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Abstract

Nasal mucosal tissues are equipped with physical barriers, mucus and cilia, on their surface.

The mucus layer captures inhaled materials, and the cilia remove the inhaled materials from the
epithelial layer by asymmetrical beating. The effect of nasal physical barriers on the vaccine efficacy
remains to be investigated. Tubulin tyrosine ligase-like family, member 1 (Ttll1) is an essential
enzyme for appropriate movement of the cilia on respiratory epithelium, and its deficiency (TtlI1-KO)
leads to mucus accumulation in the nasal cavity. Here, when mice were intra-nasally immunized
with pneumococcal surface protein A (PspA, as vaccine antigen) together with cholera toxin

(CT, as mucosal adjuvant), Ttll1-KO mice showed higher levels of PspA-specific IgA in the nasal
wash and increased numbers of PspA-specific IgA-producing plasma cells in the nasal passages
when compared with Ttll1 hetero (He) mice. Mucus removal by N-acetylcysteine did not affect the
enhanced immune responses in TtlI1-KO mice versus Ttll1-He mice. Inmunohistological and flow
cytometry analyses revealed that retention time of PspA in the nasal cavity in Ttll1-KO mice was
longer than that in Ttll1-He mice. Consistently, uptake of PspA by dendritic cells was higher in the
nasopharynx-associated lymphoid tissue (NALT) of Ttll1-KO mice than that of Ttll1-He mice. These
results indicate that the ciliary function of removing vaccine antigen from the NALT epithelial layer is
a critical determinant of the efficacy of nasal vaccine.
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Introduction

Mucosa separates our inner body from the outside environ-
ment, and the mucosal surface is continually exposed to ex-
ogenous materials. Most pathogens invade our body through
mucosal tissues, including the eye, respiratory tract, intes-
tine and genital tract, and the mucosal immune system forms
the first line of defense. Secretory IgA plays an important role
in preventing the entry of pathogens and neutralizing toxins
(1). Mucosal vaccines such as nasal and oral vaccines can
induce mucosal immune responses as well as systemic im-
mune responses, which is ideal for preventing infectious

diseases; thus, several mucosal vaccines are clinically used
(2).

Mucosa-associated lymphoid tissues (MALTs), which
develop at various mucosal surface sites in tear duct,
nasal cavity and intestine, are important inductive sites for
the antigen-specific mucosal IgA immune response (3).
Nasopharynx-associated lymphoid tissue (NALT) is one of
the MALTs in the nasal cavity. Antigens are taken up by M
cells located on NALT epithelium (4). Antigen-presenting cells
[APCs; e.g. dendritic cells (DCs)] in NALT capture the antigen
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delivered by M cells and present it to T cells and B cells to ini-
tiate antigen-specific IgA immune responses (5-7). In nasal
vaccines, delivery agents and adjuvant are widely applied
to enhance antigen-specific IgA immune responses: delivery
tools carry antigen to the NALT epithelium, which increases
the antigen uptake by APCs (8), whereas adjuvant enhances
the immune responses. Cholera toxin (CT) is frequently used
as an experimental adjuvant because it strongly augments
both humoral and cell-mediated immune responses (9). CT
induces CD4* Th2 cells secreting interleukin (IL)-4, -5, -6
and -10 to provide helper signal for the induction of antigen-
specific secretory IgA and serum IgG1, IgA and IgE antibody
responses (10, 11). CT also promotes the differentiation of B
cell into plasma cells (12).

In addition to providing an immunological barrier, mucosal
tissues are equipped with physical barriers (i.e. mucus and
mucocilia) on their surface as a part of their defense against
foreign materials. Airway mucus secreted by goblet cells is
composed of a network of high-molecular-weight glycopro-
teins that form a gel with properties of both a soft, elastic
solid and a viscous fluid (13). Mucins, the main component
of mucus, are classified into two broad classes: membrane-
bound and secreted (14). Membrane-bound mucins are posi-
tioned in the plasma membrane, where they participate in
such function as cellular adhesion, via their transmembrane
and cytosolic domains and participate in other functions,
including pathogen binding and signal transduction (15, 16);
these proteins can be released into the extracellular mucous
layer by proteolytic cleavage or alternative splicing (17).
Structurally different from membrane-bound mucins, the se-
creted mucins contain cysteine-rich domains, which link co-
valently as disulfide bonds to form mucin dimers, and further
multimerize to form the long linear oligomers that contribute
to the properties of the mucus gel layer such as adhe-
sion (13, 18). The airway mucus layer containing captured
antigens is rapidly cleared by the asymmetrical beating of
mucocilia, which are tail-like projections extending approxi-
mately outwards from the respiratory epithelia (19). Tubulin
glutamylation, which adds several glutamic acids to the
tubulin C-terminal tail domain to assemble the correct tubulin
structure, is essential for ciliary function (20). The enzyme
tubulin tyrosine ligase-like family, member 1 (TtlI1) has tubulin
glutamylation activity, and the cilia of TtlI1 knockout (TtlI1-KO)
mice lose beating asymmetry, leading to a significant accu-
mulation of mucus in the nasal cavity (21).

