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ABSTRACT
There was a significant amount of non-specific, but not of allergen (e.g., papain, mite feces and four
kinds of pollen)-specific, IgE antibodies (Abs) in the sera of normal mice. An i.n. injection of each
allergen without adjuvant intomice caused an increase in total IgEAb titers with a similar time course
in the serum. However, the stage of initiation of allergy varied from allergen to allergen.
Submandibular lymph node cells from normal mice contained papain-, but not mite feces- or pollen-
specific IgEþ cells and an i.n. injection of papain induced papain-specific IgE Abs in the serum. In
contrast, one (i.n.) or two (i.n. and s.c) injections ofmite feces induced neithermite feces-specific IgEþ

cells in the lymph nodes nor mite feces-specific IgE Abs in the serum. I.n. sensitization with cedar
pollen induced cedar pollen-specific IgEþ small B cells in the lymph nodes on Day 10, when non-
specific IgE Ab titers reached a peak in the serum, implying induction of related allergen-specific IgEþ

small cells as well. In fact, a second (s.c.) injection of ragweed (or cedar) pollen intomice sensitized i.n.
once with cedar (or ragweed) pollen, but not with mite feces, induced a large amount of ragweed (or
cedar) pollen-specific IgE Abs in the serum. These results indicate that when firstly-sensitized
non-specific IgEþ small B cells in mouse lymph nodes include some secondly-sensitized allergen-
specific ones, mice produce IgE Abs specific for the secondly-injected allergen.
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Allergic rhinitis (seasonal or perennial) is a typical atopic
disease, the prevalence of which has recently been
accelerating worldwide (1). Production of specific IgE
antibodies (Abs) directed toward an allergen is a prerequi-
site for an immunologic response leading to allergic rhinitis
in repeatedly sensitized individuals (2, 3). It has been
assumed that allergens in tissues encounterDCs that take up

protein antigens of these allergens, process them, and
promote TH2-driven production of allergen-specific IgE
Abs by B cells (4). Also, in most previous animal models of
pollen-induced allergic rhinitis, allergic reactions have been
induced by administering repeated pollen inhalation
challenges to animals that have been sensitized by repeated
instillation of the pollen extract plus adjuvant into their
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nostrils (5–7), the repeated instillation and addition of
adjuvant presumably being required because instillation
into the nostrils has limitations (e.g., volume [�25mL/day/
mouse], concentration [�16.6mg/25mL] and loss of
allergen because of drinking or sneezing) (our unpublished
data).
The animal models described above are clinically

relevant; however, repeated sensitization with allergen
plus adjuvant obscures the mechanism of allergen-
specific IgE Ab production. To precisely characterize
the first reaction of the immune system to the allergen,
we i.n. injected cedar pollen without adjuvant once into
BALB/c mice. We have previously shown that
submandibular lymph nodes are the main site of
reaction to an i.n. injection of cedar pollen into
mice (8) and that macrophages induce T cells to
produce large amounts of IL-4 and induce IL-4-
dependent IgE class switching on B cells, which then
secrete non-specific IgE Abs (8–11). We have also
shown that, after a second s.c. injection of cedar pollen,
abundant cedar pollen-specific IgE Abs can be found in
the serum (9, 10). However, there is no increase in
non-specific IgE or IgM Abs in the sera of IL-4 �/�
mice sensitized i.n. once with cedar pollen (10),
suggesting that induction of non-specific IgE Abs is
IL-4-dependent and not caused by contamination with
inflammatory agents (e.g., lipopolysaccharide and
other toll-like receptor ligands) in cedar pollen extract.
Thus, our previous data indicate that an increase in IL-
4-dependent non-specific IgE Ab production after a
first (i.n.) injection of cedar pollen is a prerequisite for
production of cedar pollen-specific IgE Abs after a
second (s.c.) injection of the same allergen.
Small (or dense [density� 1.080]) and large (or less

dense [density< 1.080]) B cells respond differently to T
cell-derived B cell growth and differentiation factors (12)
and Igþ B cells are precursors of the cells that secrete
isotype Abs (13). Therefore, we here used a variety of
allergens (namely papain, mite feces and four kinds of
pollen) to explore when and where small or large B cells
containing allergen-specific IgEþ B cells are induced in
lymph nodes.We found that submandibular lymph node
cells from mice (Days 0–14) sensitized once with an
allergen contain two different sizes of lymphocytes (i.e.,
small [�20%] and large [�80%] cells) and that IL-4 from
large T cells on Days 5–10 cause polyclonal activation of
B cells (i.e., induction of related allergen-specific IgEþ

small B cells) to produce non-specific IgE Abs. We also
showed that when IgEþ small B cells in mice firstly-
sensitized with an allergen include some secondly-
sensitized allergen-specific ones, the mice produce IgE
Abs specific for the secondly-injected allergen. These
results indicate that non-specific (or related allergen-

specific) IgEþ small B cells are IL-4-dependently induced
by the first sensitization with an allergen and that
secondly-sensitized allergenic antigen-presenting small
B cells and their cognate T cells may be induced by the
second sensitization to produce secondly-sensitized
allergen-specific IgE Abs.

MATERIALS AND METHODS

Animals

It has been reported that serum allergen-specific IgE
titers are much higher in BALB/c mice than in C57BL/6
mice after allergen (e.g., ovalbumin and Schistosoma
mansoni egg antigen) sensitization and exposure (14,
15). We have also found that BALB/c mice produce
higher titers of serum IgE Abs than C57BL/6 mice after
treatment with Japanese cedar pollen allergen (10). We
therefore used BALB/c mice as the experimental animals
in the present study. Specific pathogen-freemale BALB/c
mice (7 weeks old) were purchased from Japan SLC
(Hamamatsu, Japan). After one (i.n.) or two (i.n. and
14 days later s.c.) injections of the allergen, the mice were
housed in our animal facility under specific pathogen-
free conditions in an air-conditioned room at 23� 2°C
and �50% humidity for 3 days to 3 months. The
experiments were carried out in accordance with the
Guidelines on Animal Experiments of Osaka Medical
College and the Japanese Government Notification on
Feeding and Safekeeping of Animals, and the experi-
mental protocol was approved by the Review Committee
for Animal Experiments of Osaka Medical College.

