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Abstract: Since the 2000s, sporadic outbreaks of whooping cough have been reported in advanced
countries, where the acellular pertussis vaccination rate is relatively high, and in developing countries.
Small-scale whooping cough has also continued in many countries, due in part to the waning of
immune protection after childhood vaccination, necessitating the development of an improved
pertussis vaccine and vaccination program. Currently, two different production platforms are being
actively pursued in Korea; one is based on the aP (acellular pertussis) vaccine purified from B.
pertussis containing pertussis toxoid (PT), filamentous hemagglutin (FHA) and pertactin (PRN), and
the other is based on the recombinant aP (raP), containing genetically detoxified pertussis toxin
ADP-ribosyltransferase subunit 1 (PtxS1), FHA, and PRN domain, expressed and purified from
recombinant E. coli. aP components were further combined with diphtheria and tetanus vaccine
components as a prototype DTaP vaccine by GC Pharma (GC DTaP vaccine). We evaluated and
compared the immunogenicity and the protective efficacy of aP and raP vaccines in an experimental
murine challenge model: humoral immunity in serum, IgA secretion in nasal lavage, bacterial
clearance after challenge, PTx (pertussis toxin) CHO cell neutralization titer, cytokine secretion in
spleen single cell, and tissue resident memory CD4+ T cell (CD4+ TRM cell) in lung tissues. In
humoral immunogenicity, GC DTaP vaccines showed high titers for PT and PRN and showed similar
patterns in nasal lavage and IL-5 cytokine secretions. The GC DTaP vaccine and the control vaccine
showed equivalent results in bacterial clearance after challenge, PTx CHO cell neutralization assay,
and CD4+ TRM cell. In contrast, the recombinant raP vaccine exhibited strong antibody responses
for FHA and PRN, albeit with low antibody level of PT and low titer in PTx CHO neutralization
assay, as compared to control and GC DTaP vaccines. The raP vaccine provided a sterile lung
bacterial clearance comparable to a commercial control vaccine after the experimental challenge in
murine model. Moreover, raP exhibited a strong cytokine response and CD4+ TRM cell in lung tissue,
comparable or superior to the experimental and commercial DTaP vaccinated groups. Contingent on
improving the biophysical stability and humoral response to PT, the raP vaccine warrants further
development as an effective alternative to aP vaccines for the control of a pertussis outbreak.

Keywords: efficacy of acellular pertussis vaccine; mouse study; DTaP vaccine; recombinant aP
vaccine; PTx neutralization
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1. Introduction

Pertussis (whooping cough) is an upper respiratory disease caused by Bordetella per-
tussis. It is a highly contagious, infectious disease that causes coughing spells and can lead
to complications and death [1,2]. In 1954, the diphtheria, tetanus, and whole-cell pertus-
sis (DTwP) vaccine was introduced and used until the early 1980s, but due to the safety
problems associated with the wP vaccine, an acellular pertussis (aP) vaccine containing
pertussis toxoid (PT) and filamentous hemagglutinin (FHA) was developed [3]. In the
late 1990s, a trivalent vaccine containing PT, FHA, and pertactin (PRN) was introduced
and has been used globally for over 30 years [4]. Since the 2000s, occasional pertussis out-
breaks have occurred in advanced countries, such as Europe, Australia, the United States,
and Japan, mostly among youths and adults [5–8]. In 2015, the U.S. National Institute of
Allergy and Infectious Diseases (NIAID) identified pertussis as an emerging infectious
pathogen/disease, emphasizing the importance of novel vaccine development [9]. Also,
intermittent small-scale pertussis outbreaks have gradually increased in Korea since the
2000s [10].

These outbreaks are probably due to the waning of DTaP and Tdap vaccines’ protective
antibody titer against pertussis after vaccination [11–14], leading to a high infection rate
in adolescents and adults. It is estimated that protection after natural infection lasts
for 20 years, whereas vaccination provides relatively shorter protection; the wP vaccine
for 12 years, and the aP vaccine for about 4 years [15]. Additional explanations of the
outbreak are a lack of vaccine-induced protection against pertactin (prn)-deficient pertussis
variants or strains with mutated ptxP alleles [16–19], and transmission from asymptomatic
carriers [20]. In order to respond to these epidemiological changes, Tdap vaccination for
adolescents and adults is actively recommended [21,22]. Preferably, a new vaccine that
can respond to immunogenic waning effects and mutant strains is needed. Since all DTaP
and Tdap vaccines in Korea are imported, domestic vaccine development is also crucial to
ensure vaccine self-sufficiency in Korea.

In the 1980s and 1990s, when aP vaccines were developed, primary attention was
given to humoral response [21–24], but later, Th1/Th17 cell-mediated immunity has been
proven to play a more significant role for pertussis prevention [25–28]. Of note, lung tissue-
resident memory T (TRM) cells are important, and IFN-gamma and IL-17a production
induced by CD4+ TRM cells are crucial in controlling pertussis infection [29–31]. Despite
conflicting results, secretory IgA from the mucosal surface of the respiratory tract, mediated
by IL-17a, reduces pertussis colonization and promotes long-term immunity [32,33]. Recent
technical innovations on protein folding platforms are being tested for recombinant vaccines
against a variety of infectious diseases [34–38]. This prompted us to develop and evaluate
recombinant pertussis vaccine antigens from bacterial hosts as a potential alternative to
previously developed aP vaccines.

In this study, two different types of vaccines, B. pertussis cell derived aP and recombi-
nant raP, were compared with a commercially available vaccine from GSK. We evaluated
the humoral and cellular immunogenicity, including lung tissue-resident memory CD4+ T
cells (CD4+ TRM) and secretory IgA, of a trivalent DTaP vaccine containing three acellu-
lar pertussis antigens, PT, FHA, and PRN (developed by GC Pharma), and recombinant
acellular pertussis (raP) vaccine (developed by Yonsei University and Vaccine Innovative
Technology ALliance (VITAL), Korea), which was produced from E. coli. This study aims to
evaluate the immunogenicity and protective efficacy in the experimental challenge model
as an initial step toward developing a recombinant vaccine modality as an alternative to aP
vaccines for the control of recurrent pertussis infection.

2. Methods
2.1. Vaccines

Figure 1 shows (a) the overall experimental scheme for mouse immunization and
challenge, (b) vaccine groups, (c) and immunological assay systems after vaccination. The
mock-vaccinated group (negative control) was inoculated with 0.85% physiological saline,
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while the positive control group received the InfanrixTM IPV/Hib vaccine (GSK, Rixensart,
Belgium). InfanrixTM IPV/Hib vaccine (0.5 mL per dose) is composed of 25 Lf diphtheria
toxoid (DT), 10 Lf tetanus toxoid (TT), 25 µg PT, 25 µg FHA, and 8 µg PRN adsorbed to
aluminum hydroxide. The GC DTaP vaccine is a trivalent DTaP vaccine, which has the
same quantity of each antigen as the InfanrixTM IPV/Hib vaccine, and all antigens are
adsorbed by aluminum hydroxide. GC DTaP vaccine’s PT, FHA, and PRN antigens are
isolated from B. pertussis culture and combined with DT (Park-Williams #8 strain) and
TT (Harvard strain), originated from GC Pharma (Green Cross Corp., Yongin, Republic
of Korea)’s TD vaccine-prefilled Syringe Inj.®. The recombinant DTaP vaccine consists of
GC Pharma’s diphtheria and tetanus toxoids (same concentration of GC DTaP), and three
components of raP vaccine antigens produced by a WHEP vector (Figure 2a), developed at
Yonsei University. WHEP domain derived from human glutamyl prolyl tRNA synthetase
(hEPRS) was chosen as a fusion partner for exerting chaperna function [36–38] to expedite
folding and soluble expression in E. coli. Thus, all three antigens-pertussis toxin subunit
1 (PtxS1), filamentous hemagglutinin (FHA), and pertactin (PRN) domains, respectively,
were genetically fused with WHEP domain and expressed as soluble form, purified by
Ni-affinity chromatography following similar protocol for purification (Figure 2b) [35].
FHA is an exceptionally large protein with the size of 220 kDa and a truncated domain
‘Mal85′ (1655-2111aa of FHA), previously identified as crucial for its immunogenicity,
was used [39]. Additionally, the endotoxin of purified antigens was removed by phase
separation method using Triton X-114 (Sigma-Aldrich, Saint Louis, MO, USA) at 1%. The
trivalent recombinant acellular pertussis antigens and GC Pharma’s diphtheria, and tetanus
solution were adsorbed to 1mg/mL of Alhydrogel® adjuvant (Invivogen, San Diego, CA,
USA) separately, and mixed to have a concentration of GC DTaP.
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Figure 2. Diagram of WHEP vector and SDS-PAGE results of recombinant pertussis antigens.
Recombinant pertussis antigens were produced by (a) WHEP vector. WHEP is a chaperna domain
of human origin, derived from glutamyl prolyl tRNA synthetase. Hexa-histidine tag inserted to the
vector for Ni-affinity purification. Purified antigens were indicated by (b) SDS-PAGE analysis of
raPs. TEV, site-specific TEV protease recognition sequence; EK, site-specific enterokinase recognition
sequence; MCS, multi-cloning site.

