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Abstract
Intranasal (i.n.) immunization is an effective regimen for the prophylaxis of respiratory diseases in
early life. The aim of this study was to assess the need for nasal-associated lymphoid tissue (NALT)
and cervical lymph nodes (CLN) in induction of protective immunity following mucosal vaccination
of infant mice. We developed surgical techniques to eliminate NALT and CLN in young (8 days old)
mice. I.n. vaccination of NALT- or CLN-deficient mice with pneumococcal polysaccharide
conjugate vaccine plus interleukin-12 as a mucosal adjuvant (days 10 and 17) was followed by i.n.
pneumococcal challenge (days 24–28). Mice were sacrificed on day 31 and nasal mucosal and
systemic immune responses as well as pneumococcal colonization in the middle ear and nasopharynx
were assessed. Elimination of NALT did not impair the ability of infant (3 week-old) mice to produce
nasal or serum antibody responses following i.n. immunization. In contrast, surgical removal of CLN
significantly impaired the ability to express IgA antibody in nasopharyngeal washes and total
antibody in serum. Similarly, protection against pneumococcal colonization in the nasopharynx and
middle ears of immunized mice was decreased in the absence of CLN but not in the absence of NALT.
These findings suggest that surgical removal of NALT tissue, at least in a mouse model, does not
affect the ability to respond to subsequent i.n. vaccination. In addition, in the young mice CLN play
a more important role than NALT for induction of protective mucosal and systemic antibody
responses following i.n. immunization.
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1. Introduction
Infections of the upper respiratory tract, including middle ear (ME) infections, are preceded
by colonization in the nasopharynx (NP). Thus, prevention of pathogen colonization at this site
should effectively block both transmission and infection [1]. Secretory IgA antibodies (SIgA)
are known to play a major role in protection against upper respiratory tract infections, and
intranasal (i.n.) immunization is an effective regimen to induce such IgA antibodies in NP
secretions, in addition to enhancing systemic immunity in humans [2]. Children are most
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susceptible to respiratory tract infections and recent studies have emphasized the importance
of enhancing mucosal immunity in early life by i.n. immunization [3,4].

Antigen-specific SIgA is generated within mucosal tissues, which can be broadly classified as
inductive and effector sites, and together, comprise the “common mucosal immune
system” [5]. The components of the respiratory immune system include nasal-associated
lymphoid tissue (NALT), cervical lymph nodes (CLN), and dispersed lymphoid cells in the
epithelial layer and in the respiratory lamina propria [6]. Also, in a recent study, a NALT-like
structure of lymphocyte aggregates that form follicles was identified in human nasal mucosa
of children less than two years of age, indicating that an equivalent to mouse NALT can develop
in humans [7]. NALT has been considered to be the major inductive site for initiation of SIgA
immune responses in the respiratory tract [2,5,6]. In addition, CLN, which do not belong
exclusively to the mucosal immune system, also share immune inductive properties with NALT
and serve to amplify the specific responses generated within NALT [8]. Previous studies in
adult mice showed that i.n. immunization can induce specific IgA response in both NALT and
CLN [9,10]. However, NALT can only be identified in mice 7 days after birth, so its ability to
function as a mucosal inductive site during early life is largely unknown [11].

In humans, NALT is absent but equivalent tissue is formed by the Waldeyer’s ring, which
includes the nasopharyngeal (adenoids), palatine, tubal, and lingual tonsils [12]. Surgical
removal of nasopharyngeal and palatine tonsils (i.e., adenoidectomy and tonsillectomy) are the
most common major operations performed on children under general anesthesia in the United
States but it is not clear how this might affect the ability to respond to i.n. vaccination.

Several studies evaluated the induction of mucosal IgA responses in the mice with defective
organogenesis of NALT (lymphotoxin α/β−/− mice) [11] or in the mice lacking NALT as a
result of surgery [13]. However, studies by using lymphotoxin α/β−/− mice eliminated the
function of not only NALT but also CLN, and studies using surgical models did not include
the young mice. In the young mice, functional evaluation of NALT has been challenging,
largely due to its small size and difficulties in accessing its anatomic location. In the present
study, we developed surgical techniques to eliminate NALT and CLN in infant (8 day old)
mice. Using these surgical models in combination with an i.n. immunization protocol that
employed pneumococcal polysaccharide conjugate vaccine and IL-12 as a mucosal adjuvant
[14], we have now assessed the need for NALT and CLN in induction of protective immunity
following mucosal vaccination of 10- and 17-days old mice, which correspond to the state of
immune maturation of human infants [15].