Streptococcus pneumoniae is a major respiratory pathogen
that causes pneumonia, otitis media and meningitis (22, 23).
Selecting a vaccine antigen for this pathogen is challenging
because there are over 90 S. pneumoniae serotypes, which
differ by their polysaccharide capsule composition (24, 25).
The current clinically used vaccine, which is based on con-
jugated pneumococcal polysaccharides, can only induce
protective systemic immune responses against the covered
serotypes, and does not induce protective mucosal immune
responses because the vaccination is by intramuscular or
subcutaneous injection (26). Moreover, after implementation
of this polysaccharide-based vaccine, serotype replacement
in both carriage and infection isolates has been observed (27)
and the level of antibiotic resistance of the serotypes not con-
tained in vaccine has increased (28). Thus, a pneumococcal

vaccine with broader coverage and the ability to induce pro-
tective mucosal immune responses is clearly required. A re-
cent study demonstrated that pneumococcal surface protein
A (PspA) is an ideal vaccine antigen as it is produced by
all S. pneumoniae with high antigenicity (29). Furthermore, in
mouse studies, (i) administration of PspA-based nasal vac-
cines induces cross-protective immune responses in both
systemic and respiratory mucosal compartments against the
fatal infection of all strains of S. pneumoniae (30); (ii) PspA-
specific serum IgG eliminates S. pneumoniae (31); and (iii)
PspA-specific nasal IgA prevents streptococcal colonization
of the nasal cavity (1, 32, 33).

Previously our group developed a claudin-4-targeted nasal
vaccine by using the C-terminal fragment of Clostridium
perfringens enterotoxin (C-CPE). Claudin-4 is expressed in
the epithelium of NALT (34). We found that C-CPE fused with
PspA (PspA-C-CPE) binds to NALT in a receptor-dependent
fashion via claudin-4 and can induce effective PspA-specific
nasal IgA immune responses (32). However, a failure of ef-
fective IgA production was found when TtlI1-KO mice were
intra-nasally immunized with PspA-C-CPE, because the
antigen binding to NALT was interrupted by dense mucus;
the impaired efficacy of PspA-C-CPE could be rescued by
mucus removal (35), suggesting that accumulated nasal
mucus interferes with the delivery of nasal vaccines. As more
adjuvant-based nasal vaccines are developed for clinical
use, the effect of nasal physical barriers on the adjuvant-
based vaccine efficacy remains unclear.

Here, we evaluated the efficacy of nasal vaccine by using
Ttl11-KO mice to reveal the effects of mucociliary function on
the induction of mucosal immune responses induced using
the mucosal adjuvant, CT.

Methods

Mice

Tt1-KO mice (C57BL/6 background) were generated as
previously described (21). Ttll1-heterozygous littermates
(Ttl1-He) were used as a control because they show the
comparable level of immunological responses as wild-type
mice (35). All mice were housed under a 12:12-h light:dark
cycle and had free access to food and water. All experiments
were approved by the Animal Care and Use Committee of
the National Institutes of Biomedical Innovation, Health, and
Nutrition (Osaka, Japan) and were conducted in accordance
with their guidelines.

PspA and CT

pET16b plasmid encoding PspA protein was pre-
pared as previously described (32) and transfected into
Escherichia coli strain BL21 (DE3) (Toyobo, Osaka, Japan).
To induce recombinant protein production, isopropyl-p-p-
thiogalactopyranoside (Nacalai Tesque, Kyoto, Japan) was
added into the culture medium. The culture pellet was son-
icated in buffer A [10 mM Tris-HCI (pH 8.0), 400 mM NaCl,
5 mM MgCl,, 0.1 mM phenylmethylsulfony! fluoride, 1 mM
2-mercaptoethanol and 10% glycerol]. After centrifugation,
the supernatant was loaded onto a HiTrap HP column (GE
Healthcare, Pittsburgh, PA, USA). Recombinant PspA was



eluted by using buffer A containing 100-500 mM imidazole.
The eluted protein solution was exchanged with phosphate-
buffered saline (PBS) by using a PD-10 column (GE
Healthcare). The concentration of purified protein was meas-
ured by using a BCA protein assay kit (Life Technologies,
Carlsbad, CA, USA). Purification of the recombinant protein
was confirmed by using a NUPAGE electrophoresis system
(Life Technologies) followed by staining with Coomassie
brilliant blue.