2.2. Mouse Vaccination

Four-week-old female BALB/c mice (Orient Bio, Seongnam, Republic of Korea) were
divided into four groups: a mock-vaccinated (negative control) group, a commercial vaccine
(positive control) group, and test groups 1 and 2 (Figure 1b). The mice were inoculated
intraperitoneally three times at a dose of 0.125 mL, which corresponds to 1/4 of the human
dose (0.5 mL). The mice were housed in filter-top cages under semi-specific pathogen-free
conditions, and food and water were freely available. All animal research procedures were
performed in accordance with the Laboratory Animals Welfare Act, the Guide for the Care
and Use of Laboratory Animals, and the Guidelines and Policies for Rodent Experiments
provided by the IACUC (Institutional Animal Care and Use Committee) of the School of
Medicine, The Catholic University of Korea (approval number: CUMS-2021-0054-04). The
animals were vaccinated three times at 2 or 3 week intervals (Figure 2). Blood was collected
6 times, 3 weeks after the second dose (5 weeks), 3 weeks after the third dose (8 weeks),
and 1, 2, 4, and 6 weeks post infection (p.i.), and collected from 5–8 animals per group at
each time point. Lung, nasal lavage fluid, and spleen samples were collected pre-infection
(8 weeks), 2 h post-infection (p.i.), at day 5 p.i., 1 week p.i., 2 weeks p.i., and 6 weeks
p.i. (Figure 1a) to investigate cellular immunity, bacterial clearance, and intranasal IgA
levels. Samples were collected after anesthetizing the mice using intraperitoneal Zoletil 50®

Inj.(Virbac, Carros, France) and Rompun® Inj. (Bayer, Leverkusen, Germany), while the
nasal lavage fluid was collected using a 24 gage catheter, by flushing the nose with 200 uL
of saline.

2.3. ELISA Assay

The serum IgG, IgG1, and IgG2a titers against the three pertussis antigens, PT, FHA,
and PRN, were evaluated using an indirect enzyme-linked immunosorbent assay (ELISA).
The assays were conducted according to previous methods [40], with modifications. Im-
munoplates were coated with 0.1, 0.15, and 0.25 µg/mL of PT, FHA, and PRN antigens
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obtained from NIBSC (National Institute for Biological Standards and Control, South
Mimms, UK), and the plate was incubated overnight. Mouse International reference serum
(NIBSC 97/642) [41] and the samples were added to the wells and incubated for 2 h at room
temperature. After washing the plates, HRP-conjugated secondary anti-mouse IgG, IgG1,
or IgG2a antibodies were added and incubated for 1 h. After reacting with the substrate
TMB, 100 µL of the stopping solution 0.16 M H2SO4 was added to each well, and the OD450
was measured. For all experiments, Japanese anti-FHA mouse serum (NIBSC, JNIH-11),
anti-PT mouse serum (NIBSC, JNIH-12), and NIBSC 97/642 were used as quality controls,
and the method was validated. The results were obtained using the reference line method.
For the IgA assay, the nasal lavage fluid was diluted with PBS in a 1:1 ratio and added to
each well. After incubating with the IgA secondary antibody, the same procedure was used
to measure the OD450. The diphtheria and tetanus humoral immunogenicity results were
measured using an ELISA kit from ADI (Alpha Diagnostic International Inc., San Anto-
nio, TX, USA)The diphtheria results were calculated as an index by dividing the sample
OD by the 10 U/mL calibrator OD. Values greater than 1.0 were taken as positive, and
values < 1.0 as negative. For tetanus, results were calculated using an STD curve using the
point-to-point method to interpolate between calibrators at four different concentrations.
All samples for diphtheria and tetanus humoral immunity were diluted in a ratio of 1:20,000
before testing.

2.4. PTx CHO Cell Neutralization Assay

This assay was performed according to previous methods, to analyze the level of
neutralizing antibodies to pertussis toxin (PTx) in Chinese hamster ovary (CHO) cells
(ATCC, CCL-61) [42,43]. The CHO cells were incubated for at least 2 days in Ham’s F-12K
(Kaighn’s) Medium with 10% fetal bovine serum (FBS) before adding 100 µL to each well of
a 96 well cell culture plate at a concentration of 1.5 × 105/mL. The serum was diluted with
F-12K medium in a two-step series (1:8–1:16,384) and PTx (NIBSC 15/126, 1-week storage)
was prepared with 4 CPU (0.27 IU/mL, 7.81 ng/mL) concentration. 50 µL of each serum
and 4 CPU of PTx was mixed and incubated at 37 ◦C for minimum 2 h. Then, 100 µL of the
reacted serum/PTx mixture was added to the prepared CHO cells and incubated in a 5%
CO2 incubator at 37 ◦C for 24 h. After removing the medium and washing it with DPBS,
the cells were fixed with 10% formaldehyde solution for 3 min, stained with 0.5% Crystal
Violet Solution, and evaluated by microscopy. If CHO cell clustering occurred in more than
10 cells, it was recorded as clustering positive. The serum titer was determined based on
the serum dilution ratio at which CHO cell clustering started and the titer started with a
1:8 dilution. Samples with titers below 1:8 were attributed to 1:4 for statistical analysis.

2.5. Bacterial Clearance

For the bacterial challenge, we applied a previous method from our laboratory [44].
In accordance with the WHO annex 4, a standard pertussis strain (ATCC 9797) was sus-
pended in 40 µL of 1% casamino acid solution, at a concentration of 5 × 106 colony-forming
units (CFUs) and administered intranasally to mice anesthetized with Zoletil 50® Inj. and
Rompun. Lung tissue was harvested 2 h, 5 days, 1 week, and 2 weeks post infection,
homogenized using a microtube BeadBug™ homogenizer (Benchmark Scientific Inc., Sayre-
ville, NJ, USA), and cultured on charcoal agar for more than 4 days to determine colony
forming units (CFUs) and converted to Log10 to assess CFUs by time points.

2.6. Cytokine ELISA

Based on previous methods [44], we homogenized spleen tissue using a single cell
dissociator (RWD, Sugar Land, TX, USA), filtered the homogenate through a 70 µM cell
strainer, and then performed RBC lysis to prepare the cells to a concentration of 5 × 106/mL.
After that, 100 µL of each sample was added to a 96 well plate and cultured for 3 days before
collecting the supernatant. Commercially available cytokine ELISA kits from Proteintech
(Rosemont, IL, USA) for IL-17a, IL-5, and INF-gamma were used. Here, 1 × 106 CFU/mL
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of hBp (heat-inactivated pertussis), 8 µg/mL of PT, 8 µg/mL of FHA, and 4 µg/mL of PRN
were used as stimulators; 2 µg/mL LPS (Sigma-Aldrich, Saint Louis, MO, USA) was used
as a positive control.

2.7. T Cell Surface Staining via Flow Cytometry

An amount of 2 µg of anti-mouse CD45-BV786 antibody (BD Biosciences, Franklin
Lakes, NJ, USA) was diluted in sterile PBS and administered intravenously in the tail vein
10 min before anesthesia. CD 45+ is a circulating lymphocyte, and CD45− is a tissue-
resident cell. In total, 40 U/mL DNase I and 1 mg/mL Collagenase IV enzyme were
measured to a volume of 2 mL and incubated with lung tissue at 37 ◦C for 30 min. The
tissue was then homogenized using a dissociator, filtered through a 70 µM cell strainer,
and subjected to RBC lysis to obtain single lung cells. After preparing the lung cells to a
concentration of 5 × 106 cell/mL, they were washed with PBS and live-cell staining was
performed using fixable viability stain 700 (FVS700) (BD Biosciences, Franklin Lakes, NJ,
USA). After treating lung cells with Fc BlockTM reagent, the surface markers CD44-BV421,
CD69-BV605, CD103-PE, CD62L-APC, CD4-FITC, CD3-PE-Cy7, and CD8-BB700-per cycle
5.5 ((BD Biosciences, Franklin Lakes, NJ, USA)) were used for staining. The flow cytometry
gating strategy was performed according to Supplementary Materials Figure S1, based on
a previous study [45]. FACS Aria Fusion from BD Biosciences was used, and all results
were derived using FlowJo software v10.

