEFDGAGTVHT
B9 | GGVQIERGANVIVQ | D6 | DIVATELPSIPGT-S | F3 | LASTLWYAESNALS | G24 | FDGAGTVHTNGIAH
B10 | ERGANVIVQRSAIV | D7 | ELPSIPGTSIGPLD | F4 | WYAESNALSKRLGE | H1 | TVHINGIAHRTELR
Bll VIVQRSAIVDGGLH D8 PGTSIGPLDVALAS FS NALSKRLGELRLNP H2 GIAHRTELRGTRAE
B12 | SAIVDGGLHIGALQ | D9 | GPLDVALASQARWT | F6 | RLGELRLNPDAGGA | H3 | TELRGTRAELGLGM
B13 | GGLHIGALQSLQPE | D10 | ALASQARWIGATRA | F7 | RLNPDAGGAWGRGF | H4 | TRAELGLGMAAALG
B14 | GALQSLQPEDLPPS | D11 | ARWIGATRAVDSLS | F8 | AGGAWGRGFAQRQQ | H5 | GLGMAAALGRGHSL
B15 | LOPEDLPPSRVVLR | D12 | ATRAVDSLSIDNAT | F9 | GRGFAQRQQLDNRA | H6 | AALGRGHSLYASYE
B16 | LPPSRVVLRDTNVT | D13 | DSLSIDNATWVMID | F10 | QRQQLDONRAGRRED | H7 | GHSLYASYEYSKGP
B17 VVLRDTNVTAVPAS D14 DNATWVMTDNSNVG F11 DNRAGRRFDQKVAG H8 ASYEYSKGPKLAMP
B18 | TNVTAVPASGAPAA | D15 | VMIDNSNVGALRLA | F12 | RRFDQKVAGFELGA | H9 | SKGPKLAMPWTFHA
B19 | VPASGAPAAVSVLG | D16 | SNVGALRLASDGSV | F13 | KVAGFELGADHAVA | H10 | LAMPWIFHAGYRYS
B20 | APAAVSVLGASELT | D17 | LRLASDGSVDFQQP | F14 | ELGADHAVAVAGGR | H1l | AMPWIFHAGYRYSW
B21 SVLGASELTLDGGH D18 DGSVDFQQPAEAGR F15 HAVAVAGGRWHLGG

Fig. 1. Fine mapping of epitopes by sera from mice immunized with DTP ((A) and (C)) and DTPa ((B) and (D)) with the library (E) of the pertactin Bordetella pertussis protein
synthetic 15-mer peptides. Binding of antibody to individual peptides was detected by incubating the membrane with alkaline phosphatase goat anti-mouse immunoglobulin.
The intensity of signal ((A) and (B)) was obtained by scanning of the membranes ((C) and (D)) probed with the antisera.



6254 F.R. da Silva et al. / Vaccine 32 (2014) 6251-6258

Table 1
Epitopes of Bordetella pertussis P.133 Prn protein identified in this study by SPOT-
synthesis analysis.

Epitope Cellular vaccine Acellular vaccine Murine antibodies [39]
Prn-1 46-59 45-49
Prn-2 61-74 65-70
Prn-3 80-84 78-83
Prn-4 104-119 105-111
Prn-5 126-139 135-149 133-137
Prn-6 191-199 181-194 190-195
Prn-7 221-234 224-228
Prn-8 245-264 257-265 256-285
Prn-9 281-289 286-294 256-285
Prn-10 351-359 350-358/362-367
Prn-11 426-440 426-444 425-482
Prn-12 471-484 471-479 468-473
Prn-13 491-499 495-504

Prn-14 526-534 527-533
Prn-15 551-564

Prn-16 611-624 616-629 620-627
Prn-17 641-654 641-654 651-655
Prn-18 682-699 686-699 681-688
Prn-19 776-779 761-779

Prn-20 791-799

Prn-21 811-824

Prn-22 831-839

Prn-23 851-854

Prn-24 866-871

Prn-25 876-889

and Prn-15) by the sera of miPa vaccine (Table 1). The remaining
epitopes were common between the two vaccines (Table 1). Over-
all, the epitopes were designated as Prn-1 to Prn-25 for this study.

3.2. Localization of the B-epitopes within the P.133-Prn protein

The 25 linear B-epitopes identified by the SPOT-synthesis anal-
ysis were distributed throughout the pertactin protein (Fig. 2). The
P.133 pertactin protein gene contains three well defined segments:
a signaling N-terminal extension (aa 1-34), P.69 Prn (aa 35-566)
and the P.30 segment (aa 607-900) [19].

No reactivity was observed against the signal peptide in the first
thirty-five amino acids by either vaccine. Thirteen epitopes were
identified in the P.69 Prn segment by the miPc vaccine sera (Prn-1 to
Prn-13) and 10 epitopes (Prn-5, Prn-6, Prn-8, Prn-9, Prn-11 to Prn-
15) by the miPa vaccine sera (Table 1). Neither the variable region
r1 (aa 276-280) nor r2 (aa 575-590/594-598) displayed epitope.

