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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

YUMIKO YAMAMOTO,"? JUNKO TASHIRO-YAMAIJL' KANJI SAKURAL'
MASAKO MIYOSHI-HIGASHINO,' HAYAHITO NOMI,' SAYAKO MIURA-TAKEDA,!
MASASHI OKADA,! SATOKO YAMAGUCHI,! HIROSHI TAKENAKA,?
TAKAHIRO KUBOTA,' and RYOTARO YOSHIDA'

ABSTRACT

To explore which cytokine or cell is essential for the production of antibodies (Abs) of the IgE class in aller-
gic diseases, we injected cedar pollen into wild-type, interferon-y~/— (IFN-y~/~), or interleukin-4—/~ (IL-4=/7)
BALB/c mice through four (i.n., i.p., s.c., and i.v.) different routes without adjuvant. Wild-type or IFN-y~/~,
but not IL-4—/~, mice sensitized once or twice showed a significant increase in total IgE Ab in their serum,
revealing the essential role of IL-4 in the production of total IgE Ab. We separated peripheral blood mononu-
clear cells (PBMCs) from untreated or sensitized mice into monocyte-rich, lymphocyte-rich, and granulocyte-
rich populations by Percoll density-gradient centrifugation or into specific antigen cells by flow cytometry,
cultured the cells in various combinations, and examined the levels of cytokines and IgE Ab released into the
medium. The PBMCs from mice sensitized s.c. once, but not those from untreated animals, produced signif-
icant amounts of IL-4 and total IgE Ab, whereas the lymphocyte-rich population alone did not. Unexpectedly,
IL-4 and IgE Ab production was restored by the addition of Mac-1* cells in the monocyte-rich fraction to
the lymphocyte-rich fraction. These results indicate the essential role of monocytes in the production of IL-4

and total IgE Ab by lymphocytes during the initial stage of sensitization.

INTRODUCTION

GE ANTIBODIES (Abs) play a key role in allergic diseases.

Binding of allergen-specific IgE Abs to surface receptors on
a wide variety of cells, mainly mast cells and eosinophils,! and
cross-linking of the receptor-bound IgE with antigen cause the
release of inflammatory mediators that lead to the symptoms of
allergic diseases.? Allergic rhinitis is one of the typical atopic
diseases, and the prevalence of this disease seems to be accel-
erating worldwide. In a sensitized patient, the production of spe-
cific IgE Abs directed toward an allergen is a prerequisite for
the immunologic response leading to allergic rhinitis.?> Fur-
thermore, primary i.v. or s.c. followed by s.c. injections of al-
lergen into mice produced a significant increase in the amount
of total IgE but not in that of IgA, IgG, or IgM, Ab, and pri-

mary i.v. or s.c. followed by two s.c. injections of allergen into
the immunized mice produced a large amount of allergen-spe-
cific IgE Ab in the serum.* These results indicate that an in-
crease in the production of total IgE Ab without a change in
the IgA, IgG, or IgM concentration is a prerequisite for the pro-
duction of allergen-specific IgE Abs. Therefore, finding a way
to control total IgE Ab production during the initial sensitiza-
tion stage is one of the major goals of allergy research. Several
questions about the mechanisms involved have still not been
fully answered: What kinds of immune cells can recognize al-
lergenic molecules as nonself? Are allergens recognized as non-
self nonspecifically or specifically by the defense system? What
kinds of antigen-presenting cells (APCs) (e.g., macrophages,
dendritic cells [DCs], and B blasts) can present a processed anti-
gen to T cells? What kinds of cytokines can be released from
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APCs or T cells? Why are IgE Abs rather than IgA, IgM, or
IgG Abs produced toward an allergen?

In the present study, because injections of allergen with ad-
juvant obscure the characteristics of the injection sites, we in-
tranasally (i.n.), i.p., s.c., or i.v. injected cedar pollen without
adjuvant once or twice into wild-type, interferon-y~/~ (IFN-
y~/7) or interleukin-4 /= (IL-4~/7) BALB/c mice to explore
which cytokine was essential for the production of total IgE Ab
in the serum. After separation of peripheral blood mononuclear
cells (PBMCs) into three cell populations (monocyte-rich, lym-
phocyte-rich, and granulocyte-rich) by Percoll density-gradient
centrifugation or into specific antigen™ cells by flow cytome-
try, we examined which population of peripheral blood leuko-
cytes was involved in the in vitro production of nonspecific IgE
Ab in response to the allergen. The results revealed that 1L-4
was a cytokine essential for the production of total IgE Ab in
the serum. The PBMCs from mice sensitized s.c. once produced
IL-4 and total IgE Ab in the presence of the allergen in vitro.
Unexpectedly, the lymphocyte-rich fraction alone was ineffec-
tive in the production of IL-4 and total IgE Ab, and the addi-
tion of Mac-1* cells in the monocyte-rich fraction to the lym-
phocyte fraction was essential for production. The cellular
sources of IFN-y and IL-4 and their levels in the culture medium
of PBMCs were also examined.