Biotinylated PspA was prepared with an EZ-Link Micro
Sulfo-NHS-Biotinylation Kit (Pierce Biotechnology, Rockford,
IL, USA). In brief, 1 mg PspA protein in 1 ml of PBS was
mixed with 44.75 pl of 10 mM Sulfo-NHS-Biotin solution and
incubated on ice for 2 h. A Zeba Spin Desalting Column was
placed into a 15-ml collection tube, centrifuged at 1000 x g
for 2 min to remove the storage buffer, and then twice equili-
brated by adding 2.5 ml of PBS to the resin bed and centri-
fuging 1000 x g for 2 min. The prepared column was then
placed into a new 15-ml tube, protein sample was applied
onto the center of the resin bed and centrifuged at 1000 x g
for 2 min, and the flow-through solution containing the puri-
fied protein sample was collected. The concentration of puri-
fied protein was measured by using a BCA protein assay Kkit,
and the biotinylated PspA was stored at —80°C until use.

Fluorescein-4-isothiocyanate-labeled PspA (FITC-PspA)
was prepared by using a SureLINK FITC Labeling Kit
(SeraCare Life Sciences, Milford, MA, USA) (33). In brief,
0.3 mg FITC in 75 ul N,N-dimethylformamide (DMF) was
added into 4 ml of PspA (0.5 mg mlI-') in 0.1 M carbonate-
bicarbonate buffer (pH 9.6) and incubated with gentle agita-
tion for 1 h at room temperature in darkness. The kit-supplied
spin filter was used to remove the unconjugated FITC, and
the protein was concentrated by centrifugation at 14 000 x
g for 10 min. The buffer was exchanged with PBS and the
concentration of purified protein was measured by using a
BCA protein assay kit. The FITC-PspA was stored at —80°C
until future use.

CT was purchased from List Biological Laboratories, Inc.
(Campbell, CA, USA). Alexa Fluor 647-labeled CT (AF647-CT)
was prepared by using an Alexa Fluor 647 Protein Labeling
Kit (Molecular Probes, Eugene, OR, USA). In brief, 50 pl of 1
M bicarbonate solution (pH ~8.3) was added into 0.5 ml of
CT (2 mg ml-', in PBS). The protein solution was transferred
to a vial of reactive dye containing a magnetic stir bar and
incubated with gentle agitation for 1 h at room temperature
in darkness. The kit-supplied purification column was used
to remove the unconjugated dye. The protein concentration
was measured by using a BCA protein assay kit, and the
AF647-CT was stored at —80°C until use.

Immunization

Mice were intra-nasally immunized with 5 pg of PspA and
0.3 pg of CT in 15 ul of PBS once weekly for 3 weeks. One
week after the final immunization, blood was collected and
left on ice for 30 min; serum was then collected by centrifu-
gation at 3000 x g for 10 min at 4°C. Nasal wash was col-
lected in 200 ul of 4°C PBS. Bronchoalveolar lavage fluid
was collected in 1 ml of 4°C PBS. All samples were stored
at —80°C until used for the enzyme-linked immune sorbent
assay (ELISA).
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To remove nasal mucus, 15 ug of N-acetylcysteine (Sigma-
Aldrich, St Louis, MO, USA) in 10 pul of PBS was intra-nasally
administered to mice as previously described (35). After
30 min, PspA and CT were intra-nasally administered to mice
as described above.

Enzyme-linked immune sorbent assay

Nunc MaxiSorp flat-bottom 96-well plates (Thermo Fisher
Scientific, Waltham, MA, USA) were coated with PspA
(0.05 pg per well) or CT (0.5 pg per well) in PBS and incu-
bated overnight at 4°C. The plates were then blocked with
1% bovine serum albumin (BSA) in 170 pl of PBS for 2 h at
room temperature. After washing with PBS containing 0.05%
Tween 20 (v/v, 0.05% T-PBS, 3 x 200 ul per well), the plates
were incubated with 2-fold serially diluted nasal wash or
serum samples in 1% BSA-0.05% T-PBS (w/v/v) for 2 h at
room temperature. The plates were then washed with 0.05%
T-PBS (3 x 200 pl per well) and treated with goat anti-mouse
IgA or IgG conjugated with horseradish peroxidase (Southern
Biotech, Birmingham, AL, USA) in 1% BSA-0.05% T-PBS for
1 h at room temperature. After a wash with 0.05% T-PBS (3 x
200 pl per well), PspA- or CT-specific antibodies were de-
tected by adding 3,3",5,5-tetramethylbenzidine peroxide
substrate into the wells and incubating for 2 min at room tem-
perature. Then, 0.5 M HCI was added to stop the color reac-
tion, and the optical density was measured at 450 nm as an
index of color reaction progression.

Cell isolation

To isolate mononuclear cells, NALT was obtained from the
upper jaw of the mice. NALT cells were isolated by gently
rubbing the NALT sample with a needle under a stereoscopic
microscope, as previously described (35). Mononuclear cells
from nasal passages (NPs) were isolated by mechanical dis-
sociation through a 70-um nylon mesh.

