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Abstract

Background: Nasopharynx-associated lymphoid tissue (NALT) serves as an impor-
tant inductive site for mucosal immunity in the upper respiratory tract. Despite its
importance in the mucosal immune system, little is known regarding the role of
NALT in airway allergic immune responses. We aimed to elucidate the role of
NALT in the induction of upper airway allergic responses in a mouse model.
Methods: Inhibitor of DNA binding/differentiation 2 (Id2)~/~ and Id2"/~ mice
was exposed to the ovalbumin (OVA)-induced allergic rhinitis model, because the
former resulted in the NALT deficiency. The allergic parameters, such as allergic
symptoms, serum OVA-specific immunoglobulin E (IgE) levels, eosinophil infiltra-
tion, and cytokine profiles in the nasal mucosa, were compared between 1d2~/~
and 1d2™/~ groups.

Results: NALT-null, 1d2~/~ mice displayed significantly lower allergic responses
compared with Id2"/~ mice, as demonstrated by lower levels of allergic symp-
toms, serum OVA-specific IgE, eosinophilic infiltration, and local Th2 cytokine
transcriptions. To determine which of two factors, that is, the absence of NALT
or the alteration of immunocompetent cell populations caused by the Id2 defi-
ciency, has a larger effect on the attenuated allergic immune responses in Id2~/~
mice, lethally irradiated 1d2~/~ mice were engrafted with C57BL/6 wild-type bone
marrow cells and showed still significantly lower allergic immune responses com-
pared with equally treated Id2"/~ mice. In addition, IgE class switch recombina-
tion-associated molecules, such as € immunoglobulin heavy-chain germline gene
transcript, € mRNA, and activation-induced cytidine deaminase mRNA, were
detected in NALT from OVA-sensitized wild-type mice.

Conclusion: These results show the critical role of NALT for the induction of
allergic responses in the upper airway at least in part by means of class switching
to IgE in situ.

AID, activation-induced cytidine deaminase; BM, bone marrow; CLN, cervical lymph node; CSR, class switch recombination; GFP, green
fluorescence protein; i.n., intranasal; i.p., intraperitoneal; 1d2, inhibitor of DNA binding/differentiation 2; IgE, immunoglobulin E; NALT,
nasopharynx-associated lymphoid tissues; OVA, ovalbumin; ¢ mRNA, mRNA encoding the heavy chain of IgE; &€ GLT, & immunoglobulin

heavy-chain germline gene transcript.
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Implications of NALT in upper airway allergic responses

Nasopharynx-associated lymphoid tissue (NALT) is an orga-
nized lymphoid structure that is present on both sides of the
nasopharyngeal duct, dorsal to the cartilaginous soft palate
of mice, which is considered to be equivalent to Waldeyer’s
ring in humans (1). NALT is an important inductive site for
the induction and regulation of mucosal immunity in the
upper respiratory tract, similar to Peyer’s patch (PP) in the
intestinal immune system (2). Nasal immunization with an
antigen and cholera toxin as a mucosal adjuvant has been
shown to generate antigen-specific IgA-producing cells in the
nasal passages and distal mucosal sites, including the genito-
urinary and intestinal tracts (3, 4).

Despite our knowledge on the importance of NALT in
the mucosal immune system, little is known regarding its
role in upper airway allergic immune responses. There has
been only one study to date on the kinetics of antigen pre-
sentation in the lymphoid structures of the upper respiratory
tract. Following intranasal application, auto-fluorescent dye
was detected in the NALT and cervical lymph nodes (CLN)
within 4 and 8 h, respectively. The uptake of dye in the
NALT was more rapid and persisted for a longer period of
time, compared with the uptake in the CLN, suggesting a
prominent role for NALT in allergen processing of the
upper airways (5). However, no direct relationship between
NALT and airway allergic immune responses has been
uncovered.