MATERIALS AND METHODS

Animals

There are many gene (IFN-vy and IL-4) knockout lines in the
BALB/c and C57BL/6 strains of mice, and their gene mapping
has already been established. It has been reported, however that
serum allergen-specific IgE levels were much higher in BALB/c
mice than in C57BL/6 mice after allergen (ovalbumin and
Schistosoma mansoni egg antigen) sensitization and expo-
sure,>% and we also found that BALB/c mice produced higher
titers of serum IgE Ab than C57BL/6 mice after treatment with
Japanese cedar pollen allergen (data not shown). Thus, in the
present study, we used BALB/c mice as the experimental ani-
mals. Specific pathogen-free male BALB/c mice (67 weeks of
age) were purchased from Japan SLC (Hamamatsu, Japan).
BALB/c IL-47/~ mice were donated by Dr. S. Sakaguchi (De-
partment of Experimental Pathology, Institute for Frontier Med-
ical Sciences, Kyoto University, Kyoto, Japan). BALB/c IFN-
y~/~ mice were obtained from the breeding colony of Jackson
Laboratory (Bar Harbor, ME). After i.n., i.p., s.c., or i.v. injec-
tion of the allergen, the mice were housed in our animal facil-
ity under specific pathogen-free conditions in an air-conditioned
room at 23 = 2°C and 50% humidity for 1-3 weeks. The ex-
periment was carried out in accordance with The Guidelines on
Animal Experiments of Osaka Medical College and the Japan-
ese Government Notification on Feeding and Safekeeping of
Animals (Notification No. 6 of the Prime Minister’s Office).
The experimental protocol was approved by The Review Com-
mittee for Animal Experiments of Osaka Medical College.

Antigen

Japanese cedar, Cryptomeria japonica, pollen crude extract-
cj was purchased from Cosmo Bio Co. (Tokyo, Japan).
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Antibodies (Abs)

Abs used in this study were the following: mouse IgE, IgG,
and IgA from Zymed (San Francisco, CA); mouse IgM from
Bethyl (Montgomery, TX); rat antimouse IgE, IgG, IgM, and
IgA from Biosource (Camarillo, CA); horseradish peroxidase
(HRP)-labeled goat antimouse IgE, IgG, IgM, and IgA Abs
from Nordic (Tilburg, the Netherlands), Cappel (Aurora, OH),
and Southern Biotech (Birmingham, AL), respectively; phy-
coerythrin (PE)-labeled antimouse CD4 (RM4-4) and
CD45R/B220 (RA3-6B2) Abs and fluorescein isothiocyanate
(FITC)-labeled CD8 (53-6.7) and CD11b/Mac-1 (M1/70) Abs
from PharMingen (San Diego, CA).

Preparation of high-titer IgE Ab toward cedar pollen

To determine if the serum sample contained total IgE or spe-
cific IgE Abs directed toward cedar pollen, we prepared mouse
cedar pollen-specific IgE Ab, as described previously.* Titers
in samples relative to the high-titer cedar pollen-specific IgE
Ab (= 1.0) were determined based on a standard curve.

Serum preparation

Blood samples were taken by cardiac puncture under chlo-
roform anesthesia before treatment or at various times after i.n.,
i.p., s.c., or i.v. injection of 100 ug cedar pollen crude extract-
¢j in 0.2 mL phosphate-bufffered saline (PBS)/mouse. The
whole blood was incubated in a CO, incubator at 37°C for 1 h,
left overnight at 4°C, and then centrifuged at 440g for 20 min.
The supernatant fraction was stored in microtubes at —80°C
prior to use.

Enzyme-linked immunosorbent assay (ELISA) for
total IgE, IgG, IgM, or IgA Ab

EIA/RIA plates (Costar 3591, Corning, Corning, NY) were
coated with 100 uL rat antimouse IgE Ab, anti-IgG, anti-IgM,
or anti-IgA Ab (each 2 ug/mL) at 4°C overnight. After three
washes with PBS/Tween (PBS + 0.5% Tween 20), the wells
were filled with 400 L. of 1% bovine serum albumin
(BSA)/PBS and incubated for 2 h at ambient temperature to
block unsaturated protein binding sites. The plates were next
washed three times with PBS/Tween, and 100 uL of appropri-
ately diluted serum samples in 1% BSA/PBS was added to each
of triplicate wells, after which the plates were incubated for
2 h at ambient temperature. After three more washes with
PBS/Tween, 100 uL HRP-labeled goat antimouse IgE, IgG,
IgM, or IgA Ab in 1% BSA/PBS was dispensed into each well,
and the preparation was allowed to react for 1 h at ambient
temperature. The wells were then washed thoroughly with
PBS/Tween. Next, the antigen-Ab complex was incubated with
100 pL tetramethylbenzidine (Sigma, St. Louis, MO) for 30
min at ambient temperature, and the reaction was stopped by
the addition of 100 uL of 1 M H,SO,. Thereafter OD 450, Was
read by a microplate reader M-Emax (Molecular Devices Co.,
Sunnyvale, CA). For preparation of standard curves for Igs, the
concentrations used in this study were as follow: IgG: 0.01
pg/mL, 0.02 wg/mL, 0.05 wg/mL, 0.1 wg/mL, and 0.2 wg/mL;
IgE: 0.005 pwg/mL, 0.01 ug/mL, 0.02 wg/mL, 0.05 wg/mL, and
0.1 pwg/mL; IgM: 0.02 wg/mL, 0.05 wg/mL, 0.1 png/mL, 0.2
pg/mL, and 0.5 wg/mL; IgA: 0.05 pwg/mL, 0.1 ug/mL, 0.2
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FIG. 1. Effects of first (i.n., i.p., i.v. or s.c.) and second (s.c.) injections of cedar pollen on the levels of serum IgE Ab in wild-

type (A), IFN-y~/~ (B), and IL-4~/~ (C) BALB/c mice. The levels of IgE Ab in the serum were determined either on days 0,
7, 10, and 14 after the first injection or on day 7 after the second injection (14 + 7 days). Each value represents the mean = SD
of IgE Ab concentrations (ug/mL) in six serum samples from two different experiments. The difference between sample and con-
trol (day 0) is significant (*p < 0.05; **p < 0.01; ***¥p < 0.005) according to Student’s #-test; n.s., not significant.