Allergic sensitization

Japanese cedar (Cryptomeria japonica, to which we are
exposed in February–April in Japan), hinoki (Chamae-
cyparis obtuse, with exposure in March–May in Japan),
short ragweed (Ambrosia artemisiifolia, to which we are
exposed in July–October in Japan), and wormwood
(Artemisia absinthium, with exposure inAugust–October
in Japan) pollen extracts, and house dust mites,
Dermatophagoides pteronyssinus, feces AG (Catalog No.
LG-2444), which belong to the papain-like cysteine
protease family (a 30% primary structure homology with
papain), were purchased fromCosmoBio (Tokyo, Japan).
Papain (Carica papaya) was purchased from Calbiochem
(La Jolla, CA, USA). Pollen or mite feces were suspended
in borate-buffered saline andpapain in PBS.A suspension
(100mg of papain, pollen [cedar, hinoki orwormwood] or
mite feces/0.15mL/mouse or 100–500mg of ragweed
pollen/0.15mL/mouse) was slowly injected to a depth of
5–7mm by a needle (26G; 13mm-long) attached to a
1mL tuberculin syringe (SS-01T2613S; Terumo, Tokyo,
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Japan) into the area surrounding the nostrils of mice
anesthetized i.p. with 0.25mL of pentobarbital/ethanol/
PBS (0.8mL/2mL/8mL, respectively). None of the
animals diedwithin the severalmonths after sensitization.

Abs

Abs used in this study were as follows: mouse IgE Ab
from Zymed (San Francisco, CA, USA); rat anti-mouse
IgE Ab from Biosource (Camarillo, CA, USA); HRP-
labeled goat anti-mouse IgE Ab from Nordic (Tilburg,
the Netherlands); PE-labeled rat anti-mouse CD45R/
B220 (RA3-6B2) Ab, FITC-labeled rat anti-mouse CD3
(145-2C11), IgE (R35-72) and CD11b/Mac-1 (M1/70)
Abs from PharMingen (San Diego, CA, USA).

Serum preparation

Blood samples were taken by cardiac puncture under
chloroform anesthesia at various time intervals after the
i.n. or s.c. injections of allergen. The whole blood was
incubated in a CO2 incubator at 37°C for 1 hr, stood
overnight at 4°C, and then centrifuged at 440 g for
20min. The supernatant fractions were stored in
microtubes at �20°C prior to use.

Preparation of lymphocytes from
lymphoid organs

Mice were anesthetized with chloroform and then bled
from the inferior vena cava. After exsanguination,
lymphoid tissues such as submandibular, axillar, ingui-
nal or mesenteric lymph nodes and Peyer's patches were
removed and single-cell suspensions prepared from
them as described earlier (8).

PBMCs

Peripheral blood was diluted with an equal volume of
PBS containing 5mM EDTA and red blood cells and
most of the granulocytes removed by PBS/sodium
metrizoate Ficoll (Japan Immunoresearch Laboratories,
Takasaki, Japan) gradient centrifugation (1420 g, 15min
at 20°C). The cells at the interface (PBMCs) were washed
with PBS containing 5mM EDTA.

Flow cytometric analysis and sorting

For analysis, 106 cells suspended in 50mL of cold PBS
containing 2% FCS were stained with a fluorescein-
labeled rat anti-mouse Ab (0.5–1mg) in the presence of
1.5mL of rat whole serum and 1mg of purified rat anti-
mouse FcgRIII/II Ab (PharMingen) at 4°C for 20min,
washed, and analyzed by use of a FACS (FACSAria;

Becton Dickinson, Mountain View, CA, USA). For
sorting, fluorescein-labeled or unlabeled cells were
isolated by FACS in the modes of forward scattering/
side scattering and/or FITC/PE, as described previ-
ously (16, 17).

Cell number and viability

Cell numbers were determined by counting the cells
in Turk's solution with a hemocytometer. The
viability of cells was assessed by the trypan blue
exclusion method.

Cell culture

Bulk cells, specific antigenþ cells or small or large cells of
submandibular lymph nodes (1.5� 106 cells/0.5mL/48-
well plate or 3� 106 cells/mL/24-well plate) that had
been isolated by FACS on Days 0–14 after sensitization
were cultured for 6 days with or without allergen in a 24-
or 48-well plate, each well containing RPMI 1640
medium supplemented with 10% FCS. The culture
medium was stored in microtubes at�20°C prior to use.

ELISA for total IgE Abs

The wells of EIA/RIA plates (Costar #2592; Corning,
Corning, NY, USA) were coated with 100mL of rat anti-
mouse IgE Ab (2mg/mL) at 4°C overnight. After three
washes with PBS/Tween (PBSþ 0.5% Tween 20), the
wells were filled with 400mL of 1% BSA/PBS and then
incubated for 2 hr at room temperature to block
unsaturated protein binding sites. The plates were next
washed three times with PBS/Tween and 100mL of
appropriately diluted samples (serum or culture me-
dium) in 1% BSA/PBS added to each of triplicate wells,
after which the plates were incubated for 2 hr at room
temperature. After three more washes with PBS/Tween,
100mL of HRP-labeled goat anti-mouse IgE Ab in 1%
BSA/PBS was dispensed into each well and the
preparation allowed to react for 1 hr at room tempera-
ture. The wells were then washed thoroughly with PBS/
Tween. Next, the antigen-Ab complex was incubated
with 100mL of tetramethylbenzidine (Sigma–Aldrich)
for 30min at room temperature, after which the reaction
was stopped by the addition of 100mL of 1MH2SO4.
Thereafter the OD450 nm of the solution in each well was
read by a microplate reader SH-1000 (Corona Electric,
Hitachinaka, Japan). The concentrations used in this
study for preparation of standard curves for serum IgE
were as follows: 0.00156mg/mL, 0.00313mg/mL,
0.00625mg/mL, 0.0125mg/mL and 0.025mg/mL for
IgE. To measure IgE concentrations, serum samples
were diluted 20-, 50-, and 100-fold, whereas to measure
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them in the culturemedium they were diluted 1- and 2.5-
fold. Using a standard curve, the amount of IgE was
determined using Microsoft Excel software. The lower
limit for the Abs assayed in this system was 0.5 to 1 ng/
mL. The SD of the triplicate assay was less than 4% at
12.5 ng/mL and less than 2% at 25 ng/mL.

ELISA for allergen-specific IgE Abs

The procedure was the same as that used to measure the
total IgE concentrations except that the wells of
Immulon 4 HBX flat-bottom microtiter plates (Thermo
Labsystems, Franklin, MA) were used after having been
precoated with 10mg of papain, pollen or mite feces in
100mL PBS. The OD450 nm of the solution in each well
was read by a microplate reader SH-1000.

Binding assay

Twenty-four-well plates (Costar #3526; Corning) were
coated with 60mg of the allergen (10mg/0.1mL) at 4°C
overnight. After three washes with 2.7mL of PBS/
Tween (PBSþ 0.05% Tween 20), the wells were filled
with 3.6mL of 1% BSA/PBS and then incubated for
3 hr at room temperature to block unsaturated protein
binding sites. The plates were next washed three times
with 2.7mL of PBS/Tween and 0.6mL of cell
suspensions (107 cells/mL of PBS) added to each of
triplicate wells, after which the plates were incubated
for 15min at room temperature. After two washes with
2.7mL of PBS/Tween, 0.2mL of EDTA/trypsin solu-
tion was added. The solution was immediately
aspirated and the plates incubated in a CO2 incubator
(95% air/5% CO2) at 37°C for 2min. To terminate the
reaction, RPMI 1640 medium containing 0.1mL of
10% FCS was added, after which the cells were counted
with a hemocytometer.