Enzyme-linked immunospot

Enzyme-linked immunospot (ELISpot) plates (MSHAN45,
Millipore, Burlington, MA, USA) were coated with PspA
(0.05 nug per well) or CT (0.5 png per well) and incubated over-
night at 4°C. After washing with PBS (3 x 200 ul per well),
the plates were blocked with 10% newborn calf serum (NCS;
Equitech-Bio, Kerrville, TX, USA) in RPMI-1640 medium
(Sigma-Aldrich) (v/v, 10% NCS-RPMI) for 30 min at 37°C in
a 5% CO, incubator. Single cells isolated from NPs of mice
were suspended in 1 ml of 10% NCS-RPMI (equivalent to 10°
initial cells per ml), and 5-fold serial dilutions were performed
in 10% NCS-RPMI down to a concentration of 8 x 10° cells
per ml. Each cell suspension (100 pl per well) was added to
the coated ELISpot plates and cultured for 4 h at 37°C in a
5% CO, incubator. Cells were removed from the plates by
washing with PBS (3 x 200 pl per well) and then PBS con-
taining 1% Tween 20 (v/v, 0.1% T-PBS, 3 x 200 ul per well).
Then, each well was treated with 100 pl of goat anti-mouse
IgA conjugated with horseradish peroxidase (1:1000 dilution
in 0.1% T-PBS) overnight at 4°C in darkness. The plates were
washed with PBS (6 x 200 pl per well), and then 100 pl per
well amino ethyl carbazole (AEC, 0.33 mg ml-') was added.
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To prepare fresh AEC solution, 10 mg ml-" AEC in DMF was
diluted 1:30 in 0.1 M acetic acid (pH 5.0) with 0.015% (v/v)
hydrogen peroxide. The filtered AEC solution was added
into each well for 30 min at room temperature in darkness.
The plates were then rinsed with tap water and allowed to
completely dry at room temperature. The number of spot-
forming cells was counted by using a CTL S6 Analyzer with
ImmunoSpot (version 5.0) and Immuno Capture (version 6.3)
software (Cellular Technology Limited, Shaker Heights, OH,
USA).

Histochemical analysis

Mice were intra-nasally immunized with 5 pg of biotinylated
PspA and 0.3 ug of CT in 15 pul of PBS to examine the dis-
tribution of PspA and CT. At 30 min, 1 h and 12 h after
administration, skin and soft tissues were removed from
the head of each immunized mouse. The head was then
embedded in Super Cryo Embedding Medium (Section-
Lab, Hiroshima, Japan) and cut into 6-um sections by
using a cryostat. Frozen sections were fixed in 100%
acetone for 1 min at 4°C. To prevent non-specific binding,
sections were incubated with PBS containing 2% NCS
(vlv, 2% NCS-PBS) for 30 min at room temperature. The
sections were washed with PBS and then stained with pri-
mary antibodies overnight at 4°C. After another wash with
PBS, the sections were stained with secondary antibody
for 30 min at room temperature. Following another wash
with PBS, the sections were stained with 47,6-diamidino-
2-phenylindole (DAPI) for 10 min at room tempera-
ture to visualize the nuclei. After a final wash with PBS,
the sections were mounted in Fluoromount (Diagnostic
BioSystems, Pleasanton, CA, USA) and observed by fluor-
escence microscopy (BZ-9000, Keyence, Osaka, Japan).
Antibodies used for immunohistological analysis are as
follows: biotinylated PspA was visualized by staining with
AF488-conjugated streptavidin (Thermo Fisher Scientific;
S32354; 1:200), or AF546-conjugated streptavidin (Thermo
Fisher Scientific; S11225; 1:200). CT was visualized by
staining with rabbit anti-CT subunit § (Abcam, Cambridge,
UK; ab34992; 1:1000), followed by staining with sec-
ondary antibody AF647-conjugated goat anti-rabbit IgG
(Thermo Fisher Scientific; A21245; 1:200). M cells were
identified by staining with AF488-conjugated anti-mouse
GP2 (Medical & Biological Laboratories, Nagoya, Japan;
D278-A48; 1:200).

For whole-mount staining, murine palates were removed
from Ttll1-He and -KO mice. The tissues were washed with
PBS and were fixed in 4% paraformaldehyde phosphate
buffer solution (Nacalai Tesque) for 3 h at 4°C. To prevent
non-specific binding, tissues were incubated with RPMI-1640
containing 10% fetal bovine serum (Thermo Fisher Scientific)
for 1 h at room temperature. The tissues were washed
with PBS and then stained with rhodamine-conjugated
UEA-1 (Ulex Europaeus Agglutinin 1; Vector Laboratories;
Burlingame, CA, USA; 1:100) for 1 h on ice for the identifica-
tion of M cells. Following another wash with PBS, the tissues
were mounted in Fluoromount and observed by a Leica TCS
SP8 laser scanning confocal microscopy (Leica Microsystem,
Wetzlar, Germany).