pg/mL, 0.5 pg/mL, and 1 ug/mL. To measure the total Ig con-
centrations, we diluted serum samples 20, 50, and 100 times
for IgE and 5,000, 10,000, and 20,000 times for IgG, IgM, and
IgA, respectively. To measure the IgE concentrations in the cul-
ture medium, we diluted samples 1 and 2.5 times. Based on the
standard curve, determination of the amount of Ig was carried
out using Microsoft Excel software. The lower limit of the
serum Ab assayed in this system was 10-30 ng/mL. The SD of
the triplicate assay was <30% at approximately 50 ng/mL and
<15% at approximately 100 ng/mL.

ELISA for specific IgE Ab

The procedure was the same as that for the measurement of
the total IgE, IgG, IgM, or IgA Ab concentration except that
the wells of Immulon 4 HBX flat-bottom microtiter plates
(Thermo Labsystems, Franklin, MA) were used after having

been precoated with 10 ug of the cedar pollen in 100 wL. PBS.
For preparation of the standard curve for specific IgE Ab,
80-10,240 times diluted, high-titer, cedar pollen-specific IgE
Ab in 100 uL of 1% BSA/PBS was added to each of triplicate
wells. Samples (culture medium) were diluted 1 and 2.5 times,
and the titers relative to the high-titer, cedar pollen-specific IgE
Ab (= 1.0) were determined based on the standard curve.

Percoll density-gradient centrifugation

Peripheral blood was diluted with an equal volume of PBS
containing 5 mM EDTA, and red blood cells and most of the
granulocytes were removed by PBS/sodium metrizoate Ficoll
(Japan Immunoresearch Laboratories, Takasaki, Japan) gradi-
ent centrifugation (1420g, 15 min at 20°C). The cells at the in-
terface (PBMCs) were washed with PBS containing 5 mM
EDTA, resuspended in 60% Percoll, and separated into lym-


http://www.liebertonline.com/action/showImage?doi=10.1089/jir.2007.0061&iName=master.img-000.jpg&w=468&h=390

1022

phocyte-rich, monocyte-rich, and granulocyte-rich populations
by discontinuous Percoll density-gradient (PBS/40%/50%/60%
Percoll) centrifugation (1420g, 15 min at 20°C).”8 The cell
types were assessed morphologically after hematoxylin-eosin
staining.

Flow cytometric analysis and sorting

For analysis, cells (10° cells) suspended in 50 uL cold PBS
containing 2% fetal bovine serum (FBS) were stained with a
fluorescein-labeled Ab (1 wg) in the presence of 1.5 uL rat
whole serum and 1 wg FcyRII/II mAb at 4°C for 20 min,
washed, and analyzed by fluorescence-activated cell sorter
(FACS). For sorting, the cells were isolated by FACS in the
forward scattering/side scattering or FITC/PE mode, as de-
scribed previously.®

Cell number and viability

Cell number was determined by counting the cells in Turk’s
solution with a hemacytometer. The viability of cells was as-
sessed by the trypan blue exclusion method.

Cell culture

Cells in various combinations of lymphocyte-rich, mono-
cyte-rich, and granulocyte-rich populations and specific anti-
gen™ cells were cultured for 6 days with cedar pollen (0-60
ng/2 mL) in a 24-well plate with RPMI 1640 medium con-
taining 10% FBS. The culture media were stored in microtubes
at —80°C prior to use.

ELISA for IFN-y and IL-4

The amounts of IFN-vy and IL-4 in the culture medium were
assessed using Cytoscreen ELISA kits (Biosource International
Inc.): 50 uL biotin-conjugated mAb specific for IFN-y or
IL-4 and 50 uL standard, control, or experimental sample were
added to each of several anti-IFN-vy or IL-4 Ab-coated wells.
Incubation was carried out at 37°C for 2 h. After four washes
with washing buffer, 100 uL streptavidin-HRP solution was
added to each well, and incubation was continued at ambient
temperature for 30 min. After four more washes with washing
buffer and the addition of 100 wL stop solution, the absorbance
of each well was read at 450 nm. The standard curves for
IFN-vy and IL-4 were prepared over the ranges of 0-500 and
0-1000 pg/mL, respectively.