The major response of the Pa vaccine was found within
sequences between regions 1 and 2. Most of the identified epitopes
were located in loop/coil structures, which were present on the
protein surface and accessible to the solvent (Fig. 2).

The P.30 segment (aa 607-900) contained 10 epitopes (Prn-16 to
Prn-25) recognized by miPc vaccine sera. Only four epitopes (Prn-
16 to Prn-19) were reactive to miPa vaccine sera (Table 1).

One sequence [300-GGXXP-304] is located directly after the
RGD motif that could mediate interactions with epithelial cells [37].
While the RGD motif (aa 260-272) from region 1 is part of an epi-
tope (Prn-8) recognized by sera of miPc (aa 245-265) and miPa
(aa 257-265) vaccine sera, the adjacent sequence involved in the
epithelial adhesion is not present in this epitope (Table 1).

3.3. Spatial location of the P.133 reactive epitopes

The tridimensional structure of mature P.69 pertactin has been
determined to a resolution of 2.5A by X-ray diffraction, but no
structure exists for the precursor, P.133 Prn. In our study, a pre-
dicted structural model of the entire P.133 Prn was obtained
(Fig. 2) with a confidence score equal to —2.16 and a TM-score of
0.47 +0.15 (borderline quality) and displays the spatial localization

of the most reactive epitopes identified by the SPOT-synthesis array
experiments. Most of the linear epitopes were located in coil/loop
structures in the P.133 protein structure. The hydropathy plot of
the protein also suggested that all of the epitopes were present on
the surface of the proteins (data not shown).

3.4. Cross-immunity conferred by strains of B. pertussis

To investigate the cross-immunity conferred by the B. pertus-
sis pertactin protein, 12 sequences deposited in NCBI data bank
were aligned to compare the sequences of the epitopes. This anal-
ysis showed that, in totality, all of the epitopes identified by sera
from immunized mice were identical between the different strain
sequences (Fig. 3). The high conservation of the structure of the
epitopes suggests that a strong cross-immunity is induced by
immunization.

The epitopes identified in this work by the SPOT-synthesis
approach compared to those identified in the literature by other
methodologies and murine immune sera [37,38] or monoclonal
antibodies [37] were 100% correlative. Our epitope mapping
revealed nine (Prn-13, Prn-15, Prn-19 to Prn-25) new murine epi-
topes (Table 1).

3.5. Correlation of pertactin within Bordetella sp

As shown in Fig. 4, the pertactin proteins shares a high level of
structural similarity and therefore all of linear epitopes identified
with other Bordetella sp adhesins proteins.

4. Discussion

Studies in animals and humans have indicated that immu-
nity against pertussis was highly dependent on the inclusion of
pertactin in vaccines through correlations between anti-pertactin
antibodies and clinical protection. Pertactin belongs to a family of
secreted proteins, which is proteolytically processed at its N- and
C-termini to produce P.69 and P.30 located at the cell surface and in
the outer membrane, respectively [38]. A major difference between
the two available Pertussis vaccines is that P.69 pertactin is only
included in the Pa vaccine while both proteins segments are present
in the Pc vaccine.

In practice, vaccination with either vaccine is effective at elici-
ting a protective immune response. The mapping results show that
the immune response in mouse to each, while comparable, was
not identical (Fig. 1). Sera from mice immunized with the Pc vac-
cine recognized 23 epitopes and with the Pa vaccine, 11 epitopes
were identified (Fig. 1 and Table 1). With regards pertactin, the
most robust immune responses from the Pc vaccine were directed
against both the N-terminus (P.69 Prn) and C-terminus (P.30 Prn).
For the Pa vaccine, reactivity was directed against the segment
spanning regions 1 and 2.

Immunizing mice with the Pc or Pa vaccine induced distinct and
specific antibodies that, along with the decreasing antigenicity of
P.69 Prn by the Pa vaccine, could be explained by the effects of
chemical treatments necessary for detoxification of preparations.
Although the modifications from formaldehyde treatment are not
known, it was previously shown that treatment of Prn greatly
reduced the epitope binding activity by a panel of murine mAbs
and induced antibodies that bound Prn, but was not bactericidal
[39]. Conversely, the association between antibody responses to
site accessibility is a frequently reported phenomenon for various
antigens [40] and most likely reflects the exposure of the antigen
and maturation of the immune system.

Most Pc vaccines are composed of 1, 2 or 3 different strains,
while Pa vaccines by 3-4 components. The Pa vaccine used in our
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Fig. 2. Spatial localization of the linear epitopes recognized by sera from mice immunized with acellular (A) and cellular (B) Bordetella pertussis vaccine in three dimensional
structures of P.133 Prn toxin. The epitopes numbers (Prn-1-25) are highlighted in different colors to facilitate identification. The P.133 Prn structure was obtained from
protein data bank (http://www.pdb.org) and drawn using PyMol. The C-terminal amino acid residues 600-887, are not part of the resolved structure (1DAB.pdb) and was
obtained by molecular modeling. Arrows indicate the positions of the minor loop (224-233aa) and major loop (433-441aa). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

study included four components; the PT, FHA, fimbrial and Prn pro-
tein. Since both are protective, the common epitopes in the P.69 Prn
become the more important targets of the immune response for
neutralization. However, the protective importance of the epitopes
present in the P.30 segment should not be ignored since there was
arobust response induced specially by the Pc vaccine. Nonetheless,
the reactivity of the Pa vaccine suggests the presence of some P.30
in the Pa vaccine. The industrial process of Pa vaccine preparation
includes the use of B. pertussis culture filtrates, which are subjected
to ultrafiltration on a 30 kDa membrane that could retain P.30.