RT-PCR

Total RNAs were isolated from various kinds of cells
by using Isogen (Nippongene, Toyama, Japan) and
then reverse transcribed to synthesize first-stranded
cDNA by using SuperScriptII reverse transcriptase
(Gibco-BRL, Cleveland, OH, USA). A mouse primer
set for IL-4 cDNA (F, 50-ACG GAG ATG GAT GTG
CCA AAC GTC-30; R, 50-CGA GTA ATC CAT TTG
CAT GAT GC-30; Kurabo, Osaka, Japan) was used to
amplify a 279 bp fragment; and 40 cycles of PCR were
conducted in a GeneAmp PCR System apparatus
(9700; PE Applied Biosystems, Foster City, CA, USA).
A mouse b-actin primer set (F, 50-TGT GAT GGT
GGG AAT GGG TCA G-30; R, 50-TTT GAT GTC
ACG CAC GAT TTC C-30; Kurabo) was used to

amplify a 514 bp fragment by 30 cycles of PCR. The
PCR products were electrophoresed on 2% agarose
gels (Funakoshi, Tokyo, Japan) and analyzed after
ethidium bromide staining. Experimental schedules
are shown in Figure 1.

RESULTS

Total IgE Ab production by one (i.n.) or
two (i.n. and s.c.) injections of allergens

After an i.n. injection of the allergen (cedar pollen,
papain or mite feces; 100mg/mouse), the total number of
submandibular lymph node cells started to increase on
Day 3, reached a peak (�three-fold of PBS-injected
control) on Day 10, and then declined (ref. 8 for cedar
pollen; data not shown for others). Similarly, total serum
IgE Ab titers started to increase on Day 7, reached a peak
(seven- to 18-fold of control [Day 0]) on Day 10, and
then declined (Fig. 2a). On Day 10 after an i.n. injection
of hinoki pollen, total serum IgE Ab titers also increased
significantly, whereas they did not change significantly in
the sera of mice sensitized i.n. once with wormwood or
ragweed pollen (Fig. 2b).

High total serum IgE Ab titers were maintained after a
second (s.c.) injection of cedar pollen, papain or mite feces
(Fig. 2c). Figure 2c also shows that after the second (s.c.)
injection of hinoki or wormwood pollen, serum total IgE
Abs titers increased much more, whereas there was no
significant increase in serum total IgE Abs in mice
sensitized twice (i.n. and s.c.) with ragweed pollen (100mg/
mouse). Dose-dependent experiments using 100–500mg/
mouse of ragweedpollen showed that one or two injections
of ragweed pollen (500mg/mouse) caused a significant
increase in total IgE Abs in the serum (once: 82.2� 9.7 ng/
mL [n¼ 4]; twice: 199.6� 82.9 ng/mL [n¼ 3]).

These results demonstrate that total IgE Abs are
induced with a similar time course by one or two
injections of various kinds of allergens and that the
inducibility of total IgE Abs by pollen in BALB/c mice is
cedar> hinoki>wormwood> ragweed, in that order.

Fig. 1. Experimental schedules.

4 © 2017 The Societies and John Wiley & Sons Australia, Ltd

N. Hannya et al.



Allergen-specific IgE production after one
(i.n.; papain) or two (i.n. and s.c.; pollen),
but not two (i.n. and s.c.; mite feces),
injections of allergens

Next, whether total IgE Abs that had been induced in the
sera of mice sensitized once (i.n.) or twice (i.n. and s.c.)
with allergens were non-specific or allergen-specific IgE
Abs was explored. As expected, non-specific IgE Abs
were induced in the serum of mice sensitized i.n. once
with pollen (i.e., cedar, hinoki, wormwood or ragweed)
or mite feces. In contrast, an i.n. injection of papain into
mice induced papain-specific IgE Abs in the serum
(Fig. 3a). Time-dependent changes in the titers of these
IgE Abs in the serum were exactly the same as those of
total IgE Abs (Fig. 3b), suggesting non-specific IgE Ab
production at an earlier time or inherently.
Figure 3b also shows that there were no papain-specific
IgE Abs in the sera of normal mice (Day 0).

Upon a second (s.c.) injection of the same allergen into
mice sensitized i.n. once with papain, pollen ormite feces,
a large amount of papain- or pollen-, but not ofmite feces-
, specific IgE Abs was found in the serum, whereas one or
two injections of PBS into mice did not induce total or
allergen-specific IgE Abs in the serum (Fig. 3c).

Induction of allergen-specific IgEþ B cells
in submandibular lymph nodes from
normal mice (e.g., papain) or from mice
sensitized i.n. once (e.g., cedar pollen)

Igþ B cells are precursors of the cells that secrete isotypic
Abs (13). Significant amounts of non-specific IgE Abs

Fig. 2. (a) Time-dependent increases in total IgE Abs in mouse
serum after i.n. injection of cedar pollen (left panel), papain
(middle panel) or mite feces (right panel) into mice (100mg/
mouse). Each value represents the mean� SD (n¼ 3–7) of total IgE
Ab serum titers, which were measured (b) on Day 10 after an i.n.
injection or (c) 7 days after a second (s.c.) injection of various kinds of
allergens (ragweed: 100mg and 500mg; others: 100mg) into mice.
Data are expressed as the mean� SD (n¼ 3). The differences
between sample and control (Day 0 for [a] or PBS alone for [b] and
[c]) are significant (�, P< 0.05; ��, P< 0.02; ���P< 0.005) according
to Student's t-test. NS, not significant.

