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ABSTRACT

The mucosal immune system serves as the first line of defense against Bordetella pertussis. Intranasal
vaccination, due to its potential to induce systemic and mucosal immune responses, appears to pre-
vent the initial adherence and colonization of the bacteria at the first point of contact. In the present
study, two B. pertussis antigens, pertussis Toxoid (PTd) and Filamentous hemagglutinin (FHA), which
play a very significant role in virulence and protection against pertussis, were encapsulate into
N-trimethyl chitosan (TMC) nanoparticulate systems. After preparation of TMC nanoparticles (NPs), the
NPs were characterized and their ability to induce efficient immune responses against B. pertussis was
studied in a mouse model. Our findings showed that PTd 4+ FHA-loaded TMC NPs have strong ability to
induce IL-4, IL-17, IFN-y, I1gG, and IgA in the mouse model. Results from this study suggest that nasal
administration of the PTd + FHA-loaded TMC NPs induced not only a systemic immune response but
also a local mucosal response, which may improve the efficacy of pertussis prevention through respira-
tory tract transmission.
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Introduction acellular vaccines in a wide variety of countries [7]. The acel-
lular pertussis vaccines are produced by purification and
inactivation of appropriate antigens of B. pertussis, among
which virulence factors including pertussis toxin (PT),
Filamentous hemagglutinin (FHA), Fimbriae (Fim2 and Fim3),
and pertactin (PRN) [8] have fewer side effects and prevent
acute forms of pertussis [9]; however, they were shown to be

ineffective in preventing initial adherence, nasal colonization,

Pertussis or whooping cough, mainly caused by the Gram-
negative bacteria Bordetella pertussis (B. pertussis), is a highly
contagious acute respiratory infection of the upper respira-
tory tract [1]. Pertussis is initiated by adherence of bacteria to
ciliated respiratory epithelium in the nasopharynx and tra-
chea [2]. The mucosal tissues of the upper respiratory tract
are the main portal entry of B. pertussis [3]. Of note, the

mucosal immune system provides the first line of defense
against the pathogen. Therefore, the local mucosal immune
responses in the respiratory tract may be important in order
to overcome this disease [4].

There are currently two vaccine generations, including
whole-cell vaccines and acellular vaccines for parenteral
administration, for the prevention of the disease [5]. The first
generation, whole-cell vaccines, is composed of killed and
detoxified bacteria while the second generation, acellular
vaccines, contains purified or recombinant B. pertussis anti-
gens [6]. Despite a significant decline in the incidence of the
disease, whole-cell vaccines, due to side effects such as fever,
seizure and encephalopathy, have been replaced with

bacterial transmission, complete clearance, and long-term
protection [10,11]. The inefficiency of the current acellular
pertussis vaccines can be one of the most important reasons
for the increased incidence of pertussis in many countries
with high vaccine coverage [12,13]. Of note, intranasal vaccin-
ation, due to the potential for inducing systemic and mucosal
immune responses, seems to be able to prevent the organ-
ism from colonization at the first point of contact [4].

PT and FHA are the main virulence factors of B. pertussis,
which not only mediate the binding of bacteria to ciliated
cells and phagocytes but also play important roles in the
establishment and pathogenesis of the bacteria in the
respiratory tract [14]. Antibodies against PT and FHA were

CONTACT Mohammad Hasan Sheikhha @ sheikhha@yahoo.com @ Research and Clinical Center for Infertility, Shahid Sadoughi University of Medical Sciences,
P.O. Box: 8916877391, Yazd, Iran & Department of Medical Genetics, Shahid Sadoughi University of Medical Sciences, Yazd, Iran

This article has been republished with minor changes. These changes do not impact the academic content of the article.

© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/21691401.2019.1629948&domain=pdf&date_stamp=2019-07-02
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com

2606 H. NAJMINEJAD ET AL.

Table 1. Immunization study design.