In relation to the structure-function of the toxin, pertactin pos-
sesses two important regions, designated regions 1 (aa 276-280)
and 2 (aa 575-590 and 594-598), which are comprised of repeats
known to create polymorphisms that could contribute to immune
escape [41] from their role in conferring immunity in rabbit
[29]. However, our analysis showed that these regions were not
immunogenic in mice after immunization by either vaccine (Fig. 2).
Contiguous regions contain the amino acid triplet RGD, which
has been shown to be involved in adherence to host cells [25].
Both RGD site 1 [aa 257--265] and 2 [aa 691-693] were discov-
ered within epitopes Prn-8 (aa 245-264/257-265) and Prn-18 (aa

682-699/686-699) recognized by sera from the Pc and Pa vac-
cine, which should contribute to neutralization by interfering with
attachment of the bacterium to human cells.

The C-terminal region of the P.69 Prn contains another impor-
tant motif loop [37] that appears to represent the major human
immunoprotective epitope [aa 567-573]. Here, this epitope was not
recognized by either sera obtained after vaccination (Table 1). Like-
wise, the human immunodominant regions composed of repeating
units of 5 (GGXXP) or 3 (PQP) amino acids [8], were not recognized
after vaccination by both the Pa and Pc. However, in general, there
was good correlation between epitopes identified in this study and
those previously described using murine antibodies (Table 1).