2.8. Statistical Analysis

All results are shown as mean ± standard errors of the mean (SEM) and were compared
using one-way ANOVA with Bonferroni’s post hoc test. Statistical analysis was performed
using GraphPad PrismTM software v9 (GraphPad, San Diego, CA, USA), and statistical
significance was defined as a p value (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

3. Results
3.1. Humoral Immunity to PT, FHA, and PRN Antigens

Humoral immunity is mainly induced through the aP vaccine, and research on this
vaccine was actively conducted in the 1980s and 1990s when its development first be-
gan [21,23,24]. A previous experiment with infant baboons [28] showed that the aP vaccine
and humoral immunity play a relatively minor role as compared with cell-mediated im-
munity and protecting against infection. However, the aP vaccine is still important in
certain groups, such as infants and young children who are at a high risk of exposure to
pertussis [2], pregnant women in the final stages of pregnancy, and medical workers [46].
In particular, the fetus is protected from pertussis infection after birth by maternally trans-
ferred antibodies [46–48]. The type of T helper responses (Th1 and Th2) are correlated with
the IgG isotypes [49,50]; Th1 response is correlated with IgG2a/IgG2c in mice [51,52] and
IgG1 in humans, whereas Th2 is mainly associated with IgG1 in mice [53] and IgG4 in
humans [54,55].

Overall, humoral immunity in serum showed high titers at 8 weeks, corresponding to
3 weeks after boost vaccination (Figure 3). Of note, the titer did not further increase after
subsequent infection, suggesting that a maximal antibody response was already attained by
vaccination (Figure 3). However, variable responses were observed among different groups;
high response for PT by GC DTaP, FHA by control, PRN by GC DtaP (IgG and IgG1), and
notably for PRN by raP (IgG2a) (Figure 3). The raP group showed unusually low titers of
PT antigen and showed statistical differences in IgG and IgG1 for all vaccinated groups at
all time points (Figure 3a). The GC DTaP group showed a statistically significant higher
response than the control group for PT and PRN (Figure 3a,c), and a lower response for
FHA before and after the challenge (Figure 3b).
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one-way ANOVA and Bonferroni’s post hoc test, and p values are visualized as follows: * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001. The differences with the mocked-vaccine group are not shown.
EU, ELISA unit; MV, mock vaccinated.

For diphtheria, all groups except for the mock-vaccinated group showed a positive
index of 1 or more (≥1.0). For tetanus, titers were similar among all groups after vaccination,
and both GC and raP groups maintained relatively higher titer than the control group after
the bacterial challenge. (Supplementary Material Figure S2).

3.2. PTx CHO Cell Neutralization Assay

An opsonizing antibody is known to activate the complement system via complement
receptor 3 (CR3) and the IgG Fc receptor, leading to the activation of cell-mediated im-
munity [22,23,47]. Opsonizing antibodies help macrophages and neutrophils to uptake
or kill bacteria by binding to pertussis surface antigen [48,49]. We used a PTx CHO cell
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neutralization assay to measure opsonizing antibodies to PTx in serum at 3 weeks after
boost vaccination (8w), and at 1, 2, and 6 weeks post-infection. Of note, the raP group,
albeit with low humoral immunity to PT (Figure 3a), the CHO cell protection titer was as
high as the other vaccinated groups 3 weeks after boost vaccination (Figure 4); although,
the raP group showed a lower titer than the control and GC DTaP groups after infection
(Figure 4). The mock-vaccinated group showed almost no titer until 6 weeks post-infection.
Opsonizing antibodies against PTx persisted until 6 weeks post infection. There was no
significant difference between GC DTaP and the control groups before and after infection
(Figure 4).
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TRM cells, contributing to long-term immunity [28,33]. Natural infection or wP vaccination 
can mainly induce mucosal IgA, but its induction is low in the aP vaccine [28,56]. In ac-
cordance with the WHO annex 4, we challenged vaccinated mice intranasally with B. per-
tussis ATCC 9797 strains. We collected nasal lavage before infection and 2 h and 1, 2, and 
6 weeks post infection, and measured the levels of IgA. Vaccination induced a significant 
increase in the IgA level (most notably raP group) as compared with MV group; although, 
the IgA level was relatively low for PT or PRN (OD value < 0.6), and there were no be-
tween-group differences (Figure 5a,c). FHA-specific IgA was much more pronounced (OD 
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Figure 4. PTx CHO cell neutralization assay. Serum was collected at 3 weeks after the booster injection
(8w) and at 1, 2, and 6 weeks post infection (p.i.) with B. pertussis (ATCC 9797), was serially diluted
two-fold, then was reacted with NIBSC 15/126 PTx at a concentration corresponding to 4 CPU, and
then cultivated with CHO-K1 cells for 24 h. The serum titer was measured as the dilution ratio at
which the CHO cell clustering began. All results were transformed to Log2, then expressed as mean
± standard errors of the mean (SEM). Serum was collected from five mice per group. Between-group
differences were investigated using one-way ANOVA and Bonferroni’s post hoc test, and p values
are displayed as follows: * p < 0.05, ** p < 0.01, **** p < 0.0001. Differences with the mock- vaccinated
group only presented at 6 w p.i., since differences of **** p < 0.0001 were observed at 8 w, 1 w p.i.,
and 2 w p.i. MV, mock vaccinated.

3.3. Nasal Lavage IgA

Mucosal IgA plays an important role in intranasal immunity. Specifically, IgA can kill
intranasal B. pertussis through opsonization or amplifying the IL-17a expression by TRM
cells, contributing to long-term immunity [28,33]. Natural infection or wP vaccination can
mainly induce mucosal IgA, but its induction is low in the aP vaccine [28,56]. In accordance
with the WHO annex 4, we challenged vaccinated mice intranasally with B. pertussis ATCC
9797 strains. We collected nasal lavage before infection and 2 h and 1, 2, and 6 weeks post
infection, and measured the levels of IgA. Vaccination induced a significant increase in
the IgA level (most notably raP group) as compared with MV group; although, the IgA
level was relatively low for PT or PRN (OD value < 0.6), and there were no between-group
differences (Figure 5a,c). FHA-specific IgA was much more pronounced (OD up to ~2)
than PT and PRN and showed a steady increase post-infection. The control group showed
the strongest response, at 2 weeks post infection, which differed significantly from the raP
group (Figure 5b).
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Figure 5. IgA of nasal lavage fluid and bacterial clearance of lungs. After three rounds of vaccination,
we measured IgA levels in nasal lavage fluid (1:1 diluted with PBS) for each antigen at 8 w and at 2 h
and 1, 2, and 6 weeks post infection (p.i.). All results are presented as the mean ± standard errors
of the mean (SEM) of the OD450 values for five animals per group. We also investigated the levels
of bacteria (CFU) in lung tissue from mice challenged with the same method at 2 h, 5 days, and
1 and 2 weeks p.i. (a) PT., (b) FHA., (c) PRN., (d) Lung homogenate was serially diluted ten-fold
with casamino acid solution and cultured in charcoal agar for at least 5 days in a CO2 incubator
before measuring the CFU. Between-group differences were investigated using one-way ANOVA and
Bonferroni’s post hoc test, and p values are displayed as follows: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. CFU, colony-forming unit; MV, mock vaccinated.

3.4. Bacterial Clearance

All vaccination groups exhibited statistically significant improvement of bacterial
clearance over the entire period of observation post-infection, in clear contrast to the MV
group, where bacterial titer was briefly increased 5d post infection due to prolific infection.
The raP group showed slower clearance kinetics than the control group but provided
almost complete clearance 2 w post-infection (log10 CFU < 0.4) (Figure 5d).

Opsonizing antibodies play an important role in bacterial clearance in the early stage
of pertussis infection [57,58], and in the murine model, IgG2a and IgG2c isotypes are asso-
ciated with opsonizing antibodies. It is presumed that the kinetics of bacterial clearance
during the course of infection are an outcome of multiple factors, as reflected in the CHO
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protection opsonization titers (Figure 4), probably triggered by IgG2a isotypes (Figure 3)
and on-site protection at the respiratory tract by secretory IgA antibodies (Figure 5). Re-
portedly, PT has a considerable effect on the initial stage of pertussis infection [59,60].