The major goal of our study was to elucidate the role of
NALT in allergic immune responses in the upper airway,
using inhibitor of DNA binding/differentiation 2 (Id2) ™/~
mice, which lack NALT, as an allergic rhinitis model, and
directly demonstrating class switch recombination (CSR) to
immunoglobulin E (IgE) and IgE synthesis in NALT of aller-
gen-sensitized mice by RT-PCR.

Methods
Animals

57BL/6 mice were purchased from SLC (Shizuoka, Japan).
The Id27/~ mice (129/Sv) were generated previously by
Yoshifumi Yokota (6). 1d2~/~ mice lack lymph nodes, PPs,
and NALT and show a greatly reduced population of natural
killer (NK) cells, which is because of an intrinsic defect in
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NK cell precursors. By contrast, Id2"/~ mice have NALT

and normal population of immune cells.

Allergen sensitization and nasal challenge

On days 0, 7, and 14, the mice were sensitized by intraperito-
neal (i.p.) injection of 25 pg of ovalbumin (OVA) and 1 mg
of alum in 300 pl of phosphate-buffered saline (PBS). One
week after the last OVA sensitization (Day 21), the mice
received a series of seven daily intranasal (i.n.) OVA (500 pg)
challenges (Fig. 1).

Allergic symptoms

For 20 min after the final nasal challenge with OVA, sneez-
ing frequencies and nasal rubbing events were recorded for
each mouse by blinded observers, over a 5-min interval. The
mice were then killed 24 h after the last nasal challenge for
further analyses (7).

Nasal histology

Twenty-four hours after the final OVA nasal challenge, nasal
passage tissues were surgically removed from the mice, fixed
in 4% paraformaldehyde, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. Under high magnifi-
cation (x400), infiltrating eosinophils were counted in the
nasal septal mucosa.

OVA-specific immune parameters

To measure total and OVA-specific IgE, serum samples col-
lected from the mice at the time of killing were serially
diluted and added to 96-well plates coated with purified anti-
mouse IgE mAb (clone R35-72; BD Pharmingen™, San
Jose, CA, USA). A purified mouse IgE isotype (27-74; BD
Pharmingen™) was used as a standard. To detect total IgE,
HRP-conjugated anti-mouse IgE (23G3; Southern Biotech-
nology, Birmingham, AL, USA) was added to the plate. To
detect OVA-specific IgE, biotin-labeled OVA was added, fol-
lowed by HRP-labeled anti-biotin (Vector Laboratories, Bur-
lingame, CA, USA). The reactions were developed using
3,3",5,5-tetramethylbenzidine (Moss Inc., Belfast, ME, USA)

|d2 =, 1d2*- mice

; L ]
day D day 7 day 14 21 27 |day 28
nasal challenge

i.p. with OVA 25 pg+Alum 1 mg in 300 ul PBS

[TTTTT]

| with OVA 500 pg

n30PBS | sacrifice |

Figure 1 Allergic rhinitis model. On days 0, 7, and 14, inhibitor of
DNA binding/differentiation 2 mice received an intraperitoneal (i.p.)
injection of 25 ug of ovalbumin (OVA) and 1 mg of alum in 300 pl
of phosphate-buffered saline. One week after the last OVA

sensitization (day 21), a series of seven daily intranasal (i.n.) OVA
(500 pg) challenges were administered. The mice were killed 24 h
after the last nasal challenge for further analyses.
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and were terminated by adding 2 N H,>SO,. The optical den-
sity (OD) was recorded by a luminometer (IEMS Reader;
Labsystems, Helsinki, Finland) set at 450 nm. The end-point
titers of OVA-specific IgE are expressed as the reciprocal
log, of the last dilution of a sample that resulted in an OD
value 0.1 higher than background.