Fig. 3. Allergen-specific IgE Ab production in response to one
(i.n.) or two (i.n. and s.c.) injections of various allergens. (a)
Allergen-specific IgE Ab production on Day 10 after i.n. injection of
various kinds of allergens (ragweed: 500mg; others: 100mg) into
mice. (b) Time-dependent changes in total (left panel) or papain-
specific (right panel) IgE Abs in the serum of mice sensitized i.n. once
with papain. (c) Allergen-specific IgE Ab production on day 7 after 2
(i.n. and s.c.) injections of various kinds of allergens (ragweed:
500mg; others: 100mg) into mice. Each value represents the
mean� SD (n¼ 3–4). The differences between sample and control
(PBS alone for [a] and [c] and Day 0 for [b]) are significant (�,
P< 0.05; �� P< 0.01; ���, P< 0.001) according to Student's t test.
NS, not significant.
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(21.1� 3.3 ng/mL,n¼ 5 [Fig. 2a])were present in the sera
of normalmice. Papain-specific IgEAb titers in the sera of
mice sensitized i.n. oncewithpapain started to increaseon
Day 7, reached a peak on Day 10, and then decreased
(Fig. 3b), suggesting that the population of non-specific
IgEþ B cells in the lymph nodes of untreated mice
contains papain-, but not pollen- or mite feces-, specific
IgEþ B cells. To test this possibility, an assay method in
which allergen-specific IgEþ B cells in lymph node cells
from untreated or allergen-sensitizedmice were bound to
an allergen-coated plate was developed. Submandibular
lymph node cells from untreated mice clearly bound to a
papain-coated, but not to a cedar (or ragweed) pollen- or
mite feces-coated, plate (Fig. 4). Figure 4 also shows that
submandibular lymphnode cells frommice sensitized i.n.
once with cedar pollen bound to a cedar pollen-coated
plate. Similarly, the numbers of bulk lymphnode cells and
IgEþ cells from mice sensitized i.n. once with mite feces
increased on Day 3 and peaked on Day 7 (4.9- and 10.8-
fold [each n¼ 3], respectively; data not shown), whereas
the lymph node cells did not bind significantly to mite
feces-coated plates (Fig. 4).

In vitro production of papain-specific IgE
Abs by submandibular lymph node cells
from mice sensitized i.n. once with papain

Papain-specific IgEþ cells were present in the subman-
dibular lymph nodes from normal mice that had
previously been sensitized or inherently (Fig. 4), whereas

there was a significant amount of non-specific, but not of
papain-specific, IgE Abs in the serum (Fig. 3b).
Moreover, papain-specific IgE Abs were not produced
after 6-day culturing of bulk lymph node cells from
normal or untreated mice in the presence of 0, 2, 10 or
30mg of papain (Table 1). However, when bulk lymph
node cells (Day 10) that had been obtained from mice
sensitized i.n. once with papain were cultured for 6 days
in the absence of papain, they produced a large amount
of papain-specific IgE Abs (Table 1), implying induction
of papain-derived antigen-presenting B cells and cognate
T cells upon second sensitization.

These results (Figs. 2–4 and Table 1) suggest that
allergen-specific IgEþ B cells may be induced in mice
sensitized once with papain or cedar pollen, but not with
mite feces.

Two different sizes of cells in
submandibular lymph nodes from mice
sensitized i.n. once with cedar pollen

To examine the capacity of T cells to activate B cells,
other investigators have used small, dense B cells,
including G0 B cells (density� 1.080; �5.5mm in
diameter) and a population of large, less dense B cells
containing activated cells (density< 1.080; �10mm in
diameter) from spleens of mice (12, 18, 19). In the
present study, submandibular lymph node cells (Days 0,
3, 7, 10, 14, and 14þ 7) from mice sensitized i.n. once
with cedar pollen also consisted of two different sizes of
cells (�20% small cells [at the position of erythrocytes:
�6mm in diameter] and �80% large cells [at the
position of mononuclear cells: �10mm in diameter])
(Fig. 5). The FACS pattern did not change significantly
even after removal of red blood cells from bulk lymph
node cells by hypotonic treatment and the number of
small cells in the trypan blue solution was exactly the

Fig. 4. Specific binding of submandibular lymph node cells
from untreated mice or from mice (Day 10) sensitized i.n. once
with cedar pollen or mite feces (100mg/mouse) to papain- or
cedar pollen-, but not to mite feces-, coated plates. Data are
expressed as the mean� SD (n¼ 3). The differences between sample
and control (other allergens or PBS alone) are significant (�, P< 0.05)
according to Student's t-test. NS, not significant.

Table 1. In vitro production of papain-specific IgE Ab after 6-day

culturing of bulk lymph node cells from normal, untreated mice or

from mice sensitized i.n. once with papain

Mice Addition of papain OD450nm
†

Untreated 0mg 0.000, 0.002, 0.005
Untreated 2 0.000, 0.000, 0.002
Untreated 10 0.000, 0.002, 0.008
Untreated 30 0.000 0.003, 0.003
i.n. once (day 10) 0 0.346, 0.401, 0.901

†Amounts of papain-specific IgE Abs in the mediumwere determined by
ELISA after 6-day culturing of bulk lymph node cells from normal,
untreated mice or from mice sensitized i.n. once with papain in the
presence or absence of papain. The OD450nm of the solution in eachwell
was read by a microplate reader SH-1000.
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same as that in Turk's solution (data not shown). The
FACS pattern for the submandibular lymph nodes was
essentially the same as that for the other lymph nodes
(e.g., axillary lymph nodes, mesenteric lymph nodes,
Peyer's patch, and inguinal lymph nodes) on Days 0 or
10. However, the presence of small, dense cells was
unclear in the case of PBMCs (data not shown),
presumably because the dense cells had been separated
from the less dense PBMCs by PBS/Ficoll gradient
centrifugation.

Time-dependent changes in the numbers
of Mac-1þ macrophages, CD3þ T cells, and
B220þ and B220þþ B cells in submandibular
lymph nodes after an i.n. injection of cedar
pollen into BALB/c mice

When bulk cells from submandibular lymph nodes from
normal mice were stained either with FITC-labeled anti-
CD3/PE-labeled anti-B220 Abs or with FITC-labeled
anti-Mac-1/PE-labeled anti-B220 Abs, they were largely
separated into six populations by FACS (i.e., Mac-1�/
CD3�/B220þþ, Mac-1�/CD3�/B220þ, Mac-1�/CD3þ/
B220�, Mac-1þ/CD3�/B220�, Mac-1�/CD3þ/B220þ

and Mac-1þ/CD3�/B220þ). Time-dependent changes
in the numbers of these cells in the submandibular
lymph nodes from mice allergen-sensitized i.n. once
were assessed by FACS after incubation of the bulk cells
with fluorescein-labeled Abs (Fig. 6a). The number of
Mac-1þ/CD3�/ B220� cells, which are morphologically
mononuclear cells that are essential both for IL-4 or

non-specific Ig production and for class switching of Ig
in lymphocytes (8), increased within several days (�3.5-
fold on Day 3). The increase in the number of
macrophages was followed by increases in Mac-1�/
CD3þ/B220�, Mac-1�/B220þ/CD3þ, Mac-1�/CD3-/
B220þþ and Mac-1þ/CD3-/B220þ cells, with a peak
(1.7- to 5-fold) on Day 7, and by an increase in Mac-1�/
CD3-/B220þ cells, with a peak (�3.5-fold) on Day 10.