Antigens (PTd 4 FHA) Immunization Serum sampling and nasal

Groups (n=20) dose (ng) Volume () schedule (day) Route of administration washes (day)
TMC/PTd + FHA 6+6 20 1,28 in. 42

nanoparticles
Antigens solution 6+6 20 1, 28 i.n. 42
Antigens + aluminium 646 100 1,28 i.p. 42

hydroxide
T™MC 20 1,28 i.n. 42
PBS 20 1,28 i.n. 42

shown to prevent bacterial colonization, resulting in signifi-
cant protection against infection [15]. The access of antigens
administered through the intranasal route to sub-epithelial
lymphoid tissues is an essential factor for the development
of mucosal and systemic immune responses [16]. However,
the access to soluble antigens is impeded through several
factors such as epithelial barrier, enzymatic degradation, and
mucociliary clearance [17]. More importantly, due to the poor
ability of subunit vaccines to induce a potent immune
response, there is a need for the use of an effective adjuvant
in the design of such vaccines [18]. For this purpose, the
encapsulation of antigens in a nanoparticle (NP) system can
be a suitable option for nasal administration of vaccines
[19,20]. Such a system can serve not only as an antigen deliv-
ery system but also as an appropriate adjuvant.

The purpose of the present study was to encapsulate per-
tussis toxoid (PTd) and FHA from B. pertussis into N-trimethyl
chitosan (TMC) through an ionotropic gelation method for
the development of pertussis intranasal vaccination. After
synthesis, the potential protection of PTd + FHA-loaded TMC
NPs, as a carrier and adjuvant system, was immunologically
investigated in an in vitro model.

Materials and methods
Preparation of PTd + FHA-loaded TMC NPs

NPs were synthesized based on ionic gelation of TMC, as
described previously [21]. In brief, various concentrations (0.5,
1, 1.5, and 2mg/mL) of TMC were prepared in distilled water
and then the solution was filtered through a 0.45mm mem-
brane filter. PTd and FHA (each 10 mg/mL) were added to
sodium tripolyphosphate (TPP) solution (1 mg/mL), and 200 pl
of PTd + FHA + TPP solution (1 mg/mL) was added dropwise
to TMC solution when gently mixed for 45 min with a mag-
netic stirrer at room temperature. The resultant NPs were col-
lected by centrifuging at 10,000g for 20min on a glycerol
bed (10pl). Subsequently, the supernatants were discarded
and the pellet was collected and suspended in phosphate
buffer saline (PBS) to prepare antigen-loaded NPs for physico-
chemical analysis and immunization.

Characterization of PTd + FHA-loaded TMC NPs

The size and zeta potential of the synthesized NPs were char-
acterized by dynamic light scattering (DLS) using the zeta sizer
SZ3000 (Malvern instrument, Worcestershire, UK) [22].
Transmission electron microscopy (TEM) was used to examine
the morphology of the NPs. To determine the amount of the
entrapped antigen in the NPs, we calculated the differences

between the total amount added to the loading solution and
the amount of non-entrapped antigen remaining in the super-
natant. The concentration of PTd and FHA in the supernatants
was calculated by using the BCA protein assay (Sigma-Aldrich,
USA) [23]. The encapsulation efficacy (EE) of PTd + FHA-loaded
TMC NPs was measured using the following equation:

(Total amount of antigen)
— (free antigen in the supernatant)
Total amount of antigen

% EE = x 100

In vitro release

PTd + FHA-loaded TMC NPs were isolated by centrifugation
at 10,000g at 4°C on 10l of a glycerol bed for 20 min. The
supernatant was removed, the NPs were re-suspended in
6ml of 0.1 M PBS (pH 7.4), and resultant solution was kept at
37°C under magnetic stirring (100rpm). To assess the
amount of the released antigen from NPs, 0.5ml of the sus-
pension was collected at different time intervals and centri-
fuged at 18,000g for 15min; afterwards, the BCA protein
assay was applied to determine the amount of antigen in the
supernatant. Lastly, the same volume of freshly-prepared PBS
buffer was added to the release medium to reach the original
volume. A sample with non-loaded TMC NPs was applied as
a blank [24].