Different factors can influence antigenicity of an antigen such as
host, strain, adjuvant, antigen concentration and number of injec-
tions forimmunization. These factors were similar for both vaccines
in our study. Therefore, the observed differences of antigenicity
against the pertactin within miPa and miPc can be attributed to
antigen preparation. For pertactin, the cellular vaccine has primar-
ily membrane-inserted protein whereas it is purified in the acellu-
lar vaccine. However, the presence of more lipids could increase
antigenicity of the proteins in the cellular vaccine suggesting
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Prn-1 Prn-2 Prn-3 Prn-4
1 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPA IVRT{ERQHGIHIC GTTI I RNGSVTSSGQLSDPGIRRFLGTVTVEA 117
2 MNMSLSRIVRAAPLRRTTLAMALGA---LGAAPA IVRT(ERQHGIHIC TASGTTIRVSGHQAQGT] RNGSVTSSGQLSDPGIRRFLGTVTVRA 117
3 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPA IVKT(ERQHGIHIC GTTI I RNGSVTSSGQLSDPGIRRFLGTVTVRA 117
4 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPA IVRT(ERQHGIHIC TASGTTIRVSGHQAQGT] RNGSVTSSGQLFDPGIRRFLGTVTVRA 117
s MNMSLSRIVRAAPLRRTTLAMALGA---LGAAPA IVRT(ERQHGIHIC TASGTTI 1 RNGSVT FDPGIRRFLGTVTVRA 117
6 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPA IIRAQERQEGIEIRES! TTIRVSGHQA QNGSVTSSGQL LGTVTVRA 117
7 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPA I IHIRGS RTAJGTTIRVSGHOA QNGSVTSSGQL LGTVTVRA 117
8 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPAAYADWNNQS I TRAQ RTAJGTTI QNGSVT: LGTVTVRA 117
9 MNMSLSRIVRAAPLRRTTLAMALGALGALGAAPAAHADWNNQS T IRAGERQHGTHIRGS RTAJGTTI QNGSVTSSGQLI LGTVTVRA 120
10 --MSLSRIVRAAPLRRTTLAMALGA---LGAAPA IIRAQERQHGIHIRGS! RTABGTTI QNGSVT: LGTVTVRA 115
11 —mmeeeees RAAPLRRTTLAMALGA- -~ LGAAPA IVRTGERQHGIHI TTI 1 RNGSVTSSGQLSDDGIRRFLGTVTVRA 108
12 MNMSLSRIVRAAPLRRTTLAMALGA- -~ LGAAPA IVRT(ERQHGIHIC TABGTTIRVSGHQAQG]] RNGSVTSSGQLFDPGIRRFLGTVTVRA 117
A RRANEERANEEE AR RRA I RRANNERIAINTRRRRERA SR AN ER AR : e
Prn-4 Prn-5 Prn-6 Prn-7
1 GRLVADEAT LANVGD TWDDDGIALYVAGEQAQAS IADSTLQGAGGVQIERGANVTVQRSATVI{GGLEIGALQS LOPEDLPPSRVVLRD TNVTAVPASGAPAAVEVLGASELTLDGGHI TG 237
2 GRILVADEAT LANVGDT AL JASTADSTLO! TERGANVTVQRSATVDGGLEIGALQSLQPEDLPPSRVVLRDTNVTAVPASGAPAAVISVLGASELTLDGGHI TG 237
3 GRILVADEAT LANVGD TWDDDGIAL JASTADSTLQ I VTVQRSAIVDGGLEIGALQS LOPEDLPPSRVVLRDTNVTAVPASGAPAAVISVLGASELTLDGGEI TG 237
4 GRILVADEAT LANVGD TWDDDGIALYVAGEQAQAS TADSTLQGAGGVQIERGANVTVQRSATVIGGLEIGALQS LOPEDLPPSRVVLRD TNVTAVPASGAPAAVISVLGASELTLDGGHI TG 237
s GRILVADEAT LANVGDT AL JASTADSTLO! TVQRSATVDGGLEIGALQSLQPEDLPPSRVVLRDTNVTAVPASGAPAAVISVLGASELTLDGGHI TG 237