However, bacterial clearance is affected not only by the opsonizing antibodies but
also, and more importantly, the CD4 Th1- and Th17-mediated adaptive immune sys-
tem [58,61,62]. The raP group showed almost as sterile protection as other vaccinated
groups at 2 weeks after infection (Figure 5d), despite lower anti-PT antibody level (Figure 3a).
Therefore, we further examined the potential contribution of Th1 and Th17 to protective
immune responses.

3.5. Cytokine Response

The expression levels of IFN-gamma and IL-17a upon heat-inactivated pertussis (hBp)
stimulation were much higher than those upon stimulation with individual single com-
ponent (compare <1000 units for PT (Figure S3b), FHA (Figure S3c), and PRN (Figure S3d
with up to 6000 units for hBp), (Supplementary Materials Figures S3 and S4). IFN-gamma
and IL-17a are mainly expressed through natural infection or wP vaccination, but poorly
expressed by aP vaccination [27,28,63], and long term protection from the wP vaccination
could be explained with it.Assuming that stimulation with heat hBp mimics the response to
natural infection [44], the highest responses of IFN-gamma and IL-17a to hBp stimulation
are consistent with the results of a previous study conducted in our laboratory [44]. Consis-
tently, 2 weeks post-infection, the mock-vaccinated group showed equal or superior results
to other groups, in terms of IFN-gamma and IL-17a (Figure 6a,b, Supplementary Materi-
als Figures S3 and S4). Most notably, the raP group, among all groups tested, including the
commercial control group, showed the highest-level stimulation for both IFN-gamma and
IL-17a at 1 week post-infection. Unlike IFN-gamma and IL-17a, IL-5 showed similar expres-
sion levels in response to hBp and each of the three antigens; although, the expression level
was variable among individual components (PT, FHA and PRN) before and after challenge
(Figure 6c–f). The distinctive stimulation of IFN-gamma and IL-17a may contribute to the
sterile protection offered by the raP vaccine (Figure 5d).

3.6. Tissue-Resident Memory T Cell

When we analyzed CD4+ TRM cell expression, the overall CD4+ T cell ratio increased
in all groups 2 weeks post-challenge and decreased to pre-challenge levels after 4 weeks
(Figure 7). The CD4+ TRM cell ratio increased post-challenge compared to pre-challenge.
In particular, at 2 and 4 weeks post-challenge, the mock-vaccinated group showed a large
increase in CD4+ TRM cell expression, exhibiting significant differences from all the other
groups (Figure 7b). Notably, the raP group showed higher CD4+ TRM cell expression at
2 weeks post challenge than the control and GC groups (Figure 7b). Except for this, no clear
differences were observed in GC or positive control groups.
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Figure 6. Cytokine response. Heat-inactivated pertussis (hBp) and individual solutions of the
antigens PT, FHA, and PRN (obtained from GC and prepared to their vaccine concentrations of
25 µg/mL, 25 µg/mL, and 8 µg/mL, respectively) were cultured for 72 h with single splenocytes
collected from the spleen at 8 weeks (3 weeks after boost vaccination) and 1 and 2 weeks post-infection
(p.i.) with pertussis (ATCC 9797). After culture, the supernatant was collected, and cytokine ELISA
kits (Proteintech) were used to measure the levels of IFN-gamma, IL-5, and IL-17a for each group
(n = 5). To prepare heat-inactivated pertussis, the bacteria were adjusted using McFarland standards
to a concentration of 1 × 106 CFU/mL, suspended in pH 7.4 PBS, and heated at 65 ◦C for 30 min.
(a) hBP-stimulated IFN-gamma secretion; (b) hBP-stimulated IL-17a secretion; (c) hBP-stimulated
IL-5 secretion; (d) PT-stimulated IL-5 secretion; (e) FHA-stimulated IL-5 secretion; (f) results for
PRN-stimulated IL-5 secretion. All results are presented as the means ± standard errors of the means
(SEM). Statistical differences were investigated using one-way ANOVA and Bonferroni’s post hoc
test. p values are as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. MV, mock vaccinated.
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Figure 7. Expression of CD4+ T cells and CD4+ TRM cells. CD4+ T cells and T RM cells in lungs from
five mice per each group were analyzed with FACS Aria Fusion at 8 weeks and 2 weeks post-infection
(p.i.) and 4 weeks p.i. (a) Accumulation of CD4+ T cells among 10,000 lung cells are shown as a
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tissue-resident cells (CD3+ CD45.2+ CD4+). All groups were compared using one-way ANOVA and
Bonferroni’s post hoc test. p values are as follows: * p < 0.05, **** p < 0.0001.

4. Discussion

Small-scale pertussis outbreaks have gradually increased in many countries, including
Korea [10], probably due to the waning of DTaP and Tdap vaccines’ protective efficacy
against pertussis [11–14]. As a re-emerging infectious pathogen/disease, pertussis requires
the strengthening of a vaccination program as well as novel vaccine development [9].
A growing need for new vaccine modality, we evaluated the recombinant raP antigens
produced from E. coli compared with aP antigens purified from B. pertussis in this study.
To overcome misfolding into immunologically irrelevant inclusion bodies in E. coli host, a
novel chaperna approach was undertaken to increase the proper folding and the solubility
of recombinant antigens [36–38]. aP components were combined with diphtheria (D) and
tetanus (T) toxoids into DTaP trivalent vaccine, and the immunogenicity and the protective
efficacy of raP and aP were compared in an experimental murine immunization and
challenge model using InfanrixTM as a comparator vaccine (control). Various criteria for
analysis included humoral immunity in serum, mucosal IgA secretion in nasal lavage, PTx
CHO cell neutralization titer, cytokine secretion in isolated spleen cells, and tissue resident
memory CD4+ T cell in lung tissues, and finally, by bacterial clearance after challenge.

In humoral immunogenicity, the contribution of individual antigen for each group
was clearly identified, albeit with a degree of variability among three components, PT, PRN,
and FHA (Figure 3). In short, among three different preparations, the best performance
was noted in PT in GC, FHA in control, and PRN in raP (especially in IgG2a isotype).
Time-dependent antibody titer level was similar to our Tdap booster previous study [44],
showing the highest antibody titer at 8 w, 3 weeks after the third vaccination, and gradually
decreased thereafter. Notably, very low response in PT was observed in raP. This may
explain the relatively low PTx CHO cell neutralization by raP (Figure 4). However, raP
exhibited similar kinetics of bacterial clearance after bacterial challenge: a little delayed as
compared with other groups, but eventually into the sterile clearance of lung infectious
titer in 2 w p.i. In mice, IgG2a or IgG2c isotypes of humoral immunity is responsible for the
opsonization of infected cells into bacterial clearance [57,58]. The results could be ascribed
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to a high level of mouse IgG2a or IgG2c related to opsonizing antibodies important for
initial bacterial clearance [57,58]. Of note, raP exhibited relatively high level of IgG2a in
anti-PRN antibody (Figure 3c) and may be crucially involved in sterile protection from
bacterial challenge.

Memory T cell including CD4+ TRM cell immunity is mediated by Th1 and Th17. CD4+
TRM cells in the lungs are polyclonal [64] and play an important role in long-term immunity
in cases of re-infection [31,65,66]. CD4+ TRM cells are potently induced through natural
infection or wP vaccination, but relatively weakly by aP vaccination [67–69]. The present
study is consistent with this. First, the mock-vaccination (MV) group, akin to natural infec-
tion, showed high CD4+ TRM cell expression and a significant difference from the other
groups after bacterial challenge (Figure 7). The characteristics of natural infection were con-
firmed not only in terms of CD4+ TRM cell response, but also in terms of cytokine response;
IFN-gamma and IL-17a responses in MV group were equal or superior to the control and
DTaP vaccinated groups after challenge (Supplementary Materials Figures S3 and S4). It
should be noted that, in the case of the recombinant raP vaccine, the expression rate of
CD4+ TRM cells was relatively higher than the other test groups (Figure 7b) at 2 w p.i. In
addition, the IFN-gamma and IL-17a cytokine response after hBp stimulation from raP
group was also superior to other vaccination groups at 1 w p.i. This may explain why
the raP group showed sterile clearance of lung bacterial titer comparable to other groups.
The results obtained for the raP-vaccinated group in this study are consistent with those
previously reported by Fry et al. [70]. Using a genetically inactivated PtxS1 DNA vaccine,
they showed that, despite very low IgG response in the serum, the response to splenocyte
IFN-gamma and IL-2 was high and bacterial clearance was higher and faster than in the
DTaP vaccine group. In the present study with raP vaccine, the bacterial clearance was
manifest even with a very low PT antibody, probably reflecting significant role of T cell
response and associated IFN-gamma and IL-17a cytokines induced by the raP vaccination.
As a new modality of the pertussis vaccine, based on recombinant production from E. coli,
the present report nonetheless requires further consideration in future.