It has been reported that IL-4 is produced by T cells,
mast cells, basophils, eosinophils and macrophages
(20–23). In our mouse model system, CD3þ cells in the
submandibular lymph nodes frommice that had been i.n.
sensitized once with the allergen alone seemed to be the
main producers of IL-4 (�100 pg/mL; ref. 8). To explore
whether small (1.4–2.6%) or large (32.4–47.9%) CD3þ

cells are involved in production of IL-4 in response to the
allergen, bulk, small CD3þ and large CD3þ cells were
obtainedbyFACSonDays 0-14 after i.n. sensitization and
their IL-4 expression assessed by performing RT-PCR
(Fig. 6b). Both the large CD3þ cells and bulk lymph node
cells expressed IL-4 on Days 5, 7 and 10, with a peak on
Day 5,whereas therewas no expression in the small CD3þ

cells onDays 5–10. In contrast, there was no expression of
IL-4 in bulk or the large CD3þ population on Days 0, 3
and 14 (data not shown).

Total IgE Ab titers were also assessed in 6-day cultures
of bulk submandibular lymph node cells that had been
obtained on Days 0–14 after an i.n. injection of cedar
pollen into mice (Fig. 6c). The bulk lymph node cells
(3� 106 cells/mL) produced a significant amount of total
IgE Abs on Day 7 (2.8� 1.5 ng/mL; mean� SD

Fig. 5. Two different sizes of cells in submandibular lymph nodes from cedar pollen-sensitized mice (Days 0, 3, 7, 10, 14 or 14þ 7
[i.n.þ s.c.]). (a) Day 0; (b) Day 3; (c) Day 7; (d) Day 10; (e) Day 14; (f) Days 14þ 7. Percentage of P1 (i.e., small cell) fraction (mean� SD) on Day
0: 21.7� 2.3% (n¼ 4); Day 3: 22.5� 1.9% (n¼ 6); Day 7: 20.6� 2.5 (n¼ 17); Day 10: 20.5� 1.7 (n¼ 5); Day 14: 19.4� 1.8 (n¼ 5); Day
14þ 7: 20.1� 1.2 (n¼ 4).
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[n¼ 10]); the titers peaking on Day 10 (5.1� 1.9 ng/mL;
mean� SD [n¼ 10]) and then decreasing on Day 14
(0.9� 1.1 ng/mL; mean� SD [n¼ 10]). The control
concentration of total IgE Abs in the culture medium
was 0.2� 0.5 ng/mL (mean� SD; n¼ 5) and there was
no increase in allergen-specific IgE Abs on Days 7–14
after sensitization (OD450 nm¼<0.001). On Day 10,
small cells and large cells were isolated by FACS. IgE Ab
titers in the media of 6-day cultures of large cells
(5.7� 0.8 ng/3� 106 cells/mL; mean� SD [n¼ 5]) were
almost the same as those in cultures of small cells
(5.1� 0.9 ng/3� 106 cells/mL; mean� SD [n¼ 5]) (data
not shown).

On Day 10, when total IgE Ab titers in the serum
reached a peak (Fig. 2a), the percentage of small cells in
the lymph node cells was 20.5% and >95% of the IgEþ

cells (19.5%) were recovered in the small-cell fraction.
This IgEþ cell population consisted of B220þ (54.4%)
and B220þþ (45.6%) cells. In contrast, the large cell
population (76.7%) consisted of IgE�/B220þþ (51.5%)
and IgE�/B220� (46.0%) cells (Table 2).

Taken together, these results indicate that a significant
number of papain-specific IgEþ B cells were present in
the lymph nodes of untreated mice, were induced on
Days 7–14 with a peak onDay 10 (when) in the small-cell
fraction of lymph node cells (where) from mice
sensitized once with pollen, and were not induced by
the first sensitization with mite feces (Table 3).

Increase in concentrations of ragweed (or
cedar) pollen-specific IgE Abs in the serum
upon a second (s.c.) injection of ragweed
(or cedar) pollen into mice that had been
sensitized i.n. once with cedar (or
ragweed) pollen

Igþ B cells are known to be the precursors of cells that
secrete isotypic Abs (13). Non-specific IgE Abs were
produced by both IgE� large and IgEþ small cells in mice
sensitized i.n. once with cedar pollen (Fig. 6c), suggesting
non-specific (or related allergen-specific) IgE are ex-
pressed on the membrane of small cells. In addition,
Figures 2 and 3 show that cedar (or ragweed) pollen is the

Fig. 6. (a) Time-dependent changes in the numbers of Mac-1+

macrophages, CD3+ T cells or B220+ or ++ B cells in
submandibular lymph nodes after an i.n. injection of cedar
pollen into BALB/c mice. , B220++ cells; , B220+ cells; , CD3+

cells; , Mac-1+ cells; , CD3+/B220+ cells; , Mac-1+/B220+ cells.
Each point represents the mean (n¼ 4–7). (b) PCR analysis of IL-4
cDNA in bulk cells, small CD3þ cells, and large CD3þ cells in
submandibular lymph nodes on Days 5-10 after an i.n. injection of
cedar pollen into mice. M, marker; W, water. (c) In vitro IgE Ab
production in 6-day cultures of bulk submandibular lymph node cells
that had been obtained on Days 0–14 after an i.n. injection of cedar
pollen into mice. Each value represents the mean� SD (n¼ 4–7). �The
difference between sample and control (day 0) is significant (P <

0.05) according to Student's t-test. NS, not significant.