6 GRILVADEAT LANVSDTRDDDGIAL IADSTLQ TVQRSTIVDGGLEIGHLOBLOPEDLPPSRVVLGDTSVT, THDGGHITG 237
7 GRILVADEAT LANVSDTRDDDGIALYVAGEQAQASTADSTLO! TVQRSTIVDGGLEIGELOBLOPEDLPPSRVVLGDTSV TEDGGHITG 237
8 GRILVADEAT LANVSDTEDDDGIAL JASTADSTLQ TVQRSTIVDGGLEIGELOBLOPEDLPPSRVVLGDTSVT THDGGHITG 237
9 GRILVADEAT LANVSDTEDDDGIAL JASTADSTLO! TVQRSTIVDGGLEIGELOBLOPEDLPPSRVVLGDTSVT. TEDGGHITG 240
10 GRILVADEAT LANVSDTEDDDGIALYVAGEQAQTSIADSTLO! TVQRSTIVDGGLEIGELOELOPEDLPPSRVVLGDTSV T@DGGHITG 235
11 (TLANVGDTWDDDGIAL VTVQRSAIVDGGLEIGALQS LOPEDLPPSRVVLRDTNVTAVPASGAPAAVISVLGASELTLDGGEI TG 228
12 (TLANVGDT AL TVQRSATVDGGLEIGALQSLOPEDLPPSRVVLRDTNVTAVPASGAPAAVSVLGASELTLDGGHI TG 237
P P ..
Prn-9
3 AQSIVEAPELGAAT! v SAPHGNVIETG 337
2 AQSIVEAPELGAAT! v SAPHGNVIETG 347
3 AQSIVEAPELGAAT! v SAPHGNVIETG 347
4 AQSIVEAPELGAAT v FAPHGNVIETG 347
5 GE|VLD AQSIVEAPELGAAT! ™ SAPHGNVIETG 347
pe AQSIVEAPQLGAAT! v SAPHGNVIETG 337
7 AQSIVEAPQLGAAT! v SAPHGNVIETG 337
. AQSIVEAPQLGAAT! v SAPHGNVIETG 342
9 AQSIVEAPQLGAAT! v SA TETG 345
10 AQSIVEAPQLGAAT! TV. SAPHGNVIETG 335
11 GRAAGVARMQGAVVHLQRATT! GPGGFGPGGE AQSIVEAPELGAAT! vV SAPHGNVIETG 348
12 R VHLQRATT AQSIVEAPELGAAI TLSGGSLSAPEGNVIETG 342
Prn-10 Prn-11
1 ~GARRFAPQAAPLS[[ TLQAGARAQGKALLYRVLPEPVRLTLTGGADAQGDIVATELPSIPGTSIGPLDVALASQARWT s: WVMT RL QQPAE 456
2 ~GARRFAPQAAPLS[I TLQAGAEAQGRAL LYRVLPEPVRLTLTGGADAQGDIVATELPSIPGTSIGPLDVALA T s WVMT LRL Q0! 466
3 ~GARRFAPQAAPLS[ITL LLYRVLPEPVRLTLTGGADAQGDIVATELPSIPGTSIGPLDVALASQARWTG, s: WVMT RL QQPAE 466
4 ~GARRFAPQAAPLS[[ TLQAGAEAQGKALLYRVLPEPVRLTLTGGADAQGDIVATELPSIPGTSIGPLDVALA TGAT SIDNATWVMT LRL QQ! 466
s ~GARRFAPQAAPLS|I TLQAGAEAQGRALLYRVLPEPVQLTLTGGADAQGDIVATELPPIPGTSIGPLDVALA T LS. WVMT LRL Q0! 466
6 GGARRFPPPASPLS[TLQA LLYRVLPEPVRLTL IVATELPPIPGASSGPLDVALASQARWTGATRAVDSLS WVMTDNSNVGALRL QQPAE 457
7 GGARRFPPPASPLS[TLE LLYRVLPEPVRLTL IVATELPPIPGASSGPLDVALA TGAT SIDNATWVMT LRL QQ! 457
8 GGARRFPPPASPLS[TLQ LLYRVLPEPVRLTL IVATELPPIPGASSGPLDVALA T AVDSLS: WVMT LRL Q0! 462
9 GGARRFPPPASPLS[TL LLYRVLPEPVRLTL IVATELPPIPGASSGPLDVALA TGATRAVDS LSIDNATWVMT LRL Q0! 465
10 GGARRFPPPASPLS[[TLQA! LLYRVLPEPVRLTL IVATELPPIPGASSGPLDVALA T AVDSLS: WVMT LRL Q0! 455
1 ~GARRFAPQAAPLS[I TLQAGARAQGKALLYRVLPEPVRLTLTGGADAQGDIVATELPSIPGTSIGPLDVALASQARWTG, s: WVMTDNSNVGALRL QQPAE 467
12 ~GARRFAPQAAPLS[TL LLYRVLPEPVQLTLTGGADAQGDIVATELPPTPGTSIGPLDVALA TGATRAVDS LSIPNATWVMT LRL QQPAE 461
waass @ wiesssEEiaREIRee: Taseiean:, waaie N
Prn-12 Prn-13 Prn-14 Prn-15
1 AGRFRVLTVNTLAGSGLFRMNVFADLGIJSDRL NTLLLVQTPLGSAATF T LANKDGRVDIGTYRYRLA 571