2. Material and methods
2.1. Mice, NALT surgery and CLN surgery

BALB/cAnNCr mice, 4–6 weeks old, were purchased from Charles River Laboratories
(Raleigh, NC) through a contract with the National Cancer Institute (Bethesda, MD). The mice
were bred and maintained at Albany Medical College. All experimental procedures were in
compliance with the guidelines of the institutional animal care and use committee.

NALT surgery was performed on day 8 after birth using a binocular microscope. The mice
were laid in a supine position with their mouths held open to reveal access to the hard palate.
NALT was clearly visualized as two parallel strips along the nasal septum. A 2- to 4-mm
incision was made along the midline of the hard palate with care taken to cut only skin palate
and to not cut underlying bone containing nasal mucosa. A surgical elevator was inserted
through the incision and the skin palate was slightly separated from the hard palate alongside
the incision (1 mm lateral to the incision). An 18-gauge needle from a bipolar coagulator
(Codman & Shurtleff, Inc, Randolph, MA) was inserted through the incision and the structural
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integrity of the NALT was destroyed by cauterization. Another group of infant mice underwent
sham surgery in which a 2- to 4-mm incision was made along the midline of the hard palate
but no tissue was removed. After surgery, the wounds were sealed by tissue adhesive (3M
Vetbond, Animal Care Products, St. Paul, MN) and the mice were weighed daily to ensure
normal weight gain.

CLN were also excised on day 8 after birth using a binocular microscope. After a midline skin
incision was made in the neck, the CLN were surgically removed, including the superficial
CLN adjacent to the anterior edge of the submandibular salivary glands, the central (posterior)
CLN deep within the musculature of the neck, and the facial CLN close to the ventral posterior
edge of the parotid glands. Another group of infant mice underwent sham surgery by making
a midline skin incision in the neck but leaving the CLN intact. The wounds were sealed by 3M
Vetbond tissue adhesive.

2.2. Immunization
I.n. immunization was performed in untreated mice, in mice that received NALT or sham
NALT surgery, and in mice that received CLN or sham CLN surgery. Immunization was
performed beginning on day 10, i.e., 2 days after surgery. 2.5 μg of pneumococcal
polysaccharide conjugate vaccine (Wyeth Vaccines, Pearl River, NY) was administered i.n.
on day 10 together with 0.2 μg of IL-12 (Wyeth Vaccines) i.n. on days 10–13. Another group
of mice received 2.5 μg of conjugate vaccine on day 10 without IL-12. The conjugate vaccine
consisted of serotype 14 pneumococcal polysaccharide (PPS14) covalently linked at a ratio of
2:1 to CRM197 diphtheria toxoid. The initial preparations were given in a volume of 5 μl/mouse
in PBS containing 1% normal mouse serum as vehicle. Mice were boosted i.n. on day 17 with
5 μg of PPS14 with or without IL-12 in a volume 10 μl, and sera and NP wash samples were
collected for analysis one week later. Control mice received PBS vehicle only.

2.3. Isolation of mononuclear cells
CLN were removed and weighted on day 24 from untreated mice, and mice that received
NALT-sham or NALT-surgery. CLN were gently passed through a steel mesh and
mononuclear cells were further isolated according to a previously reported method [16].