RESULTS

Time-dependent changes in serum IgE Ab after i.n.,
i.p., s.c., or i.v. injection of cedar pollen into
IFN-v~"~ BALB/c mice

Figure 1 shows the time-dependent changes in the serum IgE
Ab in wild-type, IFN-y~/~, and IL-4/~ mice after an i.n., i.p.,
s.c., or i.v. injection of cedar pollen, compared with the level
before treatment. Either the i.n. or i.p. injection of the allergen
caused an increase (1.4—~2.3-fold of control) in the serum IgE
Ab in wild-type mice on day 10 or 14 and in the IFN-y~/~ mice
on day 10 after the i.p. injection, whereas the serum IgG, IgM,
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FIG. 2. IgE Ab concentrations in the culture medium. (A) A
representative standard curve of the ELISA assay for IgE Ab
(0-20 ng/mL). Each value represents the mean = SD (n = 3),
and all SD bars are hidden by the symbols. (B) Cell number-
dependent IgE Ab production. Various numbers of PBMCs
(1-10 X 10° cells) were cultured with cedar pollen (20 wg/mL)
in a 24-well plate. The levels of IgE Ab in the culture medium
were determined in 6-day cultures. Each value represents the
mean * SD of the IgE Ab (ng/mL) in three samples. Open cir-
cles, before sensitization; closed circles, after s.c. sensitization
twice. (C) Dose-dependency of allergen for IgE Ab production.
PBMCs (3 X 10° cells) were cultured in the presence of vari-
ous concentrations (0—60 ug/2 mL/well) of allergen. The lev-
els of IgE Ab in the culture medium were determined in 6-day
cultures. Each value represents the mean = SD of the IgE Ab
concentration (ng/mL) in three samples. Open circles, before
sensitization; closed circles, after s.c. sensitization twice.


http://www.liebertonline.com/action/showImage?doi=10.1089/jir.2007.0061&iName=master.img-001.png&w=227&h=440

IN VITRO PRODUCTION IN IgE ANTIBODY TOWARD POLLEN

1023

8 T * %
L
T
* *

6
=
-,
g
o 4
L
w
=

2

0

1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234
Fractions

FIG. 3. IgE Ab released from the cells in various combinations of fractions of PBMCs from mice s.c. sensitized once. The lev-

els of IgE Ab in the culture medium were determined after the cells had been cultured for 6 days with cedar pollen (20 ug/well).
Each value represents the mean * SD of IgE Ab concentration (ng/mL) in the six samples from two different experiments. The
difference between sample and control (fraction 3 alone) is significant (*p < 0.05; **p < 0.01) according to Student’s 7-test. The
average number of cells added to the cocultures: 7.4 X 103 cells/well (fraction 1); 5.2 X 10* cells/well (fraction 2); 2.1 X 10°

cells/well (fraction 3); 8.3 X 105 cells/well (fraction 4).

and IgA concentrations did not change significantly or actually
decreased (data not shown). In contrast, an s.c. or i.v. injection
of the allergen did not induce an increase in serum IgE Ab pro-
duction on days 7, 10, and 14 after treatment, and the concen-
trations of other Ig isotypes in the serum were also unchanged
or somewhat decreased (data not shown). A second (s.c.) in-
jection of the same allergen on day 14 into i.n., i.p., s.c., or i.v.
allergen-sensitized wild-type animals and into IFN-y~/~ mice
via the i.v. route caused an increase in the levels of serum IgE
Ab on day 7 after this second injection (day 21). In contrast,
the serum IgG, IgM, and IgA concentrations did not change sig-
nificantly or somewhat decreased after this second injection
(data not shown). Thus, the effects of one or two injections of
cedar pollen on the levels of serum IgE Ab in these IFN-y~/~
mice were similar to those in their control (wild-type) mice. In
contrast, the basal level of serum IgE in IL-4~/~ mice was a
trace amount (= 0.005 wg/mL), and injections of the allergen
once or twice did not cause an increase in the serum IgE Ab.
The basal levels of serum IgG, IgM, and IgA concentrations
were similar to those of the control mice, and they did not
change significantly after one or two injections of the allergen
(data not shown).

These results indicate little inhibitory effect of IFN-y on the
initial production of IgE Ab against the allergen and the es-

sential role of IL-4 in the production of total IgE Ab in the
serum.

Separation of PBMCs into monocyte-rich, lymphocyte-
rich, and granulocyte-rich populations by Percoll
density-gradient centrifugation

An s.c. injection of allergen into normal BALB/c mice was
inactive as an inducer of total IgE Ab in their serum, whereas
a second (s.c.) injection of the allergen caused a ~2-fold in-
crease in the total IgE Ab (Fig. 1). To explore which popula-
tion of PBMCs was involved in the production of nonspecific
IgE ADb in response to the allergen, we separated various
amounts of PBMCs into monocyte-rich, lymphocyte-rich, and
granulocyte-rich populations by Percoll density-gradient cen-
trifugation. The yield was generally good (75%—-86%; n = 3).
Fraction 3 (rich in lymphocytes) was the major (70.0% =
14.3%; mean = SD, n = 3) population, followed by fraction 4
(rich in granulocytes; 28.0% = 14.6%; mean = SD, n = 3) and
fraction 2 (rich in monocytes; 1.6% = 1.3%; mean = SD, n =
3) in that order. Fraction 1 (rich in somewhat damaged cells)
contained a low number of cells.