Immunization studies

Four- to 6-week-old female BALB/c mice were purchased
from the Animal Rearing Department of Pasteur Institute of
Iran, Tehran, Iran. The mice were fed by standard grower diet
ad labium according to the National Research Council
Requirements (National Research Council. Subcommittee on
laboratory animal, 1995). As shown in Table 1, the mice were
randomly divided into five groups and immunized intrana-
sally (i.n.) or intraperitoneally (i.p.) two times at 4-week inter-
vals. Before vaccination, the mice were lightly anesthetized
using ketamine (100 mg/kg) and Xylazine (10 mg/kg) through
i.p. injection. Each mouse was immunized and boosted i.n.
with 20 pl of a solution consisting of 6 ug of PTd and 6 ug of
FHA; the mice were administered by an equal amount of
10 ul in each nostril with micropipette tip and allow for the
mice to inhale the vaccine. Blood collection and nasal wash-
ing were carried out on day 42. Blood samples were collected
by the retro-orbital-puncture method, and the sera were iso-
lated by centrifugation at 5000 rpm for 10 min. Nasal washing
was performed by injection of 200 pl of cold solution retro-
grade through the trachea into the nasopharynx, and the
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Figure 1. Schematic diagram of the experimental procedure. The schematic diagram represents the synthesis of N-trimethyl chitosan nanoparticles (N-TMC NPs),
Bordetella pertussis antigen loading, intranasal administration, and immunization study carried out in this work.

lavage fluid was collected at the nostrils. The samples were
stored at —20°C until ELISA (Enzyme-linked Immunosorbent
Assay) analysis.

Antibody determinations

ELISA, as described previously with some modifications, was
used to determine the anti-FHA or anti-PTd serum IgG and
secretory IgA (slgA) antibodies [25]. Each antigen was diluted
to 2pg/mL, added separately to microtitration plates (Nunc,
Denmark), and incubated at 4°C for overnight. The plates
were washed with PBS containing 0.05% Tween-20 (PBS-T)
and blocked with 5% non-fat dry milk in PBS for 1h in 37°C.
Following three washes, the samples (1:100 diluted in PBS)
were loaded on antigen-coated plates, and the plates were
incubated for 60 min at 37°C and then washed with PBS-T.
Afterwards, 0.1 mL of HRP-conjugated goat anti-mouse IgG or
IgA (Abcam, 1:6000 diluted) was added to each well, and the
plates were incubated for 60 min at 37°C. Following further
washing steps, 100 mL of 3,3',5,5'-tetramethylbenzidine (TMB)
substrate was added to each well. After 20-min incubation at

room temperature, the stop solution (0.1 N sulfuric acid) was
added, and optical density was calculated at 450 nm using an
automatic microplate reader (Bio-Rad, USA).

Cytokine assay

All the experimental mice were sacrificed by cervical disloca-
tion 2 weeks after the last immunization, and the spleens
were dissected aseptically. The resultant splenocytes were pre-
pared as a single cell suspension, cultured (2 x 10° cells/well)
in RPMI-1640 medium (Sigma, Germany) supplemented with
10% fetal calf serum (FCS; Sigma, Germany) in the presence of
1Tug PT and 1pg FHA, and incubated for 72h at 37°C in an
atmosphere of 5% CO,. Positive and negative controls were
stimulated with phytohemagglutinin-A (PHA) (2pg/mL) and
left unstimulated, respectively. Cell culture supernatants were
harvested for cytokine assay by using mouse IL-17, IL-4, and
IFN-y ELISA kits (R&D Systems Inc.,, Minneapolis, MN, USA)
according to manufacturers’ protocols. Figure 1 indicates all
the experimental procedure used in this study.
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Statistical analysis

The results are expressed as the mean + standard error of the
mean (SEM). Differences between groups were performed
using unpaired two-tailed Student’s t-test. p-Values less than
0.05 (p < .05) were considered to be statistically significant.