Through the research on the live aP vaccine BPZE1 and the outer-membrane vesicle
pertussis vaccine, secretory IgA (SIgA) and IL-17a, which induce eradication of mucosal aP
bacteria, are triggered only through nasal administration [33,71]. In the present study, all
vaccines were administered IP, and the expression of IgA in the nasal cavity was evident
only after challenge. It was FHA that exhibited the highest value in IgA in nasal lavage, in
line with a previous report on FHA-specific nasal IgA immunity via SC administration [72].
The MV group showed particularly high IL-17a secretion from FHA antigen stimulation
in spleen cells (Figure S4). These results underscore the potential role of FHA for IgA and
IL-17a. Otherwise, relative contribution among the three antigen components (Figure 5)
and the correlation between IgA and bacterial clearance of nasal tissues was not confirmed.

The recombinant aP antigens were refractory to soluble expression in E. coli). In
the present study, soluble production of raP antigens was ensured by fusion to an RNA-
interaction domain (in this case, WHEP domain [39]) to harness with the chaperna function
exploiting a novel chaperone function of tRNAs [34,38]. During the course of the study,
we noted, despite initial soluble expression, an aggregation tendency in particular for
recombinant PTX during prolonged storage. This may be responsible for its low immuno-
genicity (Figure 3a). Therefore, the biophysical characteristics of these fusion proteins, e.g.,
solubility and aggregation behavior, need to be further monitored and improved to ensure
long-term stability.

Currently licensed aP vaccines may have limitation to pertussis variations, and it is
likely that recombinant vaccines could provide an option for rapid response to sporadic
pertussis outbreak by genetic variants. For instance, vaccine-derived immunity may not
protect against mutant pertussis strains, particularly against pertactin (prn)-deficient vari-
ants [16–19]. In the 1990s, pertussis epidemics returned to advanced nations despite high
vaccination rates, such as the Netherlands, the United States, Japan, the UK, and Aus-
tria [72]. There have been claims of PTx differentiation globally (e.g., ptxP3 allele replacing
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ptxP1) by pathogenic adaptation [73]. The prevalence of pertussis has also increased in
Korea since 2009, due to the emergence of the ptxP3 allele [74]. Similarly, PRN-deficient
B. pertussis also occurs in advanced countries and cause adaptations to aP-vaccinated
humans [75]. The current licensed wP and aP vaccines were found less effective against
PRN-deficient isolate than a PRN (+) isolate [76]. The Tohama I strain, which is usually used
in commercial production of aP vaccines, has the ptxP1-ptxA2, prn1, fim2-1, and fim3-1
genotypes, and may have limited cross-protection against genetic variants. Recombinant
production, as initiated in the present study, would provide an alternative, and hopefully, a
better option for rapid response to re-emerging pertussis infection.

5. Conclusions

GC DTaP had equivalent efficacy to the licensed control group and warrants early
phase human clinical study. The recombinant aP vaccine exhibits a slightly different profile
in immunological parameters but show sterile protection from bacterial challenge. raP
show superior cellular responses-CD4+ TRM cell expression and IFN-gamma and IL-17a
secretion-, probably compensating for a low PTX humoral antibody and CHO neutralization
titer toward protection. Contingent on improvement on humoral immunity to PTX, raP
may provide a new modality for pertussis vaccine.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/vaccines12010108/s1, Figure S1: Flow cytometry gating strategy
for CD4+ TRM cells. Figure S2: Diphtheria and Tetanus Humoral responses. Figure S3: IFN-gamma
cytokine secretion. Figure S4: IL-17a cytokine secretion.
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mentous hemagglutinin; hBp: heat-inactivated Bordetella pertussis; p.i.: post infection; PRN: pertactin;
PT: pertussis toxoid; PTx: pertussis toxin; PtxS1: pertussis toxin Subunit 1; SEM: standard errors of
the mean; TRM: tissue resident memory T cell; TT: tetanus toxoid; wP: whole-cell pertussis.

References
1. Hewlett, E.L.; Edwards, K.M. Clinical practice. Pertussis–not just for kids. N. Engl. J. Med. 2005, 352, 1215–1222. [CrossRef]

[PubMed]
2. Mattoo, S.; Cherry, J.D. Molecular pathogenesis, epidemiology, and clinical manifestations of respiratory infections due to

Bordetella pertussis and other Bordetella subspecies. Clin. Microbiol. Rev. 2005, 18, 326–382. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/vaccines12010108/s1
https://www.mdpi.com/article/10.3390/vaccines12010108/s1
https://doi.org/10.1056/NEJMcp041025
https://www.ncbi.nlm.nih.gov/pubmed/15788498
https://doi.org/10.1128/CMR.18.2.326-382.2005
https://www.ncbi.nlm.nih.gov/pubmed/15831828


Vaccines 2024, 12, 108 15 of 17

3. Choe, Y.J.; Choe, Y.J.; Park, Y.J.; Jung, C.; Bae, G.R.; Lee, D.H. National pertussis surveillance in South Korea 1955–2011:
Epidemiological and clinical trends. Int. J. Infect. Dis. 2012, 16, e850–e854. [CrossRef] [PubMed]

4. Sato, Y.; Sato, H. Development of acellular pertussis vaccines. Biologicals 1999, 27, 61–69. [CrossRef] [PubMed]
5. WHO (World Health Organization). Pertussis vaccines: WHO position paper, August 2015–Recommendations. Vaccine 2016, 34,

1423–1425. [CrossRef]
6. Celentano, L.P.; Massari, M.; Paramatti, D.; Salmaso, S.; Tozzi, A.E. Resurgence of pertussis in Europe. Pediatr. Infect. Dis. J. 2005,

24, 761–765. [CrossRef]
7. Chiappini, E.; Stival, A.; Galli, L.; de Martino, M. Pertussis re-emergence in the post-vaccination era. BMC Infect. Dis. 2013, 13, 151.

[CrossRef]
8. Sealey, K.L.; Belcher, T.; Preston, A. Bordetella pertussis epidemiology and evolution in the light of pertussis resurgence. Infect.

Genet. Evol. 2016, 40, 136–143. [CrossRef]
9. Caution, K.; Yount, K.; Deora, R.; Dubey, P. Evaluation of Host-Pathogen Responses and Vaccine Efficacy in Mice. J. Vis. Exp. 2019,

144, e58930.
10. Lee, S.Y.; Han, S.B.; Kang, J.H.; Kim, J.S. Pertussis Prevalence in Korean Adolescents and Adults with Persistent Cough. J. Korean

Med. Sci. 2015, 30, 988–990. [CrossRef]
11. Cherry, J.D. Epidemic pertussis in 2012–the resurgence of a vaccine-preventable disease. N. Engl. J. Med. 2012, 367, 785–787.

[CrossRef] [PubMed]
12. Klein, N.P.; Bartlett, J.; Fireman, B.; Baxter, R. Waning Tdap Effectiveness in Adolescents. Pediatrics 2016, 137, e20153326.

[CrossRef] [PubMed]
13. Klein, N.P.; Bartlett, J.; Rowhani-Rahbar, A.; Fireman, B.; Baxter, R. Waning protection after fifth dose of acellular pertussis vaccine

in children. N. Engl. J. Med. 2012, 367, 1012–1019. [CrossRef] [PubMed]
14. Kmietowicz, Z. Pertussis cases rise 10-fold among older children and adults in England and Wales. BMJ 2012, 345, e5008.