Flow cytometric analysis

Mice were intra-nasally administered with 5 ng of FITC-
PspA and 0.3 pg of AF647-CT in 15 ul of PBS to examine
the antigen uptake of PspA and CT. Cells were isolated from
NALT at 12 h after immunization. The cells were washed with
2% NCS-PBS and incubated with anti-CD16/32 monoclonal
antibody (TruStain FcX; BioLegend, San Diego, CA, USA;
101320; dilution, 1:100) for 15 min at room temperature. After
another wash with 2% NCS-PBS, the cells were stained with
PE/Cy7-conjugated anti-mouse CD11c (BioLegend; catalog
no. 117318; dilution, 1:200) for 30 min at 4°C. After another
wash with 2% NCS-PBS, the cells were stained with 7-AAD
(7-aminoactinomycin D; BioLegend; catalog no. 420404; dilu-
tion, 1:100) for 10 min at 4°C. After a final wash with 2% NCS-
PBS, the cells were analyzed by flow cytometry (MACSQuant;
Miltenyi Biotec, Auburn, CA, USA).

Data analysis

Data are expressed as means + SEM. Statistical analyses
were performed by using Welch’s t-test or the non-parametric
Mann-Whitney U-test. P-values less than 0.05 were deemed
statistically significant.

Results

Increased levels of PspA-specific nasal IgA immune
responses in Ttll1-KO mice

To examine whether airway mucociliary dysfunction affects
the efficacy of adjuvant-based nasal vaccines, Ttll1 hetero
(Ttll1-He) and TtlI1-KO mice were intra-nasally immunized with
PspA plus CT as mucosal adjuvant. We found that the amount
of PspA-specific nasal IgA was significantly higher in Ttll1-KO
mice than in Ttll1-He mice (Fig. 1A, P = 0.002). Consistently,
the number of PspA-specific IgA-producing plasma cells
in the NPs was significantly higher in Ttll1-KO mice than in
Ttll1-He mice (Fig. 1B, P = 0.023). It is reported that antigen-
specific mucosal IgG also plays a role in the protective effect
of PspA vaccine (36, 37). We found that the amount of PspA-
specific IgG was not changed in bronchoalveolar lavage
fluid of Ttll1-KO mice when compared with Ttll1-He mice
(Supplementary Figure 1). Thus, cilia dysfunction caused by
Ttll1 deficiency led to the augmented nasal IgA responses
against the nasally administered antigen, PspA.

CT-specific nasal IgA immune responses were not
changed in Till1-KO mice

CT potently enhances PspA-specific immune responses,
i.e. acts as vaccine adjuvant, and acts as an antigen to in-
duce CT-specific IgA immune responses. When we meas-
ured CT-specific IgA responses, unlike PspA-specific IgA
responses, the amount of CT-specific IgA was comparable
between Ttll1-He and -KO mice (Fig. 2A, P = 0.95). Also, the
number of CT-specific IgA-producing plasma cells in the NPs
were similar in Ttll1-He and -KO mice (Fig. 2B, P = 0.18).
These results show that the CT-specific nasal IgA immune
responses were not affected by the airway mucociliary
dysfunction.
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Fig. 1. PspA-specific nasal IgA immune responses in TtlI1-KO mice. Ttll1-He and TtlI1-KO mice were intra-nasally immunized with PspA and CT
once weekly for 3 weeks. One week after the last immunization, PspA-specific nasal IgA immune responses were examined. (A) PspA-specific
IgA in nasal wash was detected by ELISA. Ttll1-He, n = 3; Ttll1-KO, n = 3. Data are presented as means + SEM and are representative of three
independent experiments. **P < 0.01 (Welch'’s t-test). OD, optical density. (B) Cells were isolated from the NPs and PspA-specific IgA-producing
plasma cells were analyzed by ELISpot. Data are combined from two independent experiments; each point represents data from an individual
mouse. The horizontal line indicates the mean in each group. *P < 0.05 (Mann-Whitney U-test).
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Fig. 2. CT-specific nasal IgA immune responses in Ttll1-KO mice. Ttll1-He and Ttll1-KO mice were intra-nasally immunized with PspA and CT
once a week for 3 weeks. One week after the last immunization, (A) CT-specific IgA in nasal wash was detected by ELISA. Ttll1-He, n = 3;
Ttll1-KO, n = 3. Data are presented as means + SEM and are representative of three independent experiments. N.S., not significant (Welch’s
t-test); OD, optical density. (B) Cells were isolated from NPs and CT-specific IgA-producing plasma cells were analyzed by ELISpot. Data are
combined from two independent experiments; each point represents data from an individual mouse. The horizontal line indicates the mean in
each group. N.S., not significant (Mann-Whitney U-test).