Results
Characterization of PTd + FHA-loaded TMC NPs

The size and zeta potential of PTd -+ FHA-loaded TMC NPs
were analyzed by the DLS technique. Morphological features
of NPs were measured using TEM (Figure 2). The mean size
of the particle was 252.8nm with a zeta potential of
+30.8mV which were acquired in a TMC concentration of

- "

© 400 nm

Figure 2. Transmission electron microscopy micrograph of PTd -+ FHA-loaded
TMC NPs. PTd: pertussis toxoid; FHA: Filamentous hemagglutinin; TMC: N-tri-
methyl chitosan; NP: nanoparticle.

Table 2. Characterization of antigen-loaded TMC NPs.

1mg/mL (Table 2). Their polydispersity indexes (Pl) were
found to be in the range of 0.1-0.2, demonstrating that the
samples prepared with the 1 mg/mL TMC concentration had
the narrow size distribution than those prepared with higher
TMC concentrations. The encapsulation efficacy of NPs was
measured by bicinchoninic acid protein assay, found to be
above 94% for PTd + FHA-loaded TMC NPs (Table 2). After
96 h, the in vitro antigen release from NPs was detected to
be 93.12% (Figure 3).

Antigen-specific antibody levels following immunization

Results from the Humoral immunity assessment showed that
IgG levels produced against PTd and FHA in the mice receiv-
ing PTd 4 FHA-loaded TMC NPs in the nasal administration,
and those receiving the injectable antigen in combination
with the alum adjuvant were the highest rate, demonstrating
to have a significant difference as compared with other
groups (p >.05) (Figure 4(A)). The highest levels of slgA con-
centration were found in mice receiving antigens in the TMC
NPs and i.n. when compared with other mouse groups. No
detectable slgA response was obtained after i.p. immuniza-
tion using antigen-alum formulation (Figure 4(B)).

Cytokine measurements

Different groups of mice were investigated separately in this
study. Based on the method described above, the spleen was
isolated, homogenized and the spleen cells were cultured in
the vicinity of the antigen for 72h and the supernatant of
spleen cells from the mice were assessed for cytokines

Zeta potential (mV) Average size (nm) Polydispersity index Encapsulation efficacy TMC (mg/mL) TPP (mg/mL)
24.2 2182016 0.125 90.22 £2.56 0.5 1
30.8 252.8+28 0.189 94.74+£1.40 1 1
36.2 3026 £42 0.273 9490+1.23 1.5 1
38.6 42442 +56 0.485 96.12+1.42 2 1
100
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80
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s
g 60
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@
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=
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Figure 3. In vitro release profile of antigen from TMC NPs. TMC: N-trimethyl chitosan; NP: nanoparticle.
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Figure 5. The levels of IL-4, IL-17 and IFN-y release from splenocytes of immunized mice. Values represent the mean + standard deviation of seven mice per group.

production. Based on the results depicted in Figure 5, the
highest levels of IFN-y and IL-17 production of antigen-acti-
vated spleen cells were found in the group of mice immu-
nized with PTd + FHA-loaded TMC NPs. Furthermore, the
production of IFN-y in mouse groups receiving PTd and FHA
antigens, both soluble and nasal or injectable with the alum
adjuvant, was not significantly higher than the negative con-
trol group (those receiving the PBS and TMC alone) (p >.05).
The highest levels of IL-4 production were found in the
group receiving PTd and FHA antigens plus alum adjuvant. In
addition, mice immunized with PTd + FHA-loaded TMC NPs
exhibited a high level of IL-4 production.

Discussion

The resurgence of pertussis has occurred prominently in
countries where the children were vaccinated with acellular
pertussis vaccines [10]. Commercially-licensed acellular per-
tussis vaccines, although inducing strong antibody and Th2
responses, fail to drive local mucosal and cell-mediated
immune responses [26-28]. The latter is required for opti-
mum protection against nasal colonization and transmission
of B. pertussis [4]. Due to unique advantages of nasal routes
and biocompatible/biodegradable polymers, in this study we
developed an appropriate pertussis vaccine candidate using
PTd + FHA-loaded TMC NPs for the nasal administration in a
mouse model.