2.4. Measurement of antibody levels by ELISA
Sera were obtained by orbital puncture. After the blood was collected, the mice were sacrificed
and NP wash samples were collected from the NP cavity using 100 μl of cold PBS according
to a previously reported method [17]. Leakage of serum proteins into the nasal mucosal
compartment was monitored by measuring albumin levels in NP washes using Albustix (Bayer,
Elkhart, IN). Samples were stored at −80°C prior to being assayed for PPS14-specific
antibodies by ELISA. Briefly, 96-well or 386-well Nunc Immuno Polysorp plates (Nalge Nunc,
Rochester, NY) were coated overnight at 4°C with 15μg/ml of PPS14 (American Type Culture
Collection, Manassas, VA) (100 μl/well or 20μl/well, respectively) in PBS. The plates were
washed in PBS containing 0.05% Tween 20 and blocked for 1 hr at 37°C with PBS containing
10% fetal calf serum (HyClone, Logan, UT). Two fold dilutions of mouse serum or NP wash
fluid in PBS containing 10% fetal calf serum were added to the plates and incubated at 4°C
overnight. After the plates were washed, alkaline phosphatase-conjugated goat anti-mouse Ig
antibody (Southern Biothechnology, Birmingham, AL) was added and the plates were
incubated at 4°C. Bound enzyme was detected by adding p-nitrophenyl substrate and
measuring absorbance at 405 nm with a microplate reader (Bio-Tek Instruments, Winooski,
VT). For NP samples, end-point titers were expressed as the reciprocal log2 of the last dilution
that had an optical density at 405 nm (OD405) of >0.1 OD unit above the OD405 value of
negative control samples obtained from unimmunized mice. Dilutions corresponding to 25%
maximal binding were used as the titers for serum antibody.
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2.5. Bacteria
S. pneumoniae strain TJO983, which expresses PPS14 (kindly provided by Dr. David E. Briles,
University of Alabama at Birmingham, AL), was grown overnight on blood agar plates and
cultured at 37°C in Todd-Hewitt broth supplemented with 0.5% yeast extract. The identity of
the pneumococci was confirmed by colony morphology on blood agar plates and by sensitivity
to optochin (Sigma, St. Louis, MO). Bacteria were harvested by centrifugation and washed
twice in sterile PBS. The bacteria were resuspended in Todd-Hewitt broth containing 0.5%
yeast extract and 15% glycerol, and stored in aliquots at −80ºC.

2.6. I. n. challenge with S. pneumoniae and induction of NP and ME colonization
Pneumococcal colonization studies were performed using a mouse model of NP and ME
infection that was established after i.n. administration of pneumococci. In this model, the portal
of pathogen entry into the ME would thus resemble the disease process in humans. One week
after the booster immunization, mice were inoculated for five consecutive days (days 24–28)
i.n. with 106 CFU of type 14 S. pneumoniae. For time course studies, the mice were sacrificed
on days 25 to 36, and assayed for the presence of pneumococci in NP and ME wash fluids. For
the rest of the studies, the mice were sacrificed on day 31. ME washes were collected as
described previously [14]. NP and ME washes were diluted 10-fold and 50 μl of the diluted
samples were plated onto blood agar to determine the concentrations of live bacteria. The mice
were monitored by otomicroscopic observation to confirm tympanic membrane changes
(vessel dilation, increased thickness, and reduced translucency).

2.7. Immunohistochemistry
For immunofluorescent tissue staining, groups of BALB/c mice were sacrificed 1 week after
the day 7 booster immunization and then perfused transcardially with PBS, followed by
perfusion with 10% formalin. The heads of the mice were immersed in 10% formalin,
decalcified with 0.12 M EDTA, pH 7.0, for 3 weeks, and frozen in OCT compound in
isopentane that was chilled in acetone/dry ice. The tissues were stored in the dark at −80°C
until processing. Serial frozen sections of nasal mucosa (10 μm) were rehydrated in PBS and
incubated with PBS/2% BSA (blocking reagent) for 10 min at room temperature. FITC goat
anti-mouse-IgA (Southern Biotech, Birmingham, AL) was added and the sections were
incubated for 1 h. The sections were washed and mounted in 10% PBS/90% glycerol, covered
with a coverslip, and sealed with nail polish. Sections were kept in the dark at 4°C until analysis
using a BX-FLA Olympus microscope (Tokyo, Japan) equipped with an Optronics Magnafire
camera. Frozen sections were also stained with H&E. The immunostaining results shown are
representative of one nasal mucosa per mouse and three mice per group.