Table 2. Composition of antigenþ or � small or large cells in

submandibular lymph nodes from mice (Day 10) sensitized i.n. once

with cedar pollen

Fraction %†

Total 100
Small cells 20.5� 1.7

IgEþ cells 19.5� 1.3
B220þþ‡ 8.9� 1.9
B220þ‡ 10.6� 1.7

Others 1.0� 1.2
Large cells 76.7� 3.0

B220þþ‡ 39.5� 1.8
B220�‡ 35.3� 1.1
Others 1.9� 1.0

Others 2.8� 0.8

†Percentages of antigenþ or � cells among the bulk cells were assessed
by FACS in the modes of forward scattering/side scattering and FITC/PE
after staining with FITC-conjugated anti-mouse IgE/PE-labeled anti-
mouse B220 Abs. Each value represents the mean� SD (n¼ 3). ‡Mean
fluorescence intensities of PE-labeled anti-mouse B220 Ab. Small
B220þþ cells: 18526.5� 682.2; small B220þ cells: 1374.0� 283.4;
large B220þþ cells: 30939.5� 403.8; large B220� cells: 188.3� 42.5.
Data are expressed as the mean� SD (n¼ 3).
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best (or worst) inducer of non-specific IgE Abs. Next, on
the one hand, cedar pollen (or mite feces) or PBS was i.n.
injected into mice and 14 days later ragweed pollen
was s.c. injected. On the other hand, ragweed pollen (or
mite feces) or PBSwas i.n. injected intomice and 2 weeks
later cedar pollen was s.c. injected. As expected, after
an s.c. injection of ragweed (or cedar) pollen into mice
treated i.n. once with PBS, sera did not bind to a ragweed
(or cedar) pollen-coated plate, whereas sera from mice
sensitized twice (i.n. and s.c.) with ragweed (or cedar)
pollen bound to a ragweed (or cedar), but not to a cedar
(or ragweed) pollen-coated plate, indicating that
ragweed (or cedar) pollen-specific IgE Abs does not
cross-react with cedar (or ragweed) pollen. Of particular
interest, after a second (s.c.) injection of ragweed pollen
into mice (on Day 14) sensitized i.n. once with cedar
pollen, a large amount of ragweed pollen-specific IgE Ab
was found in the serum. Additionally, a second (s.c.)
sensitization with cedar pollen 2 weeks after an i.n.
injection of ragweed pollen induced a significant amount
of cedar pollen-specific IgE Abs in the serum of 2/4 mice
(Fig. 7a). Similarly, a second (s.c.) injection of
wormwood pollen into mice sensitized i.n. once with
cedar pollen induced a considerable, but not significant,
amount of wormwood pollen-specific IgE Abs (OD450

nm¼ 0.044� 0.022; n¼ 3) in the serum. The control (i.n.
[PBS] and s.c. [wormwood]) was 0.016� 0.006 ng/mL
(n¼ 3) (data not shown). Figure 7 also shows that a
combination of ragweed (or cedar) pollen and mite feces
induced neither ragweed pollen-specific nor cedar
pollen-specific IgE Abs, whereas a second (s.c.) injection
of mite feces into mice sensitized i.n. once with ragweed
or cedar pollen caused no induction of mite feces-
specific IgE Abs (data not shown).
In Japan, we are exposed to cedar pollen in February–

April and to ragweed pollen in July–October. Upon a
second (s.c.) injection of ragweed pollen 3 months after

an i.n. sensitization with cedar pollen, a large amount of
ragweed-specific IgE Abs (OD450nm¼ 0.176� 0.084,
n¼ 3) was found in the serum, similar in amount to that
(OD450nm¼ 0.179� 0.123, n¼ 3) observed in mice
sensitized s.c. with ragweed pollen 2 weeks after an i.n.
injection of cedar pollen (Fig. 7b).

DISCUSSION
Introduction of proteinaceous foreign antigens into an
animal generally results in proliferation and differentia-
tion of B cells, the B-cell response largely being
controlled by soluble growth and differentiation factors
from T cells (24, 25). The interaction of CD40 ligand
with CD40 in the presence of IL-4 is sufficient to cause B
cell proliferation and IgE secretion (26, 27), and
recombinant human CD40 ligand alone can stimulate
proliferation and IgE secretion (28). Under these
conditions, T cells can induce polyclonal activation of
normal B cells in an entirely antigen and MHC non-
restricted manner (29, 30). Additionally, addition of
crude or purified cytokines to resting B cells in the
absence of antigen-specific helper T cells fails to induce
antigen-specific B cells (31–34), implying that specific T
cell–B cell interactions may also be required for antigen-
specific IgE Ab production. Therefore, a major problem
in B cell biology is differentiation of the roles played by T
cells versus cytokines in activation, replication and
differentiation of B cells. In addition, some of the B cells
that proliferate early in the immune response take a
circuitous route before they become plasma cells in the
spleen or lymph nodes (35). In lymph nodes, both T cells
and B cells proliferate to form primary foci in the
medullary cords for several days. Some of these
proliferating B cells differentiate into Ab-synthesizing,
Ig class-switching, MHC class IIþ plasmablasts in the
primary focus, some of which then migrate across the

Table 3. Expression of allergen-specific IgE on submandibular lymph node cells in response to first sensitization to produce allergen-specific IgE

Abs after second sensitization

Stage of activation Untreated Once (i.n.) Twice (i.n.þ s.c.)

Papain Allergen-specific IgEþ cells þ
Total IgE Ab production �† þ
Allergen-specific IgE Ab production � þ

Pollen Allergen-specific IgEþ cells � þ
Total IgE Ab production �† þ þ
Allergen-specific IgE Ab production � � þ

Mite feces Allergen-specific IgEþ cells � �
Total IgE Ab production �† þ þ
Allergen-specific IgE Ab production � � �

†Total IgE Abs were produced on Days 7–14 after an (i.n. or s.c.) injection of allergen, as shown in Figs. 2a, 3b and 6c.
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T-cell zone to the primary follicle, forming a germinal
center. In the present study, we showed that the number
of IgEþ small B cells in submandibular lymph nodes
from mice sensitized once with an allergen started to
increase on Day 3 and peaked on Day 10. Additionally,
on Days 5–10, IL-4 from large T cells induced polyclonal
activation of normal B cells (i.e., induction of
non-specific IgEþ small B cells) to produce non-specific
IgEAbs, implying that IgEþ small B cells may be a type of
plasmablast. Thus, we designate this IL-4-dependent
polyclonal activation of normal IgMþ small B cells into
non-specific (or related allergen-specific) IgEþ ones,

possibly in the primary focus, as the first step in initiation
of allergy (Fig. 8, upper panel).

If T cells encounter an allergen-derived antigen on
the surface of an antigen-presenting cell in the T-cell
zone, they become activated, some differentiating into
helper T cells (7). In addition, if some plasmablasts
specific for the same antigen encounter it in the
primary foci, they bind, internalize and degrade it to
display allergen-derived peptides on their MHC class II
molecules. Antigen-presenting B cells traveling from
there across the T-cell zone to a primary lymphoid
follicle can interact with cognate helper T cells in the T-
cell zone; thus, activated B cells migrate to the primary
follicle, forming a germinal center to produce antigen-
specific IgE Abs. In the present study, papain-specific
IgE Abs were not produced after 6-day culturing of
bulk lymph node cells containing papain-specific IgEþ

B cells even in the presence of papain, whereas bulk
lymph node cells from mice secondly-sensitized with
papain produced a large amount of papain-specific IgE
Abs in the absence of papain (Table 1), suggesting there
are no cognate helper T cells in lymph nodes from mice
sensitized once with an allergen. On the one hand, it is
therefore conceivable that a second sensitization results
in allergen-specific IgEþ small B cells that bind,
internalize and degrade the secondly-sensitized aller-
genic antigens in the primary foci to display allergen-
derived peptides on their MHC class II molecules. It is
also conceivable that, on the other hand, it also results
in antigen-presenting cells that possibly express a
receptor for a secondly-sensitized allergen to present
the allergenic antigen to T cells (Fig. 8, lower panel).
Under these conditions, small B cells that bind to
antigen-specific helper T cells and face the site of
cytokine production in the helper T cells can selectively
proliferate to produce allergen-specific Abs, as reported
previously by others (19, 36, 37). Thus, we designate
the antigen-restricted activation of allergen-specific