Figure 2A is a representative standard curve of ELISA as-
say for very low levels (1-20 ng/mL) of IgE. Most of the re-
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FIG. 4. 1IgE AD released from the cells in various combinations of fractions of PBMCs from mice s.c. sensitized twice. The

levels of IgE Ab in the culture medium were determined after the cells had been cultured for 6 days with cedar pollen (20 ug/well).
Each value represents the mean = SD of IgE Ab concentration (ng/mL) in six samples from two different experiments. The dif-
ference between sample and control (fraction 2 alone) is significant (*p < 0.05) according to Student’s -test. n.s., not signifi-
cant. The average number of cells added to the cocultures: 2.9 X 10* cells/well (fraction 1); 3.1 X 10* cells/well (fraction 2);
2.8 X 106 cells/well (fraction 3); 1.5 X 10° cells/well (fraction 4).

peated standard curves were linear up to 20 ng/mL. As shown
in Figure 2B, the bulk of PBMCs from mice sensitized s.c. twice
released a significant amount of IgE Ab into the culture medium
after 6 days in culture in a cell number-dependent manner,
reaching a submaximal level at 3 X 10° cells/well. The levels
of IgE Ab in the culture medium of bulk PBMCs from untreated
mice, however, were almost constant (=4 ng/mL), suggesting
that the basal level in this in vitro system might be =4 ng/mL.
The levels of IgE Ab in the culture medium containing PBMCs
from mice sensitized s.c. once or twice sometimes varied from
sample to sample in the absence of allergen. Thus, we added
20 ug/well of cedar pollen to the culture medium, although
there was no clear allergen amount-dependent IgE Ab produc-
tion (Fig. 2C).

In vitro IgE Ab production obtained by mixing
lymphocyte-rich fraction with monocyte-rich
fraction of PBMCs from BALB/c mice
allergen-sensitized s.c. once

As we obtained monocyte-rich, lymphocyte-rich, and gran-
ulocyte-rich fractions, we incubated various combinations of
these cells with allergen and assessed the levels of IgE Ab in
the culture medium (Fig. 3). Bulk PBMCs from mice that had
been s.c. treated once with allergen produced a significant

amount of IgE Ab (8.17 = 1.02 ng/mL), whereas the lympho-
cyte-rich fraction (fraction 3) of the PBMCs did not. Unex-
pectedly, the IgE Ab production was restored by the addition
of the monocyte-rich fraction (fraction 2) but not by that of the
granulocyte-rich fraction (fraction 4) to the lymphocyte-rich
one. As expected, these IgE Abs hardly reacted with the anti-
gen, suggesting the increase to be due to nonspecific IgE Ab in
the culture medium. In contrast, bulk PBMCs from untreated
mice did not produce IgE Ab significantly because the levels
(3.66 * 0.64 ng/mL) were around the basal level. These results
suggest that cedar pollen might be recognized as an allergen by
the mixture of lymphocyte-rich and monocyte-rich fractions to
release nonspecific IgE Ab from lymphocytes into the culture
medium.

In vitro IgE Ab production by lymphocyte-rich
population of PBMCs from BALB/c mice
allergen-sensitized s.c. twice

A second (s.c.) injection of the allergen resulted in a “2-fold
increase in nonspecific IgE Ab (Fig. 1), whereas the third (s.c.)
sensitization with the same allergen (cedar pollen) produced a
large amount of allergen-specific IgE Ab in the serum.* There-
fore, we explored whether the PBMCs from BALB/c mice al-
lergen-sensitized s.c. twice produced allergen-specific IgE Ab
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TaBLE 1. ProbpucTioN oF IFN-y anD IL-4 BY CELLS IN
Various FracTions oF PBMCs FRoM MICE UNTREATED
OR SENSITIZED s.c. ONCE OR TWICE

Cytokine (pg/mL)°

Fraction® IFN-y I1L-4
Untreated
2 3.1 =02 144.8 = 17.9
3 295.1 = 25.5 5973 = 10.5
2+3 275.6 = 3.6 625.1 = 2.7
Bulk 276.7 = 17.6 635.0 = 11.0
Sensitized s.c. once
2 0.0 = 0.0 423 *+ 58.2
3 0.6 = 0.6 3459 *+ 84.3
2+3 283 £ 43 1105.6 £ 64.3%*
Bulk 38.6 = 3.7 1125.1 *£ 54.5%*
Sensitized s.c. twice
2 0.0 £ 0.0 1.0 =14
3 0.1 = 0.1 3459 = 7.8
2+3 04 04 485.1 = 31.6
Bulk 28 £ 1.2 772.0 = 59.7*

#Fraction 2 or fraction 3 and bulk PBMCs were obtained as
described in Materials and Methods. The average number of
cells added to the coculture: untreated, 4.2 X 10* cells/well
(fraction 2), 2.6 X 10° cells/well (fraction 3), 3.0 X 10°
cells/well (bulk); sensitized s.c. once, 5.0 X 10* cells/well (frac-
tion 2), 2.5 X 10° cells/well (fraction 3), 3.0 X 10° cells/well
(bulk); sensitized s.c. twice, 4.1 X 10* cells/well (fraction 2),
2.8 X 100 cells/well (fraction 3), 3.0 X 10° cells/well (bulk).