3. Statistics
Specific antibody levels and bacterial concentrations were analyzed for statistical significance
by the Mann-Whitney test. Bacterial numbers were expressed as medians and interquartile
ranges because the data were not normally distributed. Differences of P<0.05 were considered
to be significant.

4. Results
4.1. NALT and CLN removal in infant mice

In the present study we developed a technique to destroy NALT in 8 days old mice. The use
of cauterization resulted in significantly reduced bleeding during surgery. The surgery did not
affect the feeding of mice as confirmed by normal weight gain. On day 17 after surgery, there

Sabirov and Metzger Page 4

Vaccine. Author manuscript; available in PMC 2009 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was no presence of organized lymphoid tissue in the nasal cavity and only sparse numbers of
lymphocytes in the area previously occupied by the NALT (Fig. 1).

We also removed CLN in 8 days old mice. On day 17 after surgery, there was no evidence of
lymphoid tissue in the location typical for CLN location.

4.2. I.n. infection to establish NP and ME pneumococcal colonization
In the present study we established a mouse model of ME infection after i.n. administration of
pneumocci for five consecutive days (days 24–28) (Table 1). This model reproduces the natural
route of pneumococcal infection and does not bypass the innate and specific immune
mechanisms that are present at NP mucosa surfaces, in contrast to infections established by
direct inoculation of bacteria into the ME [14,18]. All mice showed the presence of
pneumococci in NP washes on days 25 to 36. No bacteria were cultured from NALT at any
time point. The percentage of mice with ME infection gradually increased from day 25 until
it peaked on day 31, and started to decrease thereafter, proportionate with the number of
pneumococci present in the NP. Changes in tympanic membrane structure correlated with the
presence of bacteria in the ME. Decreasing the inoculation dose (<106 CFU) or the number of
inoculations (<5) significantly affected the probability of ME colonization. This is consistent
with previous findings by others that a single intranasal challenge with S. pneumoniae type 14
induces ME colonization in less than 50% of mice [19].

4.3. Antigen-specific immune responses in infant mice
Anti-PPS14 antibody levels in NP washes after i.n. vaccination of infants were measured by
ELISA. For i.n. vaccination, IL-12 was used as a mucosal adjuvant, a strategy that was
previously shown by our laboratory to yield high levels of nasal IgA antibodies after
vaccination of adult mice with PPS [20]. Indeed, we confirmed that specific antibodies in NP
washes of 3 week-old mice were not induced by i.n. inoculation of vaccine alone (Fig. 2).
However, after i.n. immunization in the presence of IL-12, levels of IgA antibodies were
significantly elevated (P<0.01). Small amounts of IgG and IgM were detected in i.n.
immunized mice treated with IL-12 but not in mice that received vaccine only.

Levels of serum IgG, IgM, and IgA antibodies were also significantly augmented by i.n.
vaccination in the presence of IL-12 compared to mice that received vaccine only (Fig. 3).
Small amounts of specific antibodies were detected in i.n. immunized mice that received
vaccine only. PPS-14-specific antibodies were not detected in the NP wash or sera of any mice
treated with PBS-NMS alone or IL-12 alone (data not shown).

4.4. Colonization in NP and ME in infant mice
On days 24–28 after birth, vaccinated mice were inoculated i.n. with type 14 pneumococci. It
was found that the number of pneumococci recovered in NP washes (Fig. 4, left) as well as the
incidence of ME colonization (Fig. 4, right) was not reduced in mice that had received vaccine
alone. In contrast, treatment with vaccine plus IL-12 caused markedly lower numbers of NP
CFU (P<0.05) and a decreased incidence of ME colonization (P<0.05). There were no
significant differences in numbers of bacteria recovered from animals treated with vehicle or
IL-12 only.

4.5. Lymphocytes recovered from CLN in intact and NALT-deficient mice
The number of CLN cells and the weights of the CLN in various study groups are shown in
Table 2. I.n. immunization in the presence of IL-12 significantly increased (P < 0.05) the
number of lymphocytes in CLN compared to that in mice that received PBS-vehicle only.
Interestingly, it was found that following i.n. immunization with PPS conjugate vaccine plus
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IL-12, both the sham surgery and NALT-deprived groups had significant elevations in numbers
of lymphocytes in CLN (P < 0.05) that were not significantly different from each other. The
increase in CLN cellularity was also accompanied by increase in the weights of the CLN.