2 AGRFRVLTVNTLAGSGLE! GUSDRLVY SGQERL NTLLLVQTPLGSAATETL IGTYRYRLA 581
3 AGRFRVLTVNTLAGSGLEF "ADLGLSDRLVVMODASGQHRLI NTLLLVQTPLGSAATETL IGTYRYRLAANGNGQWSLY 581
4 AGRFRVLTVNTLAGSGLFRMNVFADLGLSDRL! HRLI NTLLLVQTPRGSAATETL IGTYRYRLA 581
s AGRFRVLTVNTLAGSGLE GUSDRL ASGQERL NTLLLVQTPRGSAATETL IGTYRYRLAANGNGQWSLY 585
6 AGRFRVLMVDTLAGSGLFRMNVFADLGLSDKL Ip. NTMLLVQTPRGSAATETL IGTYRYRLA 573
7 AGRFRVLMVDTLAGSGL GUSDRLVVMEDASGQHRL NTMLLVQTPRGSAATETL IGTYRYRLA GARAPPAPRKPAPQPGPQPG 577
8 AGRFRVLMVDTLAGSGLE GUSDRL ASGQERL NTMLLVQTPRGSAATETL IGTYRYRLAANGNGQWSLY QPG---- 578
9 AGRERVLMVDTLAGSGLFRMNVFADLGLSDRL! NTMLLVQTPRGSAATETL IGTYRYRLA KPAPQPGPQPG 585
10 AGRFRCLMVDTLAGSGLI GUSDRLVVMEDASGQHRL NTMLLVQTPRGSAATETL IGTYRYRLA PAPQPG---~ 571
11 AGRFRVLTVNTLAGSGLFRMNVFADLGUSDKL NTLLLVQTPLGSAATETL IGTYRYRLA KPAPQP----~ 582
12 AGRFRVLTVNTLAGSGLF! GLSDRLVVMQDASGQHRL NTLLLVQTPRGSAATETL IGTYRYRLA QPGPQP- 580
waarr woa: Teeeeaeeeay Tevnaan
Prn-16 Prn-17 Prn-18
1 QPPQPPQPQ! Q SAAANAAVNTGGVC] RL QRVAGFEL 0] 682
2 QPPQPEY o SAAANAAVNTGGVGILASTLWYAESNAL SKRLGELRL 692
3 QPPQPPQ Q SAAANAAVNTGGVGLASTL SRRLGE[LRL QQL EL 692
4 P--QP---PQPQ Q SAAANAAVNTGGVGLASTLWYAESNALSKRLGE[LRL QRVAGFEL 689
5 B--LPPQPE 0 AAAN TGGVOILASTLWYAESNAL SRRLGELRL 696
6 QPGPQPPQPPQPPQ] Q SAAANAAVNTGGVGLASTLWYAESNALSKRLGE[LRL QoL DQRVAGFEL 693
7 PQPGPQPPQPPQPPQPEX Q SAAANAAVNTGGVGILASTLWYAESNALSKRLGE[LRL 697
8 PQPGPQPPQ Q SAAANAAVNTGGVGLASTL SRRLGE[LRL GFEL 695
9 PQ QPPQ! Q SAAANAAVNTGGVGLASTLWYAESNALSKRLGE|LRL QoL DQRVAGEEL 698
10 QPGPQPPQPPQPPQPES SAAANAAVNTGGVGLASTLWYAESNALSKRLGE[LRL 691
11 QPPQPE SAAANAAVNTGGVGLASTLWYAESNALSKRLGE[LRL EL 693
12 QPPQPQPQPQPQ! Q SAAANAAVNTGGVGLAST LWYAESNALSKRLGE|LRLNPDAGGAWGRGFAQRQQLDNRAG! L] 693
P
Prn-18 Prn-19 Prn-20
1 GHTDSVEVGGYATYIADSGFY LDATLRASRLENDFRVAGSDGYAVRKGRYRTHGVGAS LEAGRRE TEADGWE LE POAE LAVFRAGGGAYRARNGLRVRDERGS 802
2 GHTDSVEVGGYATYIADSGFYLDATLRASRL HGVI [RRETHADGWFLEPQAE LAVFR 812
3 GGHTDSVEVGGYATYTADSGFYLDATLRASRL RTHGV IRRETHADGWELEPQAE LAVF! 812
4 DGLGH TYIADSGEYLDATLRASRL v I RRFTHADGWFLEPQAE LAVE! 809
5 3GHTDSVHVGGYATYIANSGFYLDATLRASRL HGV( ! THADGWFLEPQAELAVFR 816
6 GGHTDSVEVGGYATYTANSGFYLDATLRASRL RTHGV! LEPQAELAVFRVGGGS' 813
7 GGHTDSVHVGGYATYTANSGFYLDATLRASRL v LEPQAELAVERV 817
8 LAGYTRGDRGETGDGGHTDSVEVGGYATY IANSGFYLDATLRASRL HGV( LEPQAELAVFRV 815
B LAGYTRGDRGET TYIANSGEYLDATLRASRL v LEPQAELAVERV 818
10 LAGYTRGDRGETGDGGHTDSVEVGGYATY IANSGFYLDATLRASRL HGV( LEPQAELAVFRV 811
11 LAGYTRGDRGFTGDGBGHTDSVEVGGYATYIADSGFYLDATLRASRL RTHGV IRRFTHADGWELEPQAE LAVF! 813
12 LAGYTRGDRGFTGDGGHTDSVEVGGYATYIANSGEYLDATLRASRL 752
Prn-21 Prn-22 Prn-23 Prn-24 Prn-25