Real-time RT-PCR for IL-4, IL-5, IL-13, and IFN-y in the
nasal mucosa

Total RNA was prepared from the nasal mucosa with TriZol
reagent (Invitrogen, Carlsbad, CA, USA). Complementary
DNA (cDNA) was synthesized using superscript reverse
transcriptase (Invitrogen) and oligo(dT) primers (Fermentas,
Burlington, ON, Canada). For analysis of 1L-4 (Mm004452
58 gl), IL-5 (Mm00439646-ml), IL-13 (Mm4331182-ml),
IFN-y (Mm99999071_ml), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Mm03302249 ¢1), PDAR (Pre-
Developed Assay Reagent) kits of primers and probes were
purchased from Applied Biosystems (Foster City, CA, USA).
Amplification of IL-4, IL-5, IL-13, IFN-y, and GAPDH
c¢cDNA was carried out in MicroAmp optical 96-well reaction
plates (Applied Biosystems). The reaction was performed using
an ABI PRISM 7000 Sequence Detection System (Applied Bio-
systems). The average transcript levels of genes were then nor-
malized to GAPDH.

Irradiation and bone marrow (BM) transfer

For radiation chimera experiments, a previously reported pro-
tocol was adopted (8). Recipient mice (Id2 or C57BL/6) were
lethally irradiated with 1100 rad (Gamma cell; Nordion Inter-
national Inc., Kanata, ON, Canada). The recipient mice were
anesthetized immediately following irradiation and were trans-
planted with 2 x 10° BM cells derived from donor mice
(C57BL/6 or 1d2). Specifically, the BM cells in 100 pl of med-
ium were transplanted by retro-orbital intravenous injection
with a 26-gauge needle. At 6 week after transplantation, flow
cytometric analysis from C57BL/6 mice, which were irradiated
and engrafted with BM cells derived from green fluorescence
protein (GFP)-transgenic mice, revealed that 90-95% of the
immune system of the recipient mice had been reconstituted
with GFP-positive donor hematopoietic cells (data not shown).
Allergic sensitization began 6 week after transplantation.
Allergic symptoms and nasal histology were assessed, and total
IgE and OV A-specific IgE were measured as described above.

RNA isolation and RT-PCR

Total RNA was isolated from NALT of OVA-sensitized and
PBS-administered mice using the Trizol Reagent (Invitrogen)
following the manufacturer’s instructions. RNA was sus-
pended in RNase-free water and quantified by spectropho-
tometry at 260 nm. RNA was reverse transcribed to cDNA,
and ¢ immunoglobulin heavy-chain germline gene transcript
(eGLT), mRNA encoding the heavy chain of IgE (¢ mRNA),
and activation-induced cytidine deaminase (AID) were PCR-
amplified as described elsewhere (9). The primers used for
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PCR were as follows: the oligonucleotide primers specific for
eGLT (sense, 5-TGGGATCAGACGATGGAGAATAG-3";
antisense, 5'-CCAGGGTCATGGAAGCAGTG-3'); the oli-
gonucleotide primers specific for e mRNA (sense, 5-TACGA
CGAGAACGGGTTTGCTTAC-3"; antisense, 5-AGTTC
ACAGTGCTCATGTTCAG-3"); the oligonucleotide primers
specific for AID (sense, 5-GGCTGAGGTTAGGGTTCC
ATCTCAG-3'; antisense, 5-GAGGGAGTCAAGAAAGTC-
ACGCTGGA-3'); the oligonucleotide primers specific for
GAPDH (sense, 5~ACCACAGTCCATGCCATCAC-3'; anti-
sense, 5S-"TCCACCACCCTGTTGCTGTA-3').

Statistical analysis

Data are expressed as means += SD. All data were analyzed
by a Mann—Whitney U-test. P values <0.05 were considered
to be statistically significant.