4.6. Mucosal and serum antibody responses after elimination of NALT or CLN
We next sought to determine whether the presence of NALT or CLN is a strict requirement
for the induction of mucosal and serum antibody responses in infants. After surgical removal
of NALT or CLN on day 8 after birth, mice were inoculated i.n. with PPS14 conjugate vaccine
± IL-12. Mice that underwent sham surgery were used as controls. Sham surgeries did not
impair the ability of mice to produce specific mucosal or serum antibodies, when compared to
mice without surgery. No antibody was detected in the nasal washes or serum of sham surgery
mice that were treated with PBS vehicle alone.

In vaccinated animals, it was found that both the sham surgery and NALT-deprived groups
had significant elevations in nasal total (Fig. 5, upper left) and IgA antibody (Fig. 5, upper
right) levels (P < 0.001) that were not significantly different from each other. However, only
low levels of nasal total and IgA antibody responses were induced in mice after surgical
removal of three different groups of CLN (superficial, central, and facial) (P<0.05 compared
to the sham surgery group). Interestingly, a similar decrease in levels of nasal total and IgA
antibody responses was induced in mice after surgical removal of only superficial CLN
(P<0.05 compared to the sham surgery group). Immunofluorescent staining of the nasal mucosa
reveled the presence of IgA+ cells in NALT-deficient (Fig. 6A) and intact (Fig. 6C) immunized
mice treated with IL-12; however, there were fewer IgA+ cells in CLN-deficient mice (Fig.
6B). These cells are cytoplasmic IgA+ cells (likely plasmablasts or plasma cells), not merely
surface IgA+ B cells. There were no detectable IgA+ cells in the nasal mucosa of unimmunized
animals (data not shown).

Serum antibody responses were also assessed in NALT- and CLN-deficient mice. There were
no significant differences in the levels of serum total (Fig. 5, lower left) and IgG antibodies
(Fig. 5, lower right) between sham surgery and NALT-deprived groups. In contrast, the levels
of serum total antibodies induced after surgical removal of three different groups of CLN
(superficial, central, and facial) were lower than those after sham CLN surgery (Fig. 6, lower
left) (P< 0.05). In fact, the levels of serum antibodies in CLN-deficient mice were comparable
to those seen in intact mice that received i.n. vaccine alone. Surgical removal of only superficial
CLN did not impair the ability of mice to produce serum total and IgG antibodies, when
compared to mice after sham CLN surgery (P > 0.05).

4.7. Pneumococcal colonization after elimination of NALT or CLN
We next evaluated the roles of NALT and CLN in protection of the respiratory tract. I.n.
vaccination of NALT- or CLN-deficient mice was followed by i.n. pneumococcal challenge.
Mice that underwent sham surgery were used as controls. Sham surgeries did not impair the
ability of mice to control NP and ME pneumococcal colonization following i.n. bacterial
inoculation, when compared to mice without surgery.

NALT-deficient or sham NALT surgery mice demonstrated similar decreases in NP (Fig. 7,
left) and ME (Fig. 7, right) colonization following i.n. pneumococcal challenge. In contrast,
CLN-deficient mice demonstrated higher numbers of bacteria in NP washes as well as a higher
incidence of ME colonization compared to sham CLN surgery mice (P<0.05). There were no
decreases in NP or ME colonization in NALT- or CLN-deficient mice that were administered
vaccine only or PBS (data not shown).
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5. Discussion
In the present study, we developed surgical technique to eliminate NALT in infant mice and
assessed the importance of NALT in the induction of protective immunity in the upper
respiratory tract. This study used an infant i.n. immunization protocol with PPS14 conjugate
vaccine and IL-12 as adjuvant, and demonstrated the importance of CLN but not NALT for
induction of protective mucosal antibody responses against pneumococcal infection in young
animals.