Antigen-specific serum IgG immune responses were not In mice with mucus removed, both the amount of PspA-
changed in Ttll1-KO mice specific IgA in nasal wash and the number of PspA-specific
IgA-producing plasma cells were significantly higher in the
Ttll1-KO mice than in the Ttll1-He mice (Fig. 4A, P < 0.001;
Fig. 4B, P = 0.001), and the amount of CT-specific IgA in
nasal wash and the number of CT-specific IgA-producing

To examine whether antigen-specific systemic immune re-
sponses were changed by airway mucociliary dysfunction,
we examined the amount of antigen-specific serum IgG in
immunized Ttll1-He and -KO mice. Both the amount of PspA- - ! St .
specific serum IgG and the amount of CT-specific serum IgG plasma cells in Ttll1-KO mice were similar to those in Ttll1-He
were similar in TtI1-KO mice when compared with Ttil1-He ~ mMice (Fig. 4G, P=0.41; Fig. 4D, P =0.56). These results indi-
mice (Fig. 3A, P = 0.12; Fig. 3B, P = 0.11), indicating that  cate that the accumulated nasal mucus of Ttll1-KO mice was

antigen-specific serum 1gG immune responses were not ~ notinvolved in the enhanced immune responses to PSpA.

changed by airway mucociliary dysfunction.
Different retention and uptake patterns of PspA

Mucus removal had little effect on the antigen-specific and CT in NALT

nasal IgA immune responses We then examined the underlying mechanisms of en-
To investigate whether mucus accumulation was involved hanced PspA-specific nasal IgA immune response in
in the higher immune responses to PspA in the respiratory TtlI1-KO mice. We first asked whether the number of NALT
mucosa of Ttll1-KO mice, we removed the dense mucus by M cells was affected by Ttll1 deficiency. To address this
using N-acetylcysteine, a clinically used mucolytic drug. issue, we performed whole-mount staining of the murine
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Fig. 3. Antigen-specific serum IgG immune responses in Ttll1-KO mice. Ttll1-He and Ttll1-KO mice were intra-nasally immunized with PspA
and CT once weekly for 3 weeks. One week after the last immunization, PspA-specific (A) and CT-specific (B) IgG in serum were detected by
ELISA. Ttll1-He, n = 4; Ttl1-KO, n = 3. Data are presented as means + SEM and are representative of three independent experiments. N.S., not

significant (Welch'’s t-test); OD, optical density.
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Fig. 4. Effect of mucus removal on the antigen-specific nasal IgA immune responses. Ttll1-He and Ttll1-KO mice were treated with
N-acetylcysteine to remove nasal mucus and then intra-nasally immunized with PspA and CT. PspA-specific (A) and CT-specific (B) IgA in nasal
wash were detected by ELISA. Data are presented as means + SEM. Ttll1-He, n = 7; Ttll1-KO, n=9. **P < 0.001; N.S., not significant (Welch’s
t-test); OD, optical density. PspA-specific (C) and CT-specific (D) nasal IgA-producing plasma cells from NPs were analyzed by ELISpot. Data
are combined from three independent experiments; each point represents data from an individual mouse. The horizontal line indicates the mean
in each group. **P < 0.01; ***P < 0.001; N.S., not significant (Mann-Whitney U-test).

palate, and found that the number of NALT M cells was not
changed in Ttll1-KO mice when compared with Ttll1-He
mice (Supplementary Figure 2). We next asked whether M
cell function of antigen uptake was influenced by Ttll1 de-
ficiency. To address this possibility, mice were intra-nasally
administrated N-acetylcysteine to remove nasal mucus and
then intra-nasally immunized with PspA. Immunohistological
analysis indicated that uptake of PspA by NALT M cells not
changed in TtllI1-KO mice when compared with Ttll1-He mice
(Supplementary Figure 3). These results indicated that the
number and function of NALT M cells were not influenced by
Ttll1 deficiency.

We next examined whether antigen distribution or reten-
tion was changed in Ttll1-KO mice because of the impaired
function of mucocillia. To address this issue, mice were intra-
nasally immunized with biotinylated PspA and CT. According
to histological analysis, high levels of PspA were detected
in the NALT of Ttll1-He mice at 1 h after administration; this
signal disappeared at 12 h after administration (Fig. 5A). In
contrast, the PspA signal remained at 12 h after administra-
tion in Ttll1-KO mice (Fig. 5A).