"The levels of IFN-vy and IL-4 in the culture medium were
determined after the cells had been cultured for 6 days with
cedar pollen (20 mg/well). Each value represents the mean *
SD (n = 6) of two different experiments. The difference be-
tween sample and control (untreated) is significant (*p < 0.05;
*#p < 0.01) according to Student’s r-test.

in the presence of the allergen in vitro. As expected, the cells
in various combinations of fractions containing the lymphocyte-
rich population (fraction 3) of PBMCs produced a significant
amount of IgE Ab (6-8 ng/mL) (Fig. 4); however, the titers of
the specific IgE relative to high-titer pollen-specific IgE Ab (=
1.0) were <0.1, suggesting the increase in the IgE Ab titer to
be due to nonspecific IgE Ab in the culture medium. In con-
trast, the cells in the monocyte-rich or granulocyte-rich fraction
(fraction 2 or 4) of PBMCs from the same animal did not pro-
duce IgE Ab significantly and had no additive or crucial effects
on the IgE Ab production by lymphocytes. Furthermore, the
cells in fractions 2 and 3 from mice that had been five times
i.p. treated with the mixture of allergen and adjuvant produced
19.6 = 6.32 ng/mL medium after 6 days of being cultured with
allergen. This level of IgE Ab was 2-3-fold higher than that
(Figs. 3 and 4) released from cells in fractions 2 and 3 from
mice that had been injected once or twice s.c. with allergen.

Production of IFN-vy and IL-4 by cells in various
fractions of PBMCs from mice untreated or
sensitized s.c. once or twice

Next, we assessed the cellular source of IFN-y and IL-4 and
their levels in the culture medium (Table 1). IFN-y was released
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mainly from the lymphocyte-rich fraction of untreated mice,
whereas the levels were markedly reduced in the animals sen-
sitized s.c. once and became negligible in those sensitized s.c.
twice. Bulk PBMCs from mice that had been injected 1 time
s.c. with allergen produced a large amount of IL-4, whereas the
lymphocyte-rich fraction of the PBMCs did not. Surprisingly,
mixed cultures of the lymphocyte-rich fraction and monocyte-
rich fraction produced a large amount of IL-4 that was released
into the culture medium. In the case of twice-sensitized ani-
mals, the levels of IL-4 returned to almost those in untreated
animals.

Essential role of Mac-1" cells in in vitro production
of IL-4 and nonspecific IgE Ab by peripheral

blood lymphocytes from mice sensitized s.c.

once with cedar pollen

The results described suggested that production of IL-4,
which was essential for IgE Ab production, might have been
dependent on monocytes. To test this possibility, we stained
cells in fractions 2 and 3 with fluorescein-labeled antimouse
antigen antibodies. As expected, fraction 3, the lymphocyte-rich
population, contained CD4" (58.6%), B220" (21.4%), and
CD8" (15.9%) cells. Although antibody binding to cells some-
times activates or inhibits their biologic functions,'® the
amounts of IL-4 and IgE Ab, both of which were released into
the culture medium containing cells in fractions 2 and 3, did
not change significantly after antibody labeling and cell sort-
ing (Fig. 5). The cells in combined fractions 2 and 3 from mice
that had been injected once s.c. with allergen produced a large
amount of IL-4 and IgE Ab, whereas fraction 2 or 3 alone did
not. When CD4", Mac-17", or CD4~/Mac-1" cells in fraction
2 were isolated by FACS and cultured with fraction 3, how-
ever, the combination of Mac-1", but not CD4" or CD4~/Mac-
17, cells with fraction 3 produced large amounts of IL-4 and
IgE Ab comparable to those released by the combined fractions
2 and 3.

Cellular source of IL-4

Figure 1 showed the essential role of IL-4 in the production
of total IgE Ab in the serum, and Figure 5 demonstrated that
the combination of Mac-17, but not CD4* or CD4~/Mac-1-,
cells in fraction 2 with fraction 3 produced large amounts of
IL-4 and IgE Ab comparable to those released by combined
fractions 2 and 3. We next examined if the requirement for IL-
4 was in the monocyte, lymphocyte, or both populations by us-
ing wild-type and IL-4~/~ mice. We obtained fractions 2 and
3 from wild-type and IL-4~/~ mice that had been sensitized s.c.
once, incubated various combinations of these fractions with
allergen, and assessed the levels of IL-4 and IgE Ab in the cul-
ture medium (Fig. 6). Either combined fractions 2 and 3 (nor-
mal mice) or combined fraction 2 (IL-4 knockout mouse) and
fraction 3 (normal mouse) produced a large amount of IL-4 and
IgE Ab, whereas either combined fraction 2 (normal mouse)
and fraction 3 (IL-4 knockout mouse) or combined fractions 2
and 3 (IL-4 knockout mouse) did not. These results taken to-
gether indicate that IL-4 was essential for total IgE Ab pro-
duction in this in vitro culture system and that monocytes were
crucial for IL-4 and IgE Ab production in lymphocytes.
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FIG. 5. Production of IL-4 and IgE Ab by the cells in various combinations of fractions of PBMCs from mice s.c. sensitized
one time. After CD4*, Mac-1*, or CD4~/Mac-1" cells in fraction 2 had been isolated by FACS, the specific antigen™ or anti-
gen~ cells were cultured with fraction 3. The levels of IL-4 and IgE Ab in the culture medium were determined after the cells
had been cultured for 6 days with cedar pollen (20 wg/well). Each value represents the mean = SD (n = 6) of two different ex-
periments. The difference between sample and control (untreated) is significant (*p < 0.05; **p < 0.02; ***p < 0.001) accord-
ing to Student’s z-test. The average number of cells added to the cocultures: 8.5 X 10* cells/well (fraction 2); 2.8 X 10 cells/well
(fraction 3); 3.1 X 10* cells/well (CD4 ™ cells in fraction 2); 1.4 X 10* cells/well (Mac-1* cells in fraction 2); 1.4 X 10* cells/well
(Mac-17/CD4 ™ cells in fraction 2). Fr., fraction; n.s., not significant.