1 SVLGRLGLEVGRRIE LAGGRQVRPY IRASVLQEFDGAR TVETNGIARHTE LR TRAELGLGMARALGROES LYASYE Y SKGPRLAMEWTF HAGYRY SW 900

2 SVLGRLGLEVGRRIELA( YIRASVLG T ABHTELRGTRAELGLGMAAALGRGHSL TE 910

3 SVLGRLGLEVGRRIEL TRASVL GTVE' AHHTELRGTRAELGLGMAAALGRGHSL TFHAGYRYSW 910

4 SVLGRLGLEVGRRIEL TRASVL TNGIAHHTELRGTRAELGLGMAAALGRGHSL Y SKGPRLAMEWTFEAGYRYSW 907

s SVLGRLGLEVGRRIEL TRASVL L TVRTNGIABHTELRGTRAELGLGMAAALGRGHSL TFHAGYRYSW 914

6 SVLGRLGLEVGRRIEL TRASVLQ! TNGIAHHTELRGTRAELGLGMAAALGRGHSL 'Y SKGPRLAMEWTF! W 911

7 SVLGRLGLEVGRRIELA( YIRASVL AHHTELRGTRAELGLGMAAALGRGHSL RLAMEMWTE! 915

8 SVLGRLGLEVGRRIEL TRASVL GTVRTNGIAHHTELRGTRAELGLGMAAALGRGHSL TFHAGYRYSW 913

9 SVLGRLGLEVGRRIEL TRASVL TNGIAHHTELRGTRAELGLGMAAALGRGHSL Y TPHAGYRYSW 916

10 SVLGRLGLEVGRRIELA( YIRASVL AHHTELRGTRAELGLGMAAALGRGHSL RLAMEWTE 909

11 SVLGRLGLEVGRRIEL IRASVLO! o 851

12 752

Fig. 3. Cross-reactivity of epitopes in the P.133 Prn protein for strains of Bordetella pertussis contained or not contained within vaccine preparations [(1) Q03035, (2) K4QEPO,
(3) KATPWSY, (4) QIL4E2, (5) Q6U896, (6) KATCVO, (7) QOAIXS, (8) KOMTCS, (9) J7RKBO, (10) A4UTLS5, (11) FALFL2, (12) P14283] deposited in data bank. The boxed sequences
represent the 25 IgG epitopes identified in this work by SPOT-synthesis.
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Prn-1
1 MNMSLSRIVKAAPLRRTTLAMALGALGAAPAAHADWNNQSIVKT 5
2 MNMSLSRIVKAAPLRRTTLAMALGALGAAPAAYADWNNQST IKA( 5
3 MNMSLSRIVKAAPLRRTTLAMALGALGAAPAAYADWNNQSI IKAGERQHGIHIKQSDGAR
dhkkkkkhkkhkhkkhhhhhhhhkhhkhkhhhhhhdhdhhd . khkhkhdhdkd, k. % B W x
Prn-2 Prn-3 Prn-4
1 IVRTASGTTIKVSGRRAQGILLEN] LQFRNGSVTSSGQLYDDGIRRFLGTVTVKAGK]
2 [VRTATGTTIKVSGRRAQGVLLEN LRFQNGSVTSSGQLEDEGVRRFLGTVTVKAGK]
3 [VRTATGTTIKVSGRPAQGYLLEN LRFQNGSVTS SGQLEDEGVRRFLGTVTVKAGK]
dkhkkk o hkkhhkkhhhkhhhhk , khkhhhkhhh h, khkhhkkhhhkd AL *
Prn-56
1 VADHAfLANVGDTWDDDGIALYVAGEQAQRSIADSTLQGAGGVQIERGANVTVQRSAIVD
2 VADHATLANVSDTRDDDGIALYVAGEQAQRS IADSTLQGAGGVRVERGANVTVQRSTIVD
3 VADHATLANVSDTRDDDGIALYVAGEQAQRS IADSTLQGAGGVRVERGANVTVQRSTIVD
hhkkkkhkhkhkhk hhk hhkkkkkhhkkhhhhhhhkkkhkhhhhhhhdhd, « khkkhkhhhhhdd, khkk
Prn-6 Prn-7
1 GGLHIGALQSLQPEDLPPSRVVLRDTNVTAVPASGAPAAVEVLGASELTLDGGH[ TGGRA
2 GGLHIGTLQPLQPEDLPPSRVVLGDTSVTAVPASGAPAAVEVFGANELTVDGGH[ TGGRA
3 GGLHIGTLQPLOPEDLPPSRVVLGDTSVTAVPASGAPAAV] LTVDGGH[ TGGRA
******:** EEEEEEEEE T S 2 2 **.************* % % %k ke ke ok
Prn-8 Prn-9
1 AGVARMQGAVVHLQRATIRRGDAPAGGAVP-—-—— GGAVPGGFGP
2 AGVARMDGAIVHLORATIRRGDAPAGGAVP-—-—— GGAVPGGFGP

3 AGVARMDGAIVHLQRATIRRGDAPAGGAVPGGAVPGGAVPGGFGPLLDGWYGVD
KKK ET FH FARFFRFFRRFIRFF AN Kk * Kkkkkkkkkk

Prn-10
1 ELAQSIVEAPELGAATIRVGRGARVTVSGGSLSAPHGNVIETG-GARRFAPQAAPLSITLQ
2 DLAQSIVEAPQLGAATIRAGRGARVTVSGGSLSAPHGNVIETGGGARRFPPPASPLSITLQ

3 DLAQSIVEAPQLGAATIRAGRGARVTIVSGGSLSAPHGNVIETGGGARRFPPPASPLSITLQ
R L L T L P T T Ty

Prn-10
1 AGAHAQGKALLYRVLPEPVKLTLTGGADAQGDIVATELPSIPGTSIGPLDVALASQARWT
2 AGARADGRALLYRVLPEPVKLTLAGGAQGQGDIVATELPPIPGASSGPLDVALASQARWT
3 AGARAQGRALLYRVLPEPVKLTLAGGAQGQGDIVATELPPIPGASSGPLDVALASQARWT

*EE K *:***************:***:.********** ***:* dhkkkhkhkkhkkkhkkhkk

Prn-11 Prn-12

1 GATRAVDSLSIPNATWVMTDNSNVGALRLASDGSVDFQQPAEAGRFKVLTVNTLAGSGLF
2 GATRAVDSLSIPNATWVMTDNSNVGALRLASDGSVDFQQPAEAGRFKVLMVDTLAGSGLF
3 GATRAVDSLSIPNATWVMTDNSNVGALRLASDGSVDFQQPAEAGRFKVLMVDTLAGSGLF

L T T T T e L s e T

Prn-14
1 GSEPASANTLLLVQTPLGSARTFTLANKD
2 GSEPASANTMLLVQTPRGSAARTFTLANKD
3 GSEPASGNTMLLVQTPRGSARTFTLANKD
*****************:*******************.**:****** e d ok %k ok gk ok ok ke
Prn-15
1 GKVDIGTYRY.! GNGQWSLVGAKAPPAPKPAPQPGP--———=——===—==—— QPPQP
2 GKVDIGTYRY; GNGQWSLVGAKAPPAPKPAPQPGPQPGPQPPQPP -~~~ ~~ QPPQP

3 GKVDIGTYRY! GNGQWSLVGAKAPPAIPKPAPQPGPQPGPQPPQPPQPPQPPQPPQOP
L e e e e e e e T S T e e L e *kkokk

Prn-16

1 PQPQPEAPAPQPPAGRELSAAANAAVNTGGVELASTLWYAESNALSKRLGHLRLNPDAGG
2 PQRQPEAPAPQPPAGRELSAAANAAVNTGGVGLASTLWYAESNALSKRLGHLRLNPDAGG
3 PQRQPEAPAPQPPAGRELSAAANAAVNTGGVGLASTLWYAESNALSKRLGHLRLNPDAGG

LR R T T e e L e a2 2]