Then, the distribution and retention time of CT were
checked. In contrast to PspA, the CT signal did not disappear
and remained on the NALT epithelium of both Ttll1-He and
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Fig. 6. Uptake of PspA and CT by DCs in the NALT of TtlI1-KO mice. Ttll1-He and TtlI1-KO mice were intra-nasally immunized with FITC-PspA
and AF647-CT to detect the PspA (A) and CT (B) uptake. Cells were isolated from NALT at 12 h after immunization and analyzed by flow
cytometry. Data are representative of two independent experiments; each point represents data from an individual mouse. The horizontal line
indicates the mean in each group. *P < 0.05; N.S., not significant (Mann-Whitney U-test).

-KO mice at 12 h (Fig. 5B). These results show that PspA re-
tention was prolonged in the NALT of Ttll1-KO mice, whereas
CT retention was comparable between Ttll1-He and -KO
mice, which is consistent with the results for antigen-specific
nasal IgA immune responses.

Next, antigen uptake by DCs was examined by flow
cytometry. Mice were intra-nasally immunized with FITC-
PspA and AF647-CT, and cells were isolated from NALT at
12 h after administration. Consistent with the antigen retention
data, we found that the percentage of PspA* cells in CD11c*
DCs was significantly higher in Ttll1-KO mice than in TtllI1-He
mice (Fig. 6A, P = 0.025), whereas the percentage of CT*
cells in CD11c* DCs was comparable between Ttll1-He and
-KO mice (Fig. 6B, P = 0.85). These results collectively indi-
cate that the higher DC uptake of PspA in NALT of Ttll1-KO
mice was caused by the prolonged PspA retention, and the

lack of change in CT uptake was due to the lack of change
in CT retention. Consequently, the different antigen-specific
nasal IgA immune responses were induced by the different
efficacy of DC uptake of antigen in the NALT.

Discussion

In this study, we demonstrated an enhanced PspA-specific
nasal immune response in Ttll1-KO mice compared with
Ttll1-He mice. We believe this difference was due to pro-
longed retention of the antigen on the NALT epithelium and
higher uptake by DCs in the Ttll1-KO mice. Unexpectedly,
the Ttll1-He mice and TtlI1-KO mice showed equal levels of
CT-specific nasal IgA immune responses likely because the
retention time of CT was longer than that of PspA in Ttll1-He
mice: at 12 h after administration, PspA was cleared from the
NALT epithelium, whereas some CT remained in Ttll1-He mice.
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The different kinetics of the distribution of PspA and CT in-
dicate that mucociliary clearance efficiently removed PspA,
but not CT. Cilia beat asymmetrically in metachronal waves
to propel pathogens and inhaled materials out of the airways.
Because the ciliary asymmetric beating was impaired in
Ttll1-KO mice but not TtllI1-He mice, PspA could persist on the
NALT epithelium for longer in Ttll1-KO mice. Unlike PspA, CT
has high affinity to the ganglioside GM1, which is widely dis-
tributed on the plasma membrane surface of various animal
epithelial cells (38). We propose that the GM1 anchoring
of CT to the NALT epithelial surface meant that normal cil-
iary beating could not remove CT from the airway in Ttll1-He
mice. The higher PspA retention and uptake in the NALT of
Ttl11-KO mice led to enhanced PspA-specific nasal IgA im-
mune responses in these mice, whereas the similar levels of
CT retention and intake between Ttll1-He and Ttll1-KO mice
led to comparable CT-specific nasal IgA immune responses
between these mice.

We previously showed that specific nasal IgA immune re-
sponses were reduced in Ttll1-KO mice compared with -He
mice when mice were nasally immunized with PspA-C-CPE
(35). Because airway mucus usually serves as a barrier to
direct exposure to foreign materials, it is plausible that the
accumulated nasal mucus in Ttll1-KO mice interrupts the ap-
proach of vaccine antigen to NALT epithelium. Consistent
with this notion, binding of PspA-C-CPE to NALT was pre-
vented by the thick mucus in the TtlI1-KO mice (35). However,
when TtlI1-KO mice were immunized with PspA and CT, nei-
ther PspA-specific nor CT-specific nasal IgA immune re-
sponses were impaired, suggesting that the thick mucus
layer did not prevent the binding of PspA or CT to NALT epi-
thelium. Therefore, the characteristics of different proteins
might play critical roles in their ability to reach and bind to
the epithelium. Indeed, when we intra-nasally administrated
mice with PspA alone, we found that the binding of PspA to
NALT epithelium was detected in Ttll1-He mice, but not in
Ttl11-KO mice (Supplementary Figure 4A). In contrast, when
we intra-nasally administrated mice with PspA together with
CT, we detected the binding of PspA to NALT epithelium in
both TtlI1-He mice and TtlI1-KO mice (Supplementary Figure
4B). These results indicated that CT was a critical factor
which influences the binding of PspA to NALT epithelium in
TtlI1-KO mice. A possible explanation of our results is that CT
penetrated the mucus layer of Ttll1-KO mice and then dis-
rupted the dense mucus layer by inducing fluid secretion,
especially water secretion, which allowed the PspA to attach
to the NALT epithelium without interference. Supporting this
notion, it is reported that CT causes fluid secretion in the in-
testine and mechanically disrupts the mucus layer (39). CT
plays important roles in the induction of mucosal immunity
by inducing the differentiation of M-like cells in the intestinal
villi (40), increasing permeability of intestinal epithelium (41)
and facilitating antigen presentation by various types of APCs
(42). In addition, CT induces the accumulation of cAMP in
airway epithelial cells, which increases ciliary beating fre-
quency and ciliary bend angle (43). However, the increased
ciliary beating was not sufficient to recover the mucociliary
dysfunction of TtlI1-KO mice. Ciliary beating is asymmetric,
with clearly distinguished effective and recovery strokes. This
asymmetry is crucial for mucociliary clearance and requires