There is substantial evidence that in the adult respiratory tract, NALT is a major inductive site
for antigen-specific IgA antibody responses. In lymphotoxin α/β−/− mice, which show impaired
organogenesis of NALT, i.n. immunization fails to induce mucosal IgA responses [11].
However, such mice also lack organized CLN. In contrast, i.n. administration of bacterial
antigen in NALT-deficient mice (Id2−/−) induced the levels of antigen-specific antibodies
which were comparable to those in wild type counterpart (Id2+/+) [21]. Furthermore, the results
obtained in the current study showed that elimination of NALT in young mice by surgery did
not impair their ability to produce nasal antibody responses following i.n. immunization with
PPS conjugate vaccine. Another previous study has shown that surgical removal of NALT does
not impair the ability of mice to generate specific mucosal IgA antibody following i.n. infection
with influenza virus [13]. Similarly, in the gastrointestinal tract, it has been found that oral
immunization of mice that lack Peyer’s patches induces intestinal IgA antibodies [22]. Taken
together, it appears that specific SIgA responses can be induced in the absence of selected
mucosal inductive sites, including NALT.

Based on the significant mucosal IgA antibody responses obtained in mice without NALT, it
was important to determine the source of those responses. Thus, we addressed the possibility
that CLN are required for the induction of antigen-specific nasal responses. Our data suggests
that i.n. immunization induces cell proliferation or accumulation in CLN as evidenced by
increase in cellularity and in the weights of the CLN. It is unlikely that NALT disseminated
antigen-sensitized lymphocytes to the CLN, because the similar increases in the number of
lymphocytes from CLN were observed both in sham surgery and NALT-deprived group of
mice. Surgical removal of the CLN that drain both NALT (central CLN) and nasal mucosa
(superficial CLN) was found to significantly impair the ability of the host to generate nasal
IgA antibodies following i.n. immunization (4.3 fold decrease compared to sham-operated
mice). A similar decrease in levels of nasal IgA antibodies (3.5 fold decrease) was observed
when mice lacking only superficial CLN were i.n. immunized. Although the goal of the present
study did not include studying induction of cellular responses in mucosal sites, it is possible
that following i.n. immunization, lymphocytes in superficial CLN migrate into the respiratory
lamina propria for subsequent IgA immune responses. Others have likewise reported that the
absence of mesenteric lymph nodes that drain the intestinal mucosal areas, including Peyer’s
patches, causes a significant impairment in the ability to generate mucosal IgA antibody
responses following oral immunization [22]. These findings suggest that lymph nodes which
drain mucosal tissues are a major source of immunocompetent cells that might be responsible
for sustained antibody production in the upper respiratory tract, and can compensate for defects
in immunological inductive functions if NALT is absent.

The present study demonstrated elevated levels of specific IgA antibodies in NP wash samples
and the presence of IgA+ cells in the nasal mucosa of NALT-deficient mice treated with IL-12.
These results suggest local production of specific IgA antibodies in NP washes of NALT-
deficient mice rather than transudation from serum. However, we can not rule out the possibility
that serum antibodies including IgG and IgM also reached NP mucosa. It is possible that the
volume of PBS used for flushing the NP cavity (100 ul) diluted the NW wash samples and
decreased the sensitivity of ELISA.
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In addition to measuring antibody responses, the roles of NALT and CLN in protection of the
respiratory tract from pneumococcal colonization was also evaluated. Elimination of NALT
did not impair the ability of vaccinated hosts to control NP and ME pneumococcal colonization
following i.n. bacterial inoculation. In contrast, protection against pneumococcal colonization
was impaired in mice that underwent surgical removal of CLN prior to immunization. These
findings indicate that in young mice CLN are essential to confer protection in the NP and ME
after vaccination, whereas NALT plays only the minor role in that protection.

