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Introduction

Summary

Immunoglobulins (Igs) play important immunomodulatory effects on aller-
gic asthma. Among these, IgG has been reported to regulate allergic inflam-
mation in previous studies about immunotherapy and intravenous
immunoglobulin therapy. In this study, to examine the immunomodulatory
mechanisms of IgG and FcRs we evaluated the effects of intravenous (i.v.)
rabbit IgG administration (IVIgG) on allergic airway inflammation and lung
antigen-presenting cells (APCs) in a murine model of ovalbumin (OVA)
sensitization and challenge. In OVA-challenged mice, IVIgG attenuated
airway eosinophilia, airway hyperresponsiveness and goblet cell hyperplasia
and also inhibited the local T helper type (Th) 2 cytokine levels. Addition-
ally, IVIgG attenuated the proliferation of OVA-specific CD4* T cells trans-
planted into OVA-challenged mice. Ex vivo co-culture with OVA-specific
CD4* cells and lung CD11c* APCs from mice with IVIgG revealed the
attenuated transcription level of Th2 cytokines, suggesting an inhibitory
effect of IVIgG on CD11c* APCs to induce Th2 response. Next, to analyse
the effects on Fcy receptor IIb and dendritic cells (DCs), asthmatic features
in Fcy receptor IIb-deficient mice were analysed. IVIgG failed to attenuate
airway eosinophilia, airway inflammation and goblet cell hyperplasia.
However, the lacking effects of IVIgG on airway eosinophilia in Fcy receptor
IIb deficiency were restored by i.v. transplantation of wild-type bone
marrow-derived CD11c¢* DCs. These results demonstrate that IVIgG attenu-
ates asthmatic features and the function of lung CD11c¢* DCs via Fcy recep-
tor IIb in allergic airway inflammation. Targeting Fc portions of IgG and Fcy
receptor IIb on CD11c¢* DCs in allergic asthma is a promising therapeutic
strategy.

Keywords: allergy, animal models/studies — mice/rats, asthma, dendritic cells
(myeloid, plasmacytoid, monocyte-derived), Fc receptors (FcRs)

treatment for chronic Th2 airway inflammation. The current
anti-inflammation strategies to manage bronchial asthma

Bronchial asthma is a disorder of the conducting airways
characterized by variable airflow obstruction, but is also a
chronic inflammatory disease of the airway associated with
an immune response to inhaled antigens, which leads to
airway infiltration of eosinophils and mast cells, goblet cell
hyperplasia and airway hyperresponsiveness (AHR). These
pathophysiological features are induced by T helper type
(Th)2 proliferation and production of Th2 cytokines, such
as interleukin (IL)-4, IL-5 and IL-13 [1]. Anti-inflammatory
drugs, primarily corticosteroids, comprise the conventional

have limited clinical efficacy for some patients.
Immunoglobulins (Igs) and Fc receptors (FcRs) play
important roles in bronchial asthma pathogenesis. FcRs are
expressed on many kinds of immune cells and control the
cellular functions. Among Igs, IgE plays a crucial role in the
pathogenesis of asthma by binding airborne inhalant aller-
gen to activate various cellular inflammatory reactions of
immune cells through FceRI. Anti-IgE therapy, one of the
controllers to manage bronchial asthma, reduces the free IgE
available to activate effector cells [2]. In contrast, IgG

© 2010 British Society for Immunology, Clinical and Experimental Immunology, 162: 315-324 315