[CrossRef] [PubMed]
15. Wendelboe, A.M.; Van Rie, A.; Salmaso, S.; Englund, J.A. Duration of immunity against pertussis after natural infection or

vaccination. Pediatr. Infect. Dis. J. 2005, 24 (Suppl. S5), S58–S61. [CrossRef] [PubMed]
16. Hegerle, N.; Paris, A.S.; Brun, D.; Dore, G.; Njamkepo, E.; Guillot, S.; Guiso, N. Evolution of French Bordetella pertussis and

Bordetella parapertussis isolates: Increase of Bordetellae not expressing pertactin. Clin. Microbiol. Infect. 2012, 18, E340–E346.
[CrossRef] [PubMed]

17. Lam, C.; Lam, C.; Octavia, S.; Ricafort, L.; Sintchenko, V.; Gilbert, G.L.; Wood, N.; McIntyre, P.; Marshall, H.; Guiso, N.; et al.
Rapid increase in pertactin-deficient Bordetella pertussis isolates, Australia. Emerg. Infect. Dis. 2014, 20, 626–633. [CrossRef]
[PubMed]

18. Williams, M.M.; Sen, K.; Weigand, M.R.; Skoff, T.H. Bordetella pertussis Strain Lacking Pertactin and Pertussis Toxin. Emerg.
Infect. Dis. 2016, 22, 319–322. [CrossRef]

19. Zeddeman, A.; van Gent, M.; Heuvelman, C.J.; van der Heide, H.G.; Bart, M.J.; Advani, A.; Hallander, H.O.; Wirsing von Konig,
C.H.; Riffelman, M.; Storsaeter, J.; et al. Investigations into the emergence of pertactin-deficient Bordetella pertussis isolates in six
European countries 1996 to 2012. Euro Surveill. 2014, 19. [CrossRef]

20. Althouse, B.M.; Scarpino, S.V. Asymptomatic transmission and the resurgence of Bordetella pertussis. BMC Med. 2015, 13, 146.
[CrossRef]

21. Cherry, J.D.; Gornbein, J.; Heininger, U.; Stehr, K. A search for serologic correlates of immunity to Bordetella pertussis cough
illnesses. Vaccine 1998, 16, 1901–1906. [CrossRef] [PubMed]

22. Storsaeter, J.; Hallander, H.O.; Gustafsson, L.; Olin, P. Levels of anti-pertussis antibodies related to protection after household
exposure to Bordetella pertussis. Vaccine 1998, 16, 1907–1916. [CrossRef] [PubMed]

23. Boursaux-Eude, C.; Thiberge, S.; Carletti, G.; Guiso, N. Intranasal murine model of Bordetella pertussis infection: II. Sequence
variation and protection induced by a tricomponent acellular vaccine. Vaccine 1999, 17, 2651–2660. [CrossRef] [PubMed]

24. Bruss, J.B.; Siber, G.R. Protective effects of pertussis immunoglobulin (P-IGIV) in the aerosol challenge model. Clin. Diagn. Lab.
Immunol. 1999, 6, 464–470. [CrossRef]

25. Barbic, J.; Leef, M.F.; Burns, D.L.; Shahin, R.D. Role of gamma interferon in natural clearance of Bordetella pertussis infection.
Infect. Immun. 1997, 65, 4904–4908. [CrossRef]

26. Mahon, B.P.; Sheahan, B.J.; Griffin, F.; Murphy, G.; Mills, K.H. Atypical disease after Bordetella pertussis respiratory infection
of mice with targeted disruptions of interferon-gamma receptor or immunoglobulin mu chain genes. J. Exp. Med. 1997, 186,
1843–1851. [CrossRef]

27. Ross, P.J.; Sutton, C.E.; Higgins, S.; Allen, A.C.; Walsh, K.; Misiak, A.; Lavelle, E.C.; McLoughlin, R.M.; Mills, K.H. Relative
contribution of Th1 and Th17 cells in adaptive immunity to Bordetella pertussis: Towards the rational design of an improved
acellular pertussis vaccine. PLoS Pathog. 2013, 9, e1003264. [CrossRef]

28. Warfel, J.M.; Zimmerman, L.I.; Merkel, T.J. Acellular pertussis vaccines protect against disease but fail to prevent infection and
transmission in a nonhuman primate model. Proc. Natl. Acad. Sci. USA 2014, 111, 787–792. [CrossRef]

29. Chapman, T.J.; Lambert, K.; Topham, D.J. Rapid reactivation of extralymphoid CD4 T cells during secondary infection. PLoS ONE
2011, 6, e20493. [CrossRef]

https://doi.org/10.1016/j.ijid.2012.07.012
https://www.ncbi.nlm.nih.gov/pubmed/22921258
https://doi.org/10.1006/biol.1999.0181
https://www.ncbi.nlm.nih.gov/pubmed/10600185
https://doi.org/10.1016/j.vaccine.2015.10.136
https://doi.org/10.1097/01.inf.0000177282.53500.77
https://doi.org/10.1186/1471-2334-13-151
https://doi.org/10.1016/j.meegid.2016.02.032
https://doi.org/10.3346/jkms.2015.30.7.988
https://doi.org/10.1056/NEJMp1209051
https://www.ncbi.nlm.nih.gov/pubmed/22894554
https://doi.org/10.1542/peds.2015-3326
https://www.ncbi.nlm.nih.gov/pubmed/26908667
https://doi.org/10.1056/NEJMoa1200850
https://www.ncbi.nlm.nih.gov/pubmed/22970945
https://doi.org/10.1136/bmj.e5008
https://www.ncbi.nlm.nih.gov/pubmed/22826583
https://doi.org/10.1097/01.inf.0000160914.59160.41
https://www.ncbi.nlm.nih.gov/pubmed/15876927
https://doi.org/10.1111/j.1469-0691.2012.03925.x
https://www.ncbi.nlm.nih.gov/pubmed/22717007
https://doi.org/10.3201/eid2004.131478
https://www.ncbi.nlm.nih.gov/pubmed/24655754
https://doi.org/10.3201/eid2202.151332
https://doi.org/10.2807/1560-7917.ES2014.19.33.20881
https://doi.org/10.1186/s12916-015-0382-8
https://doi.org/10.1016/S0264-410X(98)00226-6
https://www.ncbi.nlm.nih.gov/pubmed/9796041
https://doi.org/10.1016/S0264-410X(98)00227-8
https://www.ncbi.nlm.nih.gov/pubmed/9796042
https://doi.org/10.1016/S0264-410X(99)00038-9
https://www.ncbi.nlm.nih.gov/pubmed/10418915
https://doi.org/10.1128/CDLI.6.4.464-470.1999
https://doi.org/10.1128/iai.65.12.4904-4908.1997
https://doi.org/10.1084/jem.186.11.1843
https://doi.org/10.1371/journal.ppat.1003264
https://doi.org/10.1073/pnas.1314688110
https://doi.org/10.1371/journal.pone.0020493


Vaccines 2024, 12, 108 16 of 17

30. Misiak, A.; Wilk, M.M.; Raverdeau, M.; Mills, K.H. IL-17-Producing Innate and Pathogen-Specific Tissue Resident Memory γδ T
Cells Expand in the Lungs of Bordetella pertussis-Infected Mice. J. Immunol. 2017, 198, 363–374. [CrossRef]

31. Wilk, M.M.; Misiak, A.; McManus, R.M.; Allen, A.C.; Lynch, M.A.; Mills, K.H.G. Lung CD4 Tissue-Resident Memory T Cells
Mediate Adaptive Immunity Induced by Previous Infection of Mice with Bordetella pertussis. J. Immunol. 2017, 199, 233–243.
[CrossRef] [PubMed]

32. Goodman, Y.E.; Wort, A.J.; Jackson, F.L. Enzyme-linked immunosorbent assay for detection of pertussis immunoglobulin A in
nasopharyngeal secretions as an indicator of recent infection. J. Clin. Microbiol. 1981, 13, 286–292. [CrossRef]

33. Solans, L.; Debrie, A.S.; Borkner, L.; Aguiló, N.; Thiriard, A.; Coutte, L.; Uranga, S.; Trottein, F.; Martín, C.; Mills, K.H.G.; et al.
IL-17-dependent SIgA-mediated protection against nasal Bordetella pertussis infection by live attenuated BPZE1 vaccine. Mucosal
Immunol. 2018, 11, 1753–1762. [CrossRef] [PubMed]

34. Choi, S.I.; Ryu, K.; Seong, B.L. RNA-mediated chaperone type for de novo protein folding. RNA Biol. 2009, 6, 21–24. [CrossRef]
[PubMed]

35. Hwang, B.J.; Jang, Y.; Kwon, S.B.; Yu, J.E.; Lim, J.; Roh, Y.H.; Seong, B.L. RNA-assisted self-assembly of monomeric antigens into
virus-like particles as a recombinant vaccine platform. Biomaterials 2021, 269, 120650. [CrossRef] [PubMed]

36. Kim, Y.-S.; Son, A.; Kim, J.; Kwon, S.B.; Kim, M.H.; Kim, P.; Kim, J.; Byun, Y.H.; Sung, J.; Lee, J. Chaperna-mediated assembly of
ferritin-based Middle East respiratory syndrome-coronavirus nanoparticles. Front. Immunol. 2018, 9, 1093. [CrossRef] [PubMed]

37. Kim, Y.S.; Lim, J.; Sung, J.; Cheong, Y.; Lee, E.Y.; Kim, J.; Oh, H.; Kim, Y.S.; Cho, N.H. Choi, SBuilt-in RNA-mediated chaperone
(chaperna) for antigen folding tailored to immunized hosts. Biotechnol. Bioeng. 2020, 117, 1990–2007. [CrossRef]