Several factors such as the distribution of specialized cells for antigen uptake, the use of
adjuvant, and the maturity of the lymphoid tissues, could contribute to the present findings.
Previously, it was though that particulate antigens are selectively sampled in NALT, whereas
soluble antigens are taken up through the nasal mucosa and NALT [23,24]. Recent studies
demonstrated the presence of a cluster of antigen-sampling cells in the turbinate portion of
nasal cavity, which effectively took up both soluble and particle forms of inhaled antigens
[21,25]. These findings provide evidence for a NALT-independent gateway for antigen
sampling and subsequent induction of antigen-specific immune responses following i.n.
administration of antigens. In the present study, the inclusion of IL-12 as a mucosal adjuvant
enhanced the protective effects of the vaccine against pneumococcal infection. Although the
exact mechanism of action of IL-12 as a mucosal adjuvant is largely unknown, it is possible
that IL-12 enhances penetration of antigen through the nasal epithelia. In addition, IL-12 has
been shown to have various stimulating effects on immunocompetent cells, including antigen-
presenting cells, and B cells [26]. Another potentially relevant factor is the differential
organogenesis of NALT and CLN in young mice. Initiation of NALT formation begins soon
after birth [27]. Although NALT is present in 8 day old mice, its cellularity, T cell and B cell
compartmentalization, lymphoid chemokine expression and high endothelial venules
maturation is decreased compared to adult mice [11]. In contrast, CLN development begins
during embryogenesis, and 8 day old mice have fully developed CLN [28]. Considering this,
it is possible that in infants, NALT is less capable than CLN in functioning as an immunologic
inductive tissue. Interestingly, in the human neonates, the total amount of lymphoid tissue in
the form of lymph nodes, especially the CLN, is considerable and comparable to that in all
tonsils, suggesting the importance of CLN in the protective immunity in upper respiratory tract
in early age [29,30]. In the murine models, mucosal-independent IgA precursor cells have been
demonstrated in the respiratory tract and intestinal mucosa and it has been suggested that B-1
cells can contribute to the induction of intestinal mucosal IgA antibody responses in the absence
of Peyer’s patches [22,31,32]. Thus, it is possible that B-1 cells in the respiratory tract mucosa
also contribute to induction of respiratory mucosal IgA antibody responses in the absence of
NALT.

In the murine upper respiratory tract, the NALT is the only well-organized lymphatic tissue
with fixed location in the NP. Therefore, this tissue can be regarded as the NP tonsil and as an
equivalent of Waldeyer’s ring because structures similar to the palatine and lingual tonsils have
not been observed in rodents [33]. It has been reported that after surgical removal of palatine
tonsils and adenoids in children the local immune response to orally administered live polio
vaccine is reduced, however, it is not known whether the surgical removal of adenoids may
also impair the local immune response to i.n. administered vaccine [34]. The results presented
in this study indicate that elimination of NALT tissue does not affect the induction of mucosal
immune responses in the murine respiratory tract. Although human adenoids and murine NALT
apparently play an important immune-inductive site role, extrapolation from our results on
murine NALT to the situation in humans have to be regarded with caution. Adenoids and
murine NALT show differences in terms of their cellular composition and isotype of antibody-
producing cells [35]. In addition, adenoids act as a reservoir of S. pneumoniae and children
with OM benefit from adenoidectomy because it eliminates the infectious source in the NP
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[36]. In contrast, pneumococci are unlikely to colonize in the murine NALT, and elimination
of NALT, at least in our infant mice model, does not prevent subsequent NP colonization.