Results

Decreased antigen-specific allergic immune responses in
Id2-deficient mice

After the nasal challenge of sensitized mice, 1d27/~ mice
sneezed and rubbed their noses significantly less frequently
than Id2"/~ mice did (Fig. 2A,B). Moreover, the serum level
of OVA-specific IgE was significantly lower in 1d2~/~ mice
than in Id2*/~ mice (Fig. 2D), while Id2~/~ mice had a sig-
nificantly higher total IgE levels as described previously (6)
(Fig. 2C). The numbers of eosinophils infiltrating the nasal
mucosa per high-magnification field were significantly lower
in 1d2~/~ mice than in Id2"/~ mice (Fig. 2E-G).

mRNA expressions of the Th2 cytokines, IL-4 and IL-13,
significantly decreased in the nasal mucosa of Id2™/~ mice as
compared to 1d2 "/~ mice (P < 0.05, Fig. 2H.J). On the con-
trary, mRNA expressions of IL-5 and the Thl cytokine,
IFN-y, did not differ significantly between Id2~/~ and Id2*/~
mice (Fig. 21.K).

Critical role of NALT for the induction of upper airway
allergic responses

Adoptive transfer of C57BL/6 wild-type BM cells into leth-
ally irradiated 129/Sv 1d2~/~ mice did not lead to the forma-
tion of NALT, although the immunocompetent cells were
replaced by wild type (WT) cells (data not shown). When the
engrafted 1d2 mice were sensitized with OVA, clinical symp-
toms of sneezing and nose rubbing were significantly less fre-
quent in the reconstituted Id2~/~ mice than similarly treated
Id2*/~ mice (Fig. 3A,B). The reconstituted Id2~/~ mice also
had a significantly lower serum OVA-specific IgE level
(Fig. 3D) and fewer eosinophils infiltration in the nasal
mucosa than similarly treated Id2*/~ mice (Fig. 3E). By con-
trast, the reconstituted Id2~/~ mice still had a significantly
higher total serum IgE level than Id2*/~ mice (Fig. 3C).
Lethally irradiated C57BL/6 wild-type mice that were
transplanted with BM cells from Id2~/~ or Id2"/~ mice did
not show any significant differences in the frequencies of
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Figure 2 Comparison of nasal symptoms, serum immunoglobulin E
(IgE) levels, eosinophilic infiltration, and local cytokine expression
levels between 127/~ and 1d2*/~ mice. A, sneezing; B, nasal rub-
bing; C, total serum IgE level; D, serum ovalbumin-specific IgE
level; E, eosinophilic infiltration (A-E, the graph on the left repre-
sents the mean values with error bars. The graph on the right repre-
sents individual data with median values); F,G, The representative H

sneezing and nasal rubbing (Fig. 4A.B), and in the levels of
serum OVA-specific IgE antibodies (Fig. 4D). The total
serum IgE levels were significantly higher in the WT mice
transplanted with 1d2~/~ mice marrow cells than those from
Id27/~ mice (Fig. 4C), while the wild-type mice transplanted
with Id27/~ mice marrow cells had a significantly more
severe eosinophilic infiltration (Fig. 4E).
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& E staining pictures under 400-fold magnification field demonstrate
that a few eosinophils (arrow heads) are seen in the nasal submu-
cosal tissue of 1d2~/~ mice (F), whereas a lot of eosinophils (in the
circle) congregate in 1d2*/~ mice submucosal tissue (G); H-K, IL-4
(H), IL-5 (1), IL-13 (J), and IFN-y (K) mRNA expression levels in the
nasal mucosa. *P < 0.05. 1d2, inhibitor of DNA binding/differentia-
tion 2.

Expression of class switch recombination molecules to IgE in
NALT

¢ Germline transcription is shown to be the first step for the
commitment of B cells to become IgE-producing cells (10).
When the ¢GLT expression was examined in NALT, its
expression was detected in the tissue from OVA-sensitized
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Figure 3 Comparison of nasal symptoms, serum immunoglobulin E
(IgE) level, and eosinophilic infiltration between lethally irradiated
Id2"~ and 1d2*~ mice, transplanted with bone marrow cells from
C57BL/6 wild-type mice. A, sneezing; B, nasal rubbing; C, total serum
IgE level; D, serum ovalbumin-specific IgE level; E, eosinophilic

WT mice (Fig. 5A). IgE synthesis by B cells is the final step
in the production of IgE. When NALT of WT mice with
allergic rhinitis was examined, the presence of ¢ heavy-chain-
specific mRNA was detected in OV A-sensitized mice, but not
those from negative control (Fig. 5B). To further support for
the induction of IgE commitment in NALT of OVA-
sensitized WT mice, mRNA expression of isotype CSR
molecule of AID was markedly increased in mice with aller-
gic rhinitis when compared with control mice (Fig. 5C).