Prn-17 Prn-18

1 AWGRGFAQRQQLD] RRFDQKVAGFELGADHAVAVAGGRWHLGGLAGY TRGDRGF TG
2 AWGRGFAQRQQLD] RRFDQKVAGFELGADHAVAVAGGRWHLGGLAGY TRGDRGFTGH
3 AWGRGFAQRQQLD] RRFDQKVAGFELGADHAVAVAGGRWHLGGLAGY TRGDRGF TG
e v % Je % %k % K ok d ok % K ok S ok ok e ke ok e vk ok ke ke ok e vk ok ke e ok ke ke ok ke e ok ke e ke ke ek ok ke ke ke ke ok ok ok ek ok ok ke
Prn-18
GHTDSVHVGGYATYIADSGFYLDATLRASRLENDFKVAGSDGYAVKGKYRTHGVGASL

GHTDSVHVGGYATYIANSGFYLDATLRASRLENDFKVAGSDGYAVKGKYRTHGVGASL
GHTDSVHVGGYATYIANSGFYLDATLRASRLENDFKVAGSDGYAVKGKYRTHGVGVSL

LR e T e T T L e 2

Prn-19 Prn-20 Prn-21
EAGRRFTHADGWFLEPQAELANFRAGGGAYRARNGLRVRDHEGGS. SVLGRLGLEVGKRIEI
2 EAGRRFAHADGWFLEPQAELANFRVGGGSYRAANGLRVRDHGGS SVLGRLGLEVGKRIE]
EAGRRFAHADGWFLEPQAELANFRVGGGAYRARNGLRVRDHGGS SVLGRLGLEVGKRIEL

I T T e T T T T L R R L T e E T T T Ty

wN R

[

Prn-21 Prn-22 Prn-23 Prn-24 Prn-25
1 AGGRQVPPYIKABVLOEFDGAGTVHTNGI. TELRGTRAELGLG] ALGRC OYASY|
2 AGGRQVRPYIKASBVLOEFDGAGTVRTNGIAHRIELRIGTRAELGLG] ALGRC IYASY|
3 AGGRQVPPYIKABVLOEFDGAGTVRTNGI. TELRGTRAELGLGMARALGRGHSIIYASY]

EEEEEEE TR Kk g kKKK KATFRER ARk Kk kkkkk R EEE T

Prn-25

1 EYSKGPKLAMPWTFHAGYRYSW
2 EYSKGPKLAMPWTFHAGYRYSW
3 EYSKGPKLAMPWTFHAGYRYSW
KK KKK KKK KKK Kk ok ok kok ok kok ok ok

Fig. 4. Cross reactivity of the P.133 Prn within Bordetella sp. (1) Bordetella pertus-
sis (access number, A4UTL5); (2) B. parapertussis (access number, P24328); (3) B.
bronchiseptica (access number, QIL4E2). The boxed sequences represent the 25 per-
tactin IgG epitopes identified in this work by mouse sera vaccinated with Pc and Pa
vaccine.

that immunogenicity of the acellular vaccine could be improved
by incorporating a stronger adjuvant than aluminum salts into the
preparation to stimulate Th1 responses. Extensive literature exist
reporting adjuvants that improve antibody responses to pertussis

6257

antigens [42-44], including a recent report for oligosaccharides
derived from a B. pertussis lipopolysaccharide that, when conju-
gated with a protein induced bactericidal antibodies [45].

Vaccination with Pc induces a broad immune response against
hundreds of bacterial proteins while the Pa vaccine-induced
immune response targets the virulence of B. pertussis and not of
B. parapertussis [33], another causative agent. These species are, in
general, immunologically distinct [29], but this study shows that
all of the epitopes induced by Pc vaccine and Pa vaccine shared
common sites within Bordetella sp that includes B. parapertussis
and B. bronchiseptica suggesting that the use of Prn as an immuno-
gen generates a broad reactivity that covers all strains and species
that express and secrete the toxin. However, some isolates are not
affected by vaccination, including their virulence. Therefore, the
absence or decrease in protection afforded by vaccination with both
Pc and Pa does appear not to related to the generation of neutraliz-
ing antibodies against the Prn B. parapertussis protein. Rather, the
results suggest that other virulent factors are present in the circu-
lating strains and species of Bordetella, which are not addressed by
the current Pc and Pa vaccines.

In conclusion, the peptide arrays formed directly onto cellu-
lose membranes allowed the identification of the major antigenic
determinants in the P.133 recognized by mouse sera after being
immunized by either the Pc or Pa vaccine. The epitopes common
and specific to each vaccine epitopes were determined and located
within a structural model. This study also provides evidence that
antibodies against P.30 are induced by the Pc vaccine and could be
effective in neutralizing the toxin effect.

Mouse is the most frequently used animal in the literature
for investigating immune responses against B. pertussis. Although
humans are the only natural host for this bacterium, mice can
be infected with B. pertussis, and despite the absence of cough
after infection, they present other reactions resembling the human
response and therefore are acceptable as a model for studies on
immunity against this pathogen [46].
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