DISCUSSION

In most previous animal models of pollen-induced allergic
rhinitis, the allergic reaction was induced by repetitive pollen
inhalation challenges to animals that had been sensitized by re-
peated instillation of the pollen extract plus adjuvant, including
aluminum hydroxide gel into their nostrils.!!'~13 Under these
conditions, leukocytes, especially eosinophils, migrate into the
cavity and induce edema in the nasal mucosa, and it is unlikely
that the inhalation or the instillation of the pollen extract is
quantitative. To understand precisely the first reaction of the
immune system to the allergen, in the present study we i.n., i.p.
i.v., or s.c. injected cedar pollen without adjuvant once or twice
into normal, IFN-y~/~ or IL-4~/~ BALB/c mice and found
IL-4 to play an essential role in the production of total IgE Ab
in the serum (Fig. 1). Although an s.c. injection of allergen into
normal BALB/c mice was inactive as an inducer of nonspecific
IgE Ab in their serum, a second (s.c.) injection of the allergen
resulted in a =2-fold increase in the IgE Ab.* Therefore, we
separated PBMCs from mice sensitized s.c. once into three cell
populations (monocytes, lymphocytes, and granulocytes) by
Percoll density-gradient centrifugation, and examined which
population of PBMCs was involved in the in vitro production
of nonspecific IgE Ab. As expected, the PBMCs from mice sen-

sitized s.c. once produced IL-4 and total IgE Ab. Unexpectedly,
the lymphocyte-rich fraction alone was ineffective in the pro-
duction of IL-4 and IgE Ab, and addition of the monocyte-rich
fraction to the lymphocyte fraction was needed for production
(Fig. 3 and Table 1). The cells required for IL-4 and IgE Ab
production were found to be Mac-1" cells in the monocyte-rich
population (Fig. 5). By using combined fractions 2 and 3 from
wild-type and IL-4~/~ mice, we demonstrated that the Mac-1"
cells were essential for IL-4 and IgE Ab production in lym-
phocytes.

The animals that had been once i.n. treated with allergen pro-
duced a significant amount of nonspecific IgE Ab in their serum
(Fig. 1). Upon the second (s.c.) injection of the same allergen
to the i.n. allergen-sensitized animals, they produced a large
amount of IgE Ab, and most of them reacted with the allergen,*
suggesting an increase in the allergen-specific IgE Ab in the
serum. In contrast, a primary i.v. or s.c. injection of the aller-
gen did not enhance IgE Ab production (Fig. 1), the second
(s.c.) injection of the allergen into the i.v. or s.c. allergen-sen-
sitized mice induced nonspecific IgE Ab (Fig. 1), and the third
(s.c.) sensitization with the same allergen produced a large
amount of allergen-specific IgE Ab in the serum.* Under these
conditions, serum IgA, IgM, and IgG levels did not change sig-
nificantly.* Thus, we concluded that increased production of to-
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FIG. 6. Production of IL-4 and IgE Ab by the cells in various combinations of fractions of PBMCs from normal or IL-4~/~
mice s.c. sensitized once. The cells in fractions 2 and 3 were obtained by Percoll density-gradient centrifugation. The levels of
IL-4 and IgE Ab in the culture medium were determined after the cells had been cultured for 6 days with cedar pollen (20
ng/well). Each value represents the mean = SD (n = 6) of two different experiments. The difference between sample and con-
trol (untreated) is significant (*p < 0.02; **p < 0.005; ***p < 0.002) according to Student’s r-test. The average number of cells
added to the cocultures: IL-4 knockout, 3.3 X 10* cells/well (fraction 2); 2.8 X 10° cells/well (fraction 3); normal, 3.2 X 10*
cells/well (fraction 2); 2.8 X 10° cells/well (fraction 3). Fr., fraction; N, normal mouse; KO, knockout mouse.

tal IgE Ab without a change in the IgA, IgG, or IgM concen-
tration was a prerequisite for the production of allergen-specific
IgE Abs. The cells in the combined fractions 2 and 3 from mice
that had been treated i.p. five times with the mixture of aller-
gen and adjuvant produced 19.6 £ 6.32 ng IgE Ab/mL of
medium after 6 days of being cultured with allergen. This level
of IgE Ab was 2-3-fold higher than that of IgE released from
cells in the combined fractions 2 and 3 from mice that had been
injected once or twice s.c. with allergen (Figs. 2, 3, and 4). In
the present study, we also found Mac-17 cells to have an es-
sential part in the in vitro production of IL-4 and nonspecific
IgE Ab by peripheral blood lymphocytes from mice sensitized
s.c. once to cedar pollen (Fig. 5) and confirmed our previous
finding that resident cells (e.g., macrophages) at the i.n. or i.p.
injection site might play a crucial role in the efficient produc-
tion of nonspecific IgE Ab in response to the allergen. More-
over, various combinations of fractions 2 and 3 from wild-type
and IL-47/~ mice that had been sensitized s.c. once showed the
essential role of IL-4 in lymphocytes in the production of total
IgE AD in this in vitro culture system (Fig. 6), suggesting that
the magnitude of the IgE response as measured might reflect
the IgE Ab response that occurs in vivo.