Fig. 7. (a) Serum concentrations (OD450nm) of ragweed (left
panel) or cedar (right panel) pollen-specific IgE Abs on Day 7
after a second (s.c.) injection of ragweed or cedar pollen into
the mice (on Day 14) that had been i.n. injected with PBS, cedar
or ragweed pollen or mite feces. Ragweed (or cedar) pollen-
specific IgE Ab levels after two (i.n. and s.c.) injections of cedar (or
ragweed) pollen are also shown as a control. Data are expressed as
the mean� SD (n¼ 4). The differences between sample and control
(i.n. [PBS] and s.c. [ragweed or cedar]) are significant (�P< 0.05)
according to Student's t-test. NS, not significant. (b) Serum
concentrations of ragweed-specific IgE Ab on Day 7 after a second
(s.c.) injection of ragweed into the mice 2 weeks or 3 months after
an i.n. injection of cedar pollen. Each value represents the mean� SD
(n¼ 4). The difference between sample and control ([first [i.n.; PBS]
and second [s.c.; ragweed]) is significant (�P< 0.05) according to
Student's t-test. In contrast, the difference between the two samples
is not significant (NS).

Fig. 8. Possible mechanisms of allergen-specific IgE Ab
production.

10 © 2017 The Societies and John Wiley & Sons Australia, Ltd

N. Hannya et al.



IgEþ small B cells by cognate T cells to produce
allergen-specific IgE Abs as the second step in
initiation of allergy.
Perennial allergic rhinitis is known to be a season-

independent chronic disorder induced by allergens
found inside the home (38). In Japan, the allergy season
for cedar pollen (February–April) precedes that for
ragweed pollen (July–October) by 3 months. Ragweed
(or cedar) pollen-specific IgE Abs did not cross-react
with cedar (or ragweed) pollen; whereas after a second
(s.c.) injection of ragweed (or cedar) pollen 2 weeks or
3 months after i.n. sensitization of mice with cedar (or
ragweed) pollen, a large amount of ragweed (or cedar)
pollen-specific IgE Abs was induced in the serum
(Fig. 7). In contrast, a combination of ragweed (or cedar)
pollen withmite feces induced neithermite feces-specific
nor ragweed (or cedar) pollen-specific IgE Abs (Fig. 7),
indicating that allergen-specific IgE Ab production is not
attributable to non-specific, by-stander inflammatory
responses. We are exposed to various kinds of plant
allergens throughout the year. Therefore, when the
population of IgEþ small B cells in the lymph nodes of an
individual person firstly-sensitized with a plant allergen
contain secondly-sensitized plant allergen-specific IgEþ

ones, we can produce IgE Abs specific for various kinds
of plant allergenic antigens throughout the year,
suggesting a possible mechanism for perennial plant
allergic rhinitis.

ACKNOWLEDGMENTS

We are indebted to T. Ueno for his technical assistance.
This work was supported in part by a grant (No.
21791652) from the program Grants-in-aid for Young
Scientists (B) of the Ministry of Education, Science, and
Culture, Japan.

DISCLOSURE

The authors have no financial conflict of interest.

REFERENCES
1. Graf N., Johansen P., Schindler C., Wuthrich B., Ackermann-

Liebrich U., Gassner M., Kundig T.M., Senti G. (2007) Analysis
of the relationship between pollinosis and date of birth in
Switzerland. Int Arch Allergy Immunol 143: 269–75.

2. Sutton B.J., Gould H.J. (1993) The human IgE network. Nature
366: 421–8.

3. Charlesworth E.N., Hood A.F., Soter N.A., Kagey-Sobotka A.,
Norman P.S., Lichtenstein L.M. (1989) Cutaneous late-phase
response to allergen: Mediator release and inflammatory cell
infiltration. J Clin Invest 83: 1519–26.

4. Akdis C., Geha R., Kay B., Nunez G., Renz H., Shaffer A. (2008)
Allergy and hypersensitivity. In: Murphy K., Travers P., Walport
M., eds. Janeways's Immunobiology, 7th ed., New York and
London: Garland Science, Taylor & Francis Group, LLC, pp.
555–98.

5. Pelikan Z. (1983) The changes in the nasal secretions of
eosinophils during the immediate nasal response to allergen
challenge. J Allergy Clin Immunol 72: 657–62.

6. Bascom R., Pipkom U., Lichtenstein L.M., Naclerio R.M. (1988)
The influx of inflammatory cells into nasal washings during the
late response to allergen challenge. Am Rev Respir Dis 138:
406–12.

7. Nabe T., Mizutani N., Shimizu K., Takenaka H., Kohno S.
(1998) Development of pollen-induced allergic rhinitis with
early and late phase nasal blockage in guinea pig. Inflammat Res
47: 369–74.

8. Hirano M., Ogita-Nakanishi H., Miyachi W., Hannya N.,
Yamamoto-Kimoto Y., Sakurai K., Miyoshi-Higashino M.,
Tashiro-Yamaji J., Kato R., Ijiri Y., Tanaka K., Kanazawa A.,
Terada T., Kawata R., Takenaka H., Kubota T., Yoshida R.
(2012) Essential role of macrophages in the initiation of allergic
rhinitis in mice sensitized intranasally once with cedar pollen:
Regulation of class switching of immunoglobulin in B cells by
controlling interleukin-4 production in T cells of submandibular
lymph nodes. Microbiol Immunol 56: 392–405.

9. Sakurai K., Takenaka H., Yoneda Y., Tashiro-Yamaji J.,
Yamamoto Y., Lee K., Yamaguchi S., Miyoshi M., Kubota T.,
Yoshida R. (2005) IgE production after 4 routes of injections of
Japanese cedar pollen allergen without adjuvant: Crucial role of
resident cells at intraperitoneal or intranasal injection site in the
production of specific IgE toward the allergen. Microbiol
Immunol 49: 433–41.

10. Yamamoto Y., Tashiro-Yamaji J., Sakurai K., Miyoshi-Higashino
M., Nomi H., Miura-Takeda S., Okada M., Yamaguchi S.,
Takenaka H., Kubota T., Yoshida R. (2007) Essential role of
monocytes in the in vitro production of IL-4 and nonspecific
IgE antibody by peripheral blood lymphocytes from mice
sensitized s.c. once with cedar pollen. J Interferon Cytokine Res
27: 1019–29.