38. Yang, S.W.; Jang, Y.H.; Kwon, S.B.; Lee, Y.J.; Chae, W.; Byun, Y.H.; Kim, P.; Park, C.; Lee, Y.J.; Kim, C. KHarnessing an RNA-
mediated chaperone for the assembly of influenza hemagglutinin in an immunologically relevant conformation. FASEB J. 2018,
32, 2658. [CrossRef]

39. Leininger, E.; Bowen, S.; Renauld-Mongénie, G.; Rouse, J.H.; Menozzi, F.D.; Locht, C.; Heron, I.; Brennan, M.J. Immunodominant
domains present on the Bordetella pertussis vaccine component filamentous hemagglutinin. J. Infect. Dis. 1997, 175, 1423–1431.
[CrossRef]

40. Choi, G.S.; Huh, D.H.; Han, S.B.; Ahn, D.H.; Kang, K.; Kim, J.A.; Choi, B.M.; Kim, H.R.; Kang, J.H. Enzyme-linked immunosorbent
assay for detecting anti-pertussis toxin antibody in mouse. Clin. Exp. Vaccine Res. 2019, 8, 64–69. [CrossRef]

41. Gaines Das, R.; Xing, D.; Rigsby, P.; Newland, P.; Corbel, M. International collaborative study: Evaluation of proposed International
Reference Reagent of pertussis antiserum (mouse) 97/642. Biologicals 2001, 29, 137–148. [CrossRef] [PubMed]

42. Isacson, J.; Trollfors, B.; Lagergrd, T.; Taranger, J. Comparison of a toxin neutralization assay and ELISA for determination of
pertussis toxin antibodies. Serodiagn. Immunother. Infect. Dis. 1997, 8, 163–167. [CrossRef]

43. Zhang, Y.; Li, Y.; Chen, Z.; Liu, X.; Peng, X.; He, Q. Determination of serum neutralizing antibodies reveals important difference
in quality of antibodies against pertussis toxin in children after infection. Vaccine 2021, 39, 1826–1830. [CrossRef] [PubMed]

44. Kang, K.R.; Huh, D.H.; Kim, J.A.; Kang, J.H. Immunogenicity of a new enhanced tetanus-reduced dose diphtheria-acellular
pertussis (Tdap) vaccine against Bordetella pertussis in a murine model. BMC Immunol. 2021, 22, 68. [CrossRef] [PubMed]

45. Rouleau, N.; Proust, E.; Chabaud-Riou, M. A Novel Outbred Mouse Model to Study Lung Memory Immunological Response
Induced by Pertussis Vaccines. Immunohorizons 2020, 4, 762–773. [CrossRef]

46. Bechini, A.; Tiscione, E.; Boccalini, S.; Levi, M.; Bonanni, P. Acellular pertussis vaccine use in risk groups (adolescents, pregnant
women, newborns and health care workers): A review of evidences and recommendations. Vaccine 2012, 30, 5179–5190. [CrossRef]

47. Mazzilli, S.; Tavoschi, L.; Lopalco, P.L. Tdap vaccination during pregnancy to protect newborns from pertussis infection. Ann. Ig.
2018, 30, 346–363.

48. Winter, K.; Nickell, S.; Powell, M.; Harriman, K. Effectiveness of Prenatal Versus Postpartum Tetanus, Diphtheria, and Acellular
Pertussis Vaccination in Preventing Infant Pertussis. Clin. Infect. Dis. 2017, 64, 3–8. [CrossRef]

49. Kaplan, C.; Valdez, J.C.; Chandrasekaran, R.; Eibel, H.; Mikecz, K.; Glant, T.T.; Finnegan, A. Th1 and Th2 cytokines regulate
proteoglycan-specific autoantibody isotypes and arthritis. Arthritis Res. 2002, 4, 54–58. [CrossRef]

50. Raeven, R.H.; van der Maas, L.; Tilstra, W.; Uittenbogaard, J.P.; Bindels, T.H.; Kuipers, B.; van der Ark, A.; Pennings, J.L.; van Riet,
E.; Jiskoot, W.; et al. Immunoproteomic Profiling of Bordetella pertussis Outer Membrane Vesicle Vaccine Reveals Broad and
Balanced Humoral Immunogenicity. J. Proteome Res. 2015, 14, 2929–2942. [CrossRef]

51. Bossie, A.; Vitetta, E.S. IFN-gamma enhances secretion of IgG2a from IgG2a-committed LPS-stimulated murine B cells: Implica-
tions for the role of IFN-gamma in class switching. Cell Immunol. 1991, 135, 95–104. [CrossRef]

52. Zhang, Z.; Goldschmidt, T.; Salter, H. Possible allelic structure of IgG2a and IgG2c in mice. Mol. Immunol. 2012, 50, 169–171.
[CrossRef] [PubMed]

53. Moon, H.B.; Severinson, E.; Heusser, C.; Johansson, S.G.; Möller, G. Persson, U Regulation of IgG1 and IgE synthesis by interleukin
4 in mouse B cells. Scand. J. Immunol. 1989, 30, 355–361. [CrossRef]

54. Hendrikx, L.H.; Schure, R.M.; Oztürk, K.; de Rond, L.G.; de Greeff, S.C.; Sanders, E.A.; Berbers, G.A.; Buisman, A.M. Different
IgG-subclass distributions after whole-cell and acellular pertussis infant primary vaccinations in healthy and pertussis infected
children. Vaccine 2011, 29, 6874–6880. [CrossRef] [PubMed]

55. Mills, K.H.; Ryan, M.; Ryan, E.; Mahon, B.P. A murine model in which protection correlates with pertussis vaccine efficacy in
children reveals complementary roles for humoral and cell-mediated immunity in protection against Bordetella pertussis. Infect.
Immun. 1998, 66, 594–602. [CrossRef] [PubMed]

https://doi.org/10.4049/jimmunol.1601024
https://doi.org/10.4049/jimmunol.1602051
https://www.ncbi.nlm.nih.gov/pubmed/28533445
https://doi.org/10.1128/jcm.13.2.286-292.1981
https://doi.org/10.1038/s41385-018-0073-9
https://www.ncbi.nlm.nih.gov/pubmed/30115992
https://doi.org/10.4161/rna.6.1.7441
https://www.ncbi.nlm.nih.gov/pubmed/19106620
https://doi.org/10.1016/j.biomaterials.2021.120650
https://www.ncbi.nlm.nih.gov/pubmed/33465537
https://doi.org/10.3389/fimmu.2018.01093
https://www.ncbi.nlm.nih.gov/pubmed/29868035
https://doi.org/10.1002/bit.27355
https://doi.org/10.1096/fj.201700747RR
https://doi.org/10.1086/516475
https://doi.org/10.7774/cevr.2019.8.1.64
https://doi.org/10.1006/biol.2001.0288
https://www.ncbi.nlm.nih.gov/pubmed/11580218
https://doi.org/10.1016/S0888-0786(96)01072-4
https://doi.org/10.1016/j.vaccine.2021.02.045
https://www.ncbi.nlm.nih.gov/pubmed/33678454
https://doi.org/10.1186/s12865-021-00457-1
https://www.ncbi.nlm.nih.gov/pubmed/34641798
https://doi.org/10.4049/immunohorizons.2000094
https://doi.org/10.1016/j.vaccine.2012.06.005
https://doi.org/10.1093/cid/ciw634
https://doi.org/10.1186/ar383
https://doi.org/10.1021/acs.jproteome.5b00258
https://doi.org/10.1016/0008-8749(91)90257-C
https://doi.org/10.1016/j.molimm.2011.11.006
https://www.ncbi.nlm.nih.gov/pubmed/22177661
https://doi.org/10.1111/j.1365-3083.1989.tb01221.x
https://doi.org/10.1016/j.vaccine.2011.07.055
https://www.ncbi.nlm.nih.gov/pubmed/21803088
https://doi.org/10.1128/IAI.66.2.594-602.1998
https://www.ncbi.nlm.nih.gov/pubmed/9453614


Vaccines 2024, 12, 108 17 of 17

56. Klein, N.P.; Bartlett, J.; Fireman, B.; Rowhani-Rahbar, A.; Baxter, R. Comparative effectiveness of acellular versus whole-cell
pertussis vaccines in teenagers. Pediatrics 2013, 131, e1716–e1722. [CrossRef] [PubMed]