In summary, the results presented in this study indicate that elimination of NALT tissue does
not affect the induction of mucosal immune responses in the murine respiratory tract. In young
mice, NALT appear to play a minor role in the generation of mucosal IgA antibodies following
i.n. immunization with PPS conjugate vaccine plus IL-12. In contrast, CLN appear to play an
essential role in induction of respiratory IgA responses. In the absence of NALT, it is possible
that CLN provide a compensatory immune response, and that response is sufficient to reduce
NP and ME bacterial colonization.
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Fig. 1.
Coronal sections from mice that were subjected to (upper and lower left) NALT surgery or
(upper and lower right), sham surgery were stained with H&E (upper left and right = ×40
magnification; lower left and right = ×400 magnification). Upper left. The arrow indicates the
absence of organized lymphoid tissue in a NALT-deficient mice 17 days after surgery. Upper
right. The arrow indicates location of NALT in a sham-operated mouse 17 days after surgery.
Lower left. The typical NALT location is occupied with scar tissue (arrowhead) in a NALT-
deficient mouse. Lower right. The presence of lymphoid tissue (arrowhead) in a sham-operated
mouse.
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Fig. 2.
Antibody levels in NP. Mice were immunized i.n. on days 10 and 17 with PPS14 conjugate
vaccine plus IL-12 or primed with PBS vehicle or PBS only. I.n. immunized mice were
sacrificed 1 week after the day 17 booster immunization, and NP washes were assayed by
ELISA for total, IgA, IgG, and IgM anti-PPS14 antibody. Levels of total and nasal IgA antibody
were significantly greater in the vaccinated group treated with IL-12 than in the mice treated
with vaccine only (**, P < 0.01). ND - not detectable. Values are the mean ± SE for 8 mice/
group.
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Fig. 3.
Antibody levels in sera. Mice were immunized i.n. as described in Fig. 2, sacrificed 1 week
after the day 17 booster immunization, and serum was assayed by ELISA for total, IgA, IgG,
and IgM anti-PPS14 antibody. Total, IgA, IgG and IgM titers were significantly greater in the
vaccinated group treated with IL-12 than in mice treated with vaccine only (**, P < 0.01).
Titers of total, IgA, IgG and IgM antibodies were significantly less in the PBS only group than
in mice treated with vaccine only (*, P < 0.01). Values are the mean ± SE for 8 mice/group.
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Fig. 4.
Pneumococcus carriage in NP and ME. Mice were immunized i.n. as described in Fig. 2 and
were inoculated i.n. with type 14 pneumococci on days 24–28. The mice were sacrificed on
day 31, and NP and ME wash fluids were assayed for the presence of pneumococci. Protection
against pneumococcal colonization in the NP (left) and ME (right) was significantly greater in
the vaccinated group treated with IL-12 than in mice treated with vaccine only or PBS only (*,
P < 0.05). Values are the mean ± SE of log10 CFU values (left) or percentage of culture-positive
ears (right) for 8 mice/group.
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Fig. 5.
Antibody levels in NP and sera after NALT or CLN surgery. NALT or CLN were removed on
day 8 and the mice were immunized i.n. as described in Fig. 2. I.n. immunized mice were
sacrificed 1 week after the day 17 booster immunization, and NP washes and sera were assayed
by ELISA for anti-PPS14 antibody. Levels of total (upper left) and IgA (upper right) antibodies
in NP washes and total antibody (lower left) in sera were significantly less in the absence of
three different groups of CLN (superficial, central, and facial) (*, P < 0.05), but not in the
absence of NALT compared with the sham surgery group. Levels of total (upper left) and IgA
(upper right) antibodies in NP washes were significantly less in the absence of superficial CLN
compared with the sham surgery group (*, P < 0.05 ). Values are the mean ± SE for 8 mice/
group.▭-sham NALT or CLN surgery;▬-NALT or CLN (superficial, central, and facial)
surgery; -CLN (superficial only) surgery.
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Fig. 6.
Fluorescent microscopy of nasal mucosa obtained from NALT-deficient (A), CLN-deficient
(B), and intact mice (C) after i.n. immunization with PPS14 conjugate vaccine plus IL-12.
Frozen sections were stained with anti-IgA antibody, and analyzed by fluorescent microscopy.
The white arrows indicate IgA+ cells (A, C). NM sections of intact mice treated with IL-12
were also stained with H&E (D).Magnification is × 200.
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Fig. 7.
Pneumococcus carriage in NP and ME after NALT or CLN surgery. NALT or CLN were
removed on day 8 and the mice were immunized i.n. as described in Fig. 2. I.n. immunized
mice were inoculated i.n. with type 14 pneumococci on days 24–28. The mice were sacrificed
on day 31, and NP and ME wash fluids were assayed for the presence of pneumococci.
Protection against pneumococcal colonzation in the NP (left) or ME (right) following i.n.
immunization with PPS14 plus IL-12 as a mucosal adjuvant was decreased in the absence of
CLN (*, P < 0.05), but not in the absence of NALT compared with sham surgery mice. Values
are the mean ± SE of log10 CFU values (left) or percentage of culture-positive ears (right) for
6 mice/group. ▭-sham NALT or CLN surgery; ▬-NALT or CLN (superficial, central, and
facial) surgery.
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