Discussion

NALT contains all the necessary lymphoid cells, including T
cells, B cells, and antigen-presenting cells, for the induction
and regulation of inhaled antigen-specific mucosal immune
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infiltration (A-E, the graph on the left represents the mean values with
error bars. The graph on the right represents individual data
with median values). *P < 0.05. |d2, inhibitor of DNA binding/differen-
tiation 2.

responses (11, 12). Additionally, these tissues are rich in ThO-
type CD4" T cells, which can develop into either Thl- or
Th2-type cells (13). NALT also provides a molecular and cel-
lular environment that allows for a CSR of p to o genes,
leading to the generation of IgA-committed B cells and the
induction of memory B cells (14, 15). It is thus widely
accepted that NALT is a key player in the uptake of nasally
delivered antigens and leads to the subsequent induction of
antigen-specific IgA immune responses (11).

It is reasonable to hypothesize that allergic immune
responses to inhaled allergens can be induced by NALT in a
similar manner to the induction of mucosal immune responses.
Our group reported that Th2-inducer-type CD8a~ CDI1b™
myeloid dendritic cells (m-DCs) increased in NALT after nasal
challenge with OVA. We also showed that lymphoid
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Figure 4 Comparison of nasal symptoms, serum immunoglobulin E
(IgE) level, and eosinophilic infiltration between lethally irradiated
C57BL/6 wild-type mice, transplanted with bone marrow cells from
Id2~"~ and 1d2*/~ mice. A, sneezing; B, nasal rubbing; C, total serum
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chemokines CCL19 and CCL21 are involved in the recruit-
ment of CCR7 expressing naturally occurring Tregs in NALT
and help suppress the pathological Th2 environment induced
by m-DCs during the development of allergic rhinitis (16).
However, the direct role of NALT in the induction of upper
airway allergic immune responses has not been elucidated.
Inhibitor of DNA binding/differentiation 2 is a transcrip-
tion factor inhibitor with a basic helix-loop-helix motif that
has been shown to be crucial for various cell differentiation
processes. As a result, Id27'~ mice lack secondary lymphoid
organs such as peripheral lymph nodes, PPs, and NALT.
The Id27/~ mice are known to be the only organism that
lacks NALT (6). It has also been reported that Id2~/~ mice

infiltration (A-E, the graph on the left represents the mean values
with error bars. The graph on the right represents individual data
with median values). *P < 0.05. 1d2, inhibitor of DNA binding/differ-
entiation 2.

are in a Th2-dominant state and have a selective defect in the
CD8o™ dendritic cell (DC) subset (17). Several studies lead
us to consider that the Th2 dominance observed in Id2~/~
mice is caused, at least in part, by the defect in CD8a " DCs.
It has been demonstrated that distinct DC subsets participate
in Thl and Th2 cell development (18-22). In particular,
CD8a" DCs produce a large amount of IL-12, a crucial
cytokine for Thl development, and prime naive CD4" T
cells, leading to Thl differentiation (20-22). In addition,
1d27/~ mice exhibit a greatly reduced number of NK cells
(14), which produce a large amount of IFN-y in an IL-12-
dependent manner. Furthermore, IFN-y is a key factor
directing the differentiation of naive CD4" T cells into Thl

© 2012 John Wiley & Sons A/S
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L = ™ L &) ¢)