11. Miyoshi-Higashino M., Hirano M., Ogita-Nakanishi H.,
Yamamoto-Kimoto Y., Sakurai K., Tashiro-Yamaji J., Nomi H.,
Takahashi T., Miura-Takeda S., Takenaka H., Kubota T.,
Yoshida R. (2009) IL-4-dependent induction of IgEþ basophils
in peripheral blood and IgEþ B cells in spleen as respective
indicators of allergen sensitization and a precursor of cells
secreting allergen-specific IgE antibody. Microbiol Immunol 53:
30–40.

12. Layton J.E., Krammer P.H., Hamaoka T., Uhr J.W., Vitetta E.S.
(1985) Small and large B cells respond differently to T cell-
derived B cell growth and differentiation factors. J Mol Cell
Immunol 2: 155–67.

13. Yuan D., Weiss E.A., Layton J.E., Krammer P.H., Vitetta E.S.
(1985) Activation of the g1 gene by lipopolysaccharide and T-
cell-derived lymphokines containing a B cell differentiation
factor for IgG1 (BCDFg). J Immunol 135: 1465–9.

14. Brewer J.P., Kisslgof A.B., Martin T.R. (1999) Genetic variability
in pulmonary physiological, cellular, and antibody responses to
antigen in mice. Am J Respir Crit Care Med 160: 1150–6.

15. Okano M., Nishizaki K., Abe M., Nishizaki K., Satoskar A.R.,
Yoshino T., Masuda Y., Harn D.A. Jr. (1999) Strain-dependent
induction of allergic rhinitis without adjuvant in mice. Allergy
54: 593–601.

© 2017 The Societies and John Wiley & Sons Australia, Ltd 11

Two-step initiation of allergy



16. Yoshida R., Takikawa O., Oku T., Habara-Ohkubo A. (1991)
Mononuclear phagocytes: a major population of effector cells
responsible for rejection of allografted tumor cells in mice. Proc
Natl Acad Sci USA 88: 1526–30.

17. Yoshida R. (2014) MHC class I recognition by monocyte-/
macrophage-specific receptors. Adv Immunol 124: 207–47.

18. Andersson J., Schreier M.H., Melchers F. (1980) T-cell-
dependent B-cell stimulation is H-2 restricted and antigen
dependent only at the resting B-cell level. Proc Natl Acad Sci
USA 77: 1612–6.

19. Kupfer H., Monks C.R.F., Kupfer A. (1994) Small splenic B cells
that bind to antigen-specific T helper (Th) cells and face the site
of cytokine production in the Th cells selectively proliferate:
Immunofluorescence microscopic studies of Th-B antigen-
presenting cell interactions. J Exp Med 179: 1507–15.

20. Paul W.E. (1991) Interleukin-4: A prototypic immunoregulatory
lymphokine. Blood 77: 1859–70.

21. Ricci M., Matsuci A., Rocci O. (1997) IL-4 as a key factor
influencing the development of allergen-specific Th2-like cells in
atopic individuals. J Invest Allergol Clin Immunol 7: 144–50.

22. Woerly G., Roger N., Loiseau S., Capron M. (1999) Expression
of Th1 and Th2 immunoregulatory cytokines by human
eosinophils. Int Arch Allergy Immunol 118: 95–7.

23. Pouliot P., Turmel V., Gelinas E., Laviolette M., Bissonnette
E.Y. (2005) Interleukin-4 production by human alveolar
macrophages. Clin Exp Allergy 35: 804–10.

24. Melchers F., Anderson J. (1986) Factors controlling the B-cell
cycle. Annu Rev Immunol 4: 13–36.

25. Paul W.E. (1987) Between two centuries: Specificity and
regulation in immunology. J Immunol 139: 1–6.

26. Lane P., Brocker T., Hubele S., Padovan E., Lanzavecchia A.,
McConnell F. (1993) Soluble CD40 ligand can replace the
normal T cell-derived CD40 ligand signal to B cells in T cell-
dependent activation. J Exp Med 177: 1209–13.

27. Kousset F., Garcia E., Banchereau J. (1991) Cytokine induced
proliferation and immunoglobulin production of human B
lymphocytes triggered through their CD40 antigen. J Exp Med
173: 705–10.

28. Spriggs M.K., Armitage K.J., Strockbine L., Clifford K.N.,
Macduff B.M., Sato T.A., Maliszewski C.R., Fanslow W.C.

(1992) Recombinant human CD40 ligand stimulates B cell
proliferation and immunoglobulin E secretion. J Exp Med 176:
1543–50.

29. Julius M.H., Rammensee H.G., Ratcliffe M.J., Lamers M.C.,
Langhorne J., K€ohler G. (1988) The molecular interactions with
helper T cells which limit antigen-specific B-cell differentiation.
Eur J Immunol 18: 381–6.

30. Riedel C., Owens T., Nossal G.J. (1988) A significant
proportion of normal resting B-cells are induced to secrete
immunoglobulin through contact with anti-receptor antibody
activated helper T cells in clonal cultures. Eur J Immunol 18:
403–8.

31. Noelle R.J., Snow E.C., Uhr J.W., Vitetta E.S. (1983) Activation
of antigen-specific B cells: role of T cells, cytokines, and antigen
in induction of growth and differentiation. Proc Natl Acad Sci
USA 80: 6628–31.

32. Owens T. (1988) A noncognate interaction with anti-receptor
antibody-activated helper T cells induces small resting murine
B-cells to proliferate and to secrete antibody. Eur J Immunol 18:
395–401.

33. Krusmeier M., Snow E.C. (1988) Induction of lymphokine
responsiveness of hapten-specific B lymphocytes promoted
through an antigen-mediated T helper lymphocyte interaction.
J Immunol 190: 367–75.

34. Whalen B.J, Tony H.-P., Parker D.C. (1988) Characterization of
the effector mechanism of help for antigen-presenting and
bystander resting B cell growth mediated by Ia-restricted Th2
helper T cell lines. J Immunol 141: 2230–9.

35. Cancro M., Carter R.H., Kearney J., Kelsoe G., Neuberger M.
(2008) The humoral immune response. In: Murphy K., Travers
P., Walport M., eds. Janeways's Immunobiology, 7th ed., New
York and London: Garland Science, Taylor & Francis Group,
LLC, pp. 379–420.

36. Kupfer A., Mosmann T.R., Kupfer H. (1991) Polarized
expression of cytokines in cell conjugates of helper T cells and
splenic B cells. Proc Natl Acad Sci USA 88: 775–9.

37. Parker D.C. (1993) T cell-dependent B-cell activation. Annu Rev
Immunol 11: 331–40.

38. Platts-Mills T.A. (2003) Allergen avoidance in the treatment of
asthma and rhinitis. N Engl J Med 349: 207–8.

12 © 2017 The Societies and John Wiley & Sons Australia, Ltd

N. Hannya et al.