M. Yamamoto et al.

reportedly has immunomodulatory effects on the immune
response to common inhalant allergens. Immunotherapy
by allergen vaccination is accompanied by an increase in
allergen-specific IgG titres [3]. The anti-inflammatory prop-
erties of intravenous immunoglobulin (IVIG) therapy have
been applied widely to attenuate disease progression in other
chronic inflammatory diseases, including immune-mediated
thrombocytopenia, chronic inflammatory demyelinating
polyneuropathy, Kawasaki disease, Guillain—Barré syndrome
and other autoimmune disorders. Intravenous (i.v.) Ig
(IVIG) also provides an important adjunctive treatment to
control airway inflammation, reducing oral steroid require-
ments in severe bronchial asthma [4-7]. The efficacy of IVIG
is due largely to IgG, which is a major portion of IVIG.
Several roles of IgG in IVIG therapy in autoimmunity have
been proposed [8-10], and the functions of IgG in IVIG
therapy in allergic diseases are also envisaged to inhibit
inflammatory reaction. Although these reports suggest that
i.v.-administered IgG have functions to protect against
allergies and asthma, the precise target and mechanisms in
allergic airway inflammation have not yet been revealed. In
a murine experimental model, intranasal instillation of
antigen-specific IgG reportedly reduce eosinophilic inflam-
mation and goblet cell hyperplasia induced by antigen chal-
lenge, suggesting that topical IgG reportedly counteracts
allergic pulmonary inflammation that is dependent upon Fc
and interferon (IFN)-y [11]. However, clinical use of these
therapies in bronchial asthma is currently limited because of
the lack of evidence. Clarifying the role of FcRs leads poten-
tially to the development of a new strategy to manage asth-
matic airway disorders.

The role of antigen-presenting cells (APCs), including
dendritic cells (DCs), in the pathogenesis of asthma has been
clarified. When allergens are encountered in the airways,
DCs in the airway epithelium capture allergens and migrate
to the draining lymph nodes, where they reside in a mature,
antigen-priming mode [12]. There, antigen-specific T cells
are induced to differentiate into Th effector cells or regula-
tory cells by these DCs. Thus, DCs are important in the
initiation of T cell differentiation and activation and
contribute indirectly to the development of airway
inflammation. Targeting the inhibitory Fc receptor on DCs
can potentially inhibit induction of the Th2 cytokine
response.

We hypothesized that i.v. IgG administration (IVIgG)
inhibits allergic inflammation through inhibitory FcRs on
immune cells to induce a Th2 response. Among several types
of FcRs, FcyRIID is a unique inhibitory FcR which regulates
immune cell function [13]. To verify the inhibitory effects of
IVIgG and FcyRIIb in bronchial asthma, we pursued the
mechanisms of IVIgG using murine models of allergic
airway inflammation induced by ovalbumin (OVA) sensiti-
zation and aerosol challenge. As IVIgG, we analyse the effects
of both mouse IgG and xenogenic (rabbit) IgG to analyse the
functions on FcRs.

Methods

Allergic airway inflammation model

Pathogen-free female C57BL/6 [wild-type (WT)] FcyRIIb-
deficient mice [14] and mice transgenic for the ovalbumin
(OVA)s23_330-specific T cell receptor (OT-II) on a C57BL/6
background were used. Body weights ranged from 20 to
23 g. All mice were housed and bred under pathogen-free
conditions. All experiments were approved by the Institu-
tional Animal Care and Use Committee and carried out
according to the Kobe University Animal Experimentation
Regulations.

Allergic airway inflammation was induced by intraperito-
neal sensitization and airway challenge, as described previ-
ously [11]. Briefly, mice received intraperitoneal injection of
10 ug of OVA (Sigma-Aldrich, St Louis, MO, USA) and 1 mg
of aluminium hydroxide (Sigma-Aldrich) in 0-5ml of
phosphate-buffered saline (PBS) on days 0, 7 and 14. Mice
underwent aerosol challenge with OVA (1% in PBS) or PBS
alone from days 21 to 23 daily for 30 min. Aerosolized OVA
challenge using a nebulizer (NE-U07; OMRON, Kyoto,
Japan) was performed in a closed aerosol chamber. For IgG
administration, rabbit purified IgG (Sigma-Aldrich), F(ab’),
(Thermo, Rockford, IL, USA), IgM (Wako, Osaka, Japan),
mouse IgG (Sigma-Aldrich) or an equal volume