Figure 5 Expressions of & immunoglobulin heavy-chain germline
gene transcript (€GLT), mRNA encoding the heavy chain of immuno-
globulin E (¢ mRNA), and activation-induced cytidine deaminase
(AID) mRNA in nasopharynx-associated lymphoid tissues (NALT).
eGLT (A), e mRNA (B), and AID mRNA (C) were PCR-amplified from
NALT of mice with and without ovalbumin (OVA) sensitization. Glyc-

cells (23). Thus, a decreased NK cell population is one
potential cause of skewed Th2 development in Id2™/~ mice.
Upon B cell activation, 1d2 acts as a negative regulator to
prevent potentially harmful effects brought about by
excessive immunological reactions. One specific role is to
maintain a low serum concentration of IgE (24). Taken
together with Th2 dominance, this can adequately explain
the higher levels of total IgE in Id2~/~ mice compared with
Id2 "/~ mice.

Interestingly, despite higher levels of total IgE, Id2~/~ mice
produced significantly lower levels of antigen-specific IgE
compared with Id2"/~ mice in the allergic rhinitis model.
Furthermore, allergic symptoms, eosinophilic infiltration, and
Th2 cytokine production in the nasal mucosa were signifi-
cantly lower in Id2~/~ mice than in Id2"/~ mice. As a whole,
the major points of difference between Id2~/~ and Id27%/~
mice are the existence of NALT and defects in immune cells.
To determine which of these two factors has a larger effect
on attenuated allergic immune responses in 1d27/~ mice, we
created radiation chimera mice with transplanted donor BM
cells. Lethally irradiated 129/Sv 1d2~/~ or Id2*/~ mice and
C57BL/6 mice were engrafted with C57BL/6 wild-type and
Id27/~ or Id2*/~ BM cells, respectively. The 1d2~/~ radiation
chimera mice transplanted with C57BL/6 wild-type BM cells
lacked NALT but had normal immune cell populations. On
the contrary, C57BL/6 radiation chimera mice transplanted
with 1d27~ BM cells had normal NALT but defective
immune cell populations. Lethally irradiated Id2™'~ mice en-
grafted with C57BL/6 wild-type BM cells had significantly
lower allergic immune responses compared with equally trea-
ted Id2"/~ mice. However, there were no statistically signifi-
cant differences in allergic immune responses between
C57BL/6 radiation chimera mice transplanted with I1d27/~
and Id2 "/~ BM cells, except for infiltrating eosinophil counts
that were significantly higher in C57BL/6 radiation chimera
mice transplanted with Id2*/~ BM cells than those with
Id2~/~ BM cells. This finding might be attributable to the
fact that Id2 protein is important for the differentiation of
eosinophils (25). On the other hand, Id2~/~ radiation chimera
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L B & L () ¢

eraldehyde-3-phosphate dehydrogenase (D) was amplified to control
cDNA loading. Lanes marked L (=) and (+) indicate DNA ladder,
NALT without OVA sensitization, and NALT with OVA sensitization,
respectively. The results presented are representative of at least
three reproducible independent PCR amplifications.

mice transplanted with C57BL/6 BM cells still showed signifi-
cantly higher total serum IgE levels than equally treated
Id2"/~ mice (Fig. 3C). It is speculated that there might be
possibilities of another mechanisms involved in Th2 domi-
nance and hyper-IgE in 1d27/~ mice, except for immune cell
defects as mentioned above.

Activation-induced cytidine deaminase expression is
required for CSR (10), thus occurs in lymphoid tissue (26),
and has been observed in the nasal mucosa of patients with
allergic rhinitis (9, 27). We have demonstrated expression of
the enzyme AID as well as eGLT expression in NALT B
cells of OVA-sensitized mice. The expression of ¢GLT and
AID demonstrates that NALT is primed for class switching
to IgE. Our data also show the evidence of mature & heavy-
chain mRNA production in NALT by OVA sensitization. It
is reasonable to assume that this reflects ongoing, elevated
synthesis of mature IgE in allergen-sensitized NALT by local
B cells.

Taken altogether, these results suggest that NALT plays a
critical role in the induction of allergic immune responses in
the upper respiratory tract at least in part by means of class
switching to IgE in situ.
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