57. Hellwig, S.M.; van Oirschot, H.F.; Hazenbos, W.L.; van Spriel, A.B.; Mooi, F.R.; van De Winkel, J.G. Targeting to Fcgamma
receptors, but not CR3 (CD11b/CD18), increases clearance of Bordetella pertussis. J. Infect. Dis. 2001, 183, 871–879. [CrossRef]
[PubMed]

58. Higgs, R.; Higgins, S.C.; Ross, P.J.; Mills, K.H. Immunity to the respiratory pathogen Bordetella pertussis. Mucosal Immunol. 2012,
5, 485–500. [CrossRef]

59. Carbonetti, N.H.; Artamonova, G.V.; Mays, R.M.; Worthington, Z.E. Pertussis toxin plays an early role in respiratory tract
colonization by Bordetella pertussis. Infect. Immun. 2003, 71, 6358–6366. [CrossRef]

60. Connelly, C.E.; Sun, Y.; Carbonetti, N.H. Pertussis toxin exacerbates and prolongs airway inflammatory responses during
Bordetella pertussis infection. Infect. Immun. 2012, 80, 4317–4332. [CrossRef]

61. Fedele, G.; Cassone, A.; Ausiello, C.M. T-cell immune responses to Bordetella pertussis infection and vaccination. Pathog. Dis.
2015, 73, ftv051. [CrossRef] [PubMed]

62. Warfel, J.M.; Merkel, T.J. Bordetella pertussis infection induces a mucosal IL-17 response and long-lived Th17 and Th1 immune
memory cells in nonhuman primates. Mucosal Immunol. 2013, 6, 787–796. [CrossRef] [PubMed]

63. Vermeulen, F.; Verscheure, V.; Damis, E.; Vermeylen, D.; Leloux, G.; Dirix, V.; Locht, C.; Mascart, F. Cellular immune responses
of preterm infants after vaccination with whole-cell or acellular pertussis vaccines. Clin. Vaccine Immunol. 2010, 17, 258–262.
[CrossRef] [PubMed]

64. Harcourt, G.C.; Garrard, S.; Davenport, M.P.; Edwards, A.; Phillips, R.E. HIV-1 variation diminishes CD4 T lymphocyte
recognition. J. Exp. Med. 1998, 188, 1785–1793. [CrossRef] [PubMed]

65. Lees, J.R.; Farber, D.L. Generation, persistence and plasticity of CD4 T-cell memories. Immunology 2010, 130, 463–470. [CrossRef]
[PubMed]

66. Stockinger, B.; Bourgeois, C.; Kassiotis, G. CD4+ memory T cells: Functional differentiation and homeostasis. Immunol. Rev. 2006,
211, 39–48. [CrossRef]

67. da Silva Antunes, R.; Babor, M.; Carpenter, C.; Khalil, N.; Cortese, M.; Mentzer, A.J.; Seumois, G.; Petro, C.D.; Purcell, L.A.;
Vijayanand, P.; et al. Th1/Th17 polarization persists following whole-cell pertussis vaccination despite repeated acellular boosters.
J. Clin. Investig. 2018, 128, 3853–3865. [CrossRef]

68. van der Lee, S.; Hendrikx, L.H.; Sanders, E.A.M.; Berbers, G.A.M.; Buisman, A.M. Whole-Cell or Acellular Pertussis Primary
Immunizations in Infancy Determines Adolescent Cellular Immune Profiles. Front. Immunol. 2018, 9, 51. [CrossRef]

69. Wilk, M.M.; Borkner, L.; Misiak, A.; Curham, L.; Allen, A.C.; Mills, K.H.G. Immunization with whole cell but not acellular
pertussis vaccines primes CD4 T(RM) cells that sustain protective immunity against nasal colonization with Bordetella pertussis.
Emerg. Microbes Infect. 2019, 8, 169–185. [CrossRef]

70. Fry, S.R.; Chen, A.Y.; Daggard, G.; Mukkur, T.K.S. Parenteral immunization of mice with a genetically inactivated pertussis toxin
DNA vaccine induces cell-mediated immunity and protection. J. Med. Microbiol. 2008, 57 Pt 1, 28–35. [CrossRef]

71. Raeven, R.H.M.; Rockx-Brouwer, D.; Kanojia, G.; van der Maas, L.; Bindels, T.H.E.; Ten Have, R.; van Riet, E.; Metz, B.; Kersten,
G.F.A. Intranasal immunization with outer membrane vesicle pertussis vaccine confers broad protection through mucosal IgA
and Th17 responses. Sci. Rep. 2020, 10, 7396. [CrossRef] [PubMed]

72. Edwards, K.M. Overview of pertussis: Focus on epidemiology, sources of infection, and long term protection after infant
vaccination. Pediatr. Infect. Dis. J. 2005, 24 (Suppl. S6), S104–S108. [CrossRef] [PubMed]

73. King, A.J.; van der Lee, S.; Mohangoo, A.; van Gent, M.; van der Ark, A.; van de Waterbeemd, B. Genome-wide gene expression
analysis of Bordetella pertussis isolates associated with a resurgence in pertussis: Elucidation of factors involved in the increased
fitness of epidemic strains. PLoS ONE 2013, 8, e66150. [CrossRef] [PubMed]

74. Kim, S.H.; Lee, J.; Sung, H.Y.; Yu, J.Y.; Kim, S.H.; Park, M.S.; Jung, S.O. Recent trends of antigenic variation in Bordetella pertussis
isolates in Korea. J. Korean Med. Sci. 2014, 29, 328–333. [CrossRef]

75. Mooi, F.R.; He, Q.; van Oirschot, H.; Mertsola, J. Variation in the Bordetella pertussis virulence factors pertussis toxin and pertactin
in vaccine strains and clinical isolates in Finland. Infect. Immun. 1999, 67, 3133–3134. [CrossRef]

76. Prygiel, M.; Mosiej, E.; Wdowiak, K.; Górska, P.; Polak, M.; Lis, K.; Krysztopa-Grzybowska, K.; Zasada, A. AEffectiveness of
experimental and commercial pertussis vaccines in the elimination of Bordetella pertussis isolates with different genetic profiles
in murine model. Med. Microbiol. Immunol. 2021, 210, 251–262. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1542/peds.2012-3836
https://www.ncbi.nlm.nih.gov/pubmed/23690518
https://doi.org/10.1086/319266
https://www.ncbi.nlm.nih.gov/pubmed/11237803
https://doi.org/10.1038/mi.2012.54
https://doi.org/10.1128/IAI.71.11.6358-6366.2003
https://doi.org/10.1128/IAI.00808-12
https://doi.org/10.1093/femspd/ftv051
https://www.ncbi.nlm.nih.gov/pubmed/26242279
https://doi.org/10.1038/mi.2012.117
https://www.ncbi.nlm.nih.gov/pubmed/23187316
https://doi.org/10.1128/CVI.00328-09
https://www.ncbi.nlm.nih.gov/pubmed/20016042
https://doi.org/10.1084/jem.188.10.1785
https://www.ncbi.nlm.nih.gov/pubmed/9815256
https://doi.org/10.1111/j.1365-2567.2010.03288.x
https://www.ncbi.nlm.nih.gov/pubmed/20465569
https://doi.org/10.1111/j.0105-2896.2006.00381.x
https://doi.org/10.1172/JCI121309
https://doi.org/10.3389/fimmu.2018.00051
https://doi.org/10.1080/22221751.2018.1564630
https://doi.org/10.1099/jmm.0.47527-0
https://doi.org/10.1038/s41598-020-63998-2
https://www.ncbi.nlm.nih.gov/pubmed/32355188
https://doi.org/10.1097/01.inf.0000166154.47013.47
https://www.ncbi.nlm.nih.gov/pubmed/15931137
https://doi.org/10.1371/journal.pone.0066150
https://www.ncbi.nlm.nih.gov/pubmed/23776625
https://doi.org/10.3346/jkms.2014.29.3.328
https://doi.org/10.1128/IAI.67.6.3133-3134.1999
https://doi.org/10.1007/s00430-021-00718-1

	Introduction 
	Methods 
	Vaccines 
	Mouse Vaccination 
	ELISA Assay 
	PTx CHO Cell Neutralization Assay 
	Bacterial Clearance 
	Cytokine ELISA 
	T Cell Surface Staining via Flow Cytometry 
	Statistical Analysis 

	Results 
	Humoral Immunity to PT, FHA, and PRN Antigens 
	PTx CHO Cell Neutralization Assay 
	Nasal Lavage IgA 
	Bacterial Clearance 
	Cytokine Response 
	Tissue-Resident Memory T Cell 

	Discussion 
	Conclusions 
	References