When cedar pollen allergen was primarily injected i.n. or i.p.

into mice, the total IgE Ab level was increased in the serum of
normal BALB/c mice, whereas an s.c. or i.v. injection of the
same antigen did not increase the level.* In a previous study,*
we speculated that resident cells at the i.n. or i.p. injection site
might play a crucial role in the efficient production of nonspe-
cific IgE Ab in response to the allergen. In fact, 6-day cultures
of the combination of the lymphocyte-rich fraction with the
monocyte-rich fraction of PBMCs from mice sensitized s.c.
once showed the essential role of Mac-11 but not of CD4 ™,
CD8*, B220*, or polymorphonuclear cells in the production
of IL-4 and nonspecific IgE Ab by lymphocytes (Figs. 3, 5, and
6 and Table 1). As the IgE Ab was nonspecific but not specific
toward the allergen, it is unlikely that the monocytes/macro-
phages simply took up and processed protein antigens, a step
that is accompanied by cellular activation.'# Rather, these re-
sults imply that the monocytic cells may be involved in either
antigen recognition or class switch of IgM to IgE.

Pouliot et al.!® reported that IL-4 mRNA was expressed and
IL-4 protein was produced and released by human alveolar mac-
rophages. In our mouse model system, however, the lympho-
cyte-rich population of PBMCs from untreated mice or those
sensitized once or twice seemed to be the main producer of
IL-4. IL-4, essential for either conversion of ThO to Th2!¢ or
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class switch of IgM to IgE,!” was released from PBMCs from
normal mice sensitized s.c. once, whereas the lymphocyte-rich
fraction alone of the PBMCs released little IL-4 (Table 1). Un-
expectedly, the IL-4 production was restored by the addition of
Mac-17 cells of the PBMCs to the lymphocyte culture medium
(Table 1), suggesting that the Mac-1" cells might release some
cytokine(s) to stimulate IL-4 release from the cells in the lym-
phocyte-rich population.

It is well known that stimulation of mouse B cells with LPS
causes differentiation of B cells and the formation of a variety
of Ig isotypes, except IgE.'® However, when the same B cells
were cultured for 5 days with LPS together with 100-500 U/mL
IL-4, the result was the formation of IgE and selective en-
hancement of IgG1 formation,'® which was accompanied by a
decrease in IgG2b and IgG3 formation. It is also known that
the effect of IL-4 on B cells was counteracted by IFN-v.20-22
To estimate the role of IFN-y and IL-4 in the allergic reaction,
we here assessed the levels of serum IgE Ab in IFN-y~/~ or
IL-4~/~ mice that had been allergen sensitized s.c. once or
twice. The results revealed that IL-4 was essential for the spe-
cific increase in the serum IgE but had no effect on IgA, IgG,
or IgM Ab levels, whereas IFN-y seemed not to be inhibitory
(Fig. 1). Stern et al.?3 also reported that IFN-vy appeared to con-
tribute to the pathogenesis of murine allergic conjunctivitis at
the effector phase but not during the initial sensitization stage.

Increased production of IL-4 and total IgE Ab without a
change in the IgA, IgG, or IgM concentration was a prerequi-
site for the production of allergen-specific IgE Abs in the
serum* (Fig. 1). Consistently, bulk PBMCs or the combination
of Mac-17 cells with lymphocytes from wild-type mice that had
been s.c. treated once with allergen produced IL-4 (Table 1 and
Fig. 5) and total IgE Ab (Figs. 3 and 5), whereas those from
IL-4~/~ mice sensitized s.c. once did not (Fig. 6). Although
cells in the lymphocyte-rich population of PBMCs from wild-
type mice that had been sensitized s.c. twice with allergen alone
produced a significant amount of IgE Ab (=2-fold increase)
(Fig. 4), the increase in the IgE Ab titer was due to total IgE
Ab in the culture medium (Fig. 4), and the levels of IL-4 pro-
duced by the PBMCs returned to almost those in untreated an-
imals (Table 1). These results suggest that IL.-4 might play an
essential role in the production of total IgE Ab in lymphocytes
and that IL-4 or some other lymphokines might be necessary
for the in vitro production of allergen-specific IgE Ab. In this
regard, studies on atopic families have implicated loci on chro-
mosomes 11q and 5q that might be important in determining
the presence of atopy. The candidate gene on chromosome 11
encodes the B-subunit of the high-affinity IgE receptor; whereas
on chromosome 5, there is a cluster of tightly linked genes, in-
cluding those for IL-3, IL-4, IL-5, IL-9, IL-13, and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF),>* im-
plying IL-3, IL-5, IL-9, IL-13, and GM-CSF as candidate
proteins for involvement in allergen-specific IgE Ab produc-
tion in vitro. Further investigations are underway in our labo-
ratory.
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