tubulin glutamylation (21). Our group’s previous study of
Ttll1 indicated that the beating frequency of Ttll1-KO mice is
higher than that of wild-type mice, but TtlI1-KO mice have lost
beating asymmetry (21). Therefore, even though it is likely
that CT increased cAMP accumulation and thereby promoted
ciliary beating, the mucociliary dysfunction of Ttll1-KO mice
was not recovered; hence, PspA was not rapidly removed in
Ttl11-KO mice.

Mucins cross-link in the mucus layer to form a selective
fiber mesh. Therefore, protein size might dictate whether a
protein can penetrate the mucus barrier. However, from struc-
ture analyses, we inferred that both CT (44) and PspA-C-CPE
(45, 46) are smaller than the average pore size of the mesh
(47). It is therefore necessary to consider other interactions,
e.g. hydrophobicity, which can limit the diffusion of protein in
mucus (48). Analysis of the a-helical domains of PspA and its
amino acids sequence suggests that PspA is hydrophobic
(49). C-CPE contains both hydrophobic and hydrophilic re-
gions (44), but because PspA (~43 kDa) is much larger than
C-CPE (~17.3 kDa), PspA-C-CPE is likely hydrophobic. CT is
regarded as hydrophilic (50, 51) because the hydrophilic A2
subunit shields the hydrophobicity of the A1 subunit, and the
A1 subunit is packed into the hydrophilic B subunit pentamer.
Therefore, it is plausible that the mucus layer prevents pene-
tration of PspA and PspA-C-CPE but not CT. Charge inter-
actions can also limit the diffusion of proteins in mucus.
Mucin fibers, which contain highly glycosylated segments,
are negatively charged, and show high affinity with positively
charged particles (52). PspA has an overall positive charge in
the amino-terminal domain, which is exposed on the surface
(53), although the claudin-4-binding site in C-CPE is nega-
tively charged (54). Therefore, PspA and PspA-C-CPE are
likely trapped by mucin fibers. Although the B subunit of CT
carries a net negative charge (55), whole CT shows charge
heterogeneity (44, 56); therefore, more studies are required
to determine the charge interactions between CT and mucus.

In addition to antigen-specific IgA in NPs, antigen-specific
IgG in serum plays an important role in preventing pathogen-
esis. Interestingly, unlike PspA-specific nasal IgA, the con-
centrations of PspA-specific IgG were comparable between
Ttll1-He mice and Ttll1-KO mice. CT-specific serum IgG like-
wise showed no significant difference between Ttll1-He and
Ttll1-KO mice. In addition to NALT, some other cell types and
tissues are related to immune response induction in the re-
spiratory tract. For instance, inducible bronchus-associated
lymphoid tissue is induced by virus-based vaccine delivery,
inflammation and infection, and initiates antigen-specific im-
mune responses (57), and respiratory M cells in the respira-
tory epithelium function similarly to NALT by taking up vaccine
antigens to induce antigen-specific systemic immune re-
sponses (58). Therefore, both inducible bronchus-associated
lymphoid tissue and respiratory M cells are possible alterna-
tive pathways for the induction of PspA-specific IgG in both
Ttll1-He and TtlI1-KO mice.

In summary, the fluid secretion induced by CT likely dis-
rupted the dense mucus barrier of TtlI1-KO mice and made it
possible for PspAto access the NALT epithelium. Furthermore,
the impaired ciliary clearance in the Ttll1-KO mice extended
the PspA retention thereby enhancing the PspA-specific nasal
IgA immune responses. Various adjuvants, in addition to CT,
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have been used in mucosal vaccine development. Because
these adjuvants display different characteristics it would be
interesting to investigate their relationship with the physical
barriers of mucus layer and cilia. Taken together, this study
provides evidence that mucociliary function, which removes
vaccine antigen from the NALT epithelium, is a critical factor
in the efficacy of nasal vaccines. Therefore, temporal control
of the function of respiratory cilia would be a useful strategy
for development of efficient nasal vaccines.
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