For this purpose, the ionotropic gelation method was
applied to develop PTd + FHA-loaded TMC NPs. The method
mediates the interaction between non-toxic negatively-
charged crosslinker reagent (TPP) and positively-charged
amino groups of TMC. Chitosan, a natural-based polymer
obtained by alkaline deacetylation of chitin, is biodegradable,
non-toxic, and biocompatible whose administration to
humans does not pose any danger [29]. Chitosan and its
derivatives have the properties making them suitable, as a
carrier and adjuvant, for mucosal vaccines [30]. However, des-
pite its successful application, chitosan is insoluble in physio-
logic PH [31]. In contrast, TMC, a derivative of chitosan, has a
suitable solubility in a wide range of PH. Hence, TMC has
bio-adhesive properties and absorption enhancing effects in
normal pH [32].

Results from the physicochemical characterization of
PTd + FHA-loaded TMC NPs demonstrated that the apparent
characteristics and the size of the resultant NPs were suitable
in 1Tmg/mL of TMC. The loading efficacy of antigens into the
nanoparticulate systems (approximately 95%) showed that
the application of the ionic gelation method was able to
incorporate a good amount of PTd and FHA onto the TMC
NPs. The mean size of PTd + FHA-loaded TMC NPs was found
to be nearly 252nm, representing to be suitable for intra-
nasal administration. Previously-published studies revealed
that particles smaller than 1um have the ability to easily
uptaken by M cells, epithelial cells, as well as dendritic cells
[33]. What is more, it was demonstrated that there seems no
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difference in immunogenicity between particles with the size
of ~200 to 500 nm [34].

Our results from the positive zeta potential showed that
the synthesized NPs obtained in this study can be effectively
attached to the nasal mucosa. The electrostatic interaction
between positively-charged TMC NPs and anionic glycopro-
teins present in the mucus layer appears to increase the resi-
dence time of the antigen. This results in increased antigen
uptake by M cells from the nasal cavity to the sub-epithelial
immune cells [35-37].

Our findings from in vitro antigen release indicated that
nearly 70% of the antigens were associated with the TMC
NPs for 5h under physiological conditions. It is valuable to
note that the antigen is not released to a large extent before
the antigen-loaded NPs pass the nasal mucosal barrier during
their residence in the nasal cavity [38].

Intranasal vaccination using PTd+ FHA-loaded TMC NPs
led to potent local and systemic immune responses when
compared with free PTd and FHA administration. This
showed that TMC NPs not only have an intrinsic immunosti-
mulating effect but also can serve as a suitable vaccine adju-
vant delivery system for nasally administered vaccines, which
is in agreement with previous results [39-41].

Prolonged exposure of the antigen to nasal mucosa,
improved uptake by M-cells and antigen-presenting cells
(APCs) at the nasal mucosa, more efficient delivery to muco-
sal lymph nodes, and/or more efficient stimulation of APCs
after uptake are factors more likely contributing to the immu-
nostimulating effect of TMC NPs on i.n. administration.
Furthermore, TMC appears to open the intercellular tight
junctions, facilitating the paracellular transport of antigens
and increasing antigen absorption [42].

The induction of slgA antibodies at the mucosal epithe-
lium is the leading advantage of i.n. vaccination [43]. sIgA, as
the first defensive line, plays a key role against B. pertussis at
the portal of pathogen entry in the respiratory tract [26,44].
Our findings clearly demonstrated that the PTd + FHA-loaded
TMC NPs administered i.n. were the only formulation capable
of inducing high slgA titers after two immunizations. In con-
trast, antigen formulations administered i.p. failed to show
slgA responses. This finding is consistent with previouslypub-
lished documents that parenteral administrations of antigen
formulations lack the ability to induce slgA responses [45,46].

Conclusion

The present study demonstrated that TMC NPs are a suitable
adjuvant/delivery system for effective induction of mucosal
and systemic immune responses against pertussis in mice.
The nasal administration of the PTd + FHA-loaded TMC NPs
had the ability to induce both a systemic immune response
and a local mucosal response, presumably leading to
improved efficacy of pertussis prevention through respiratory
tract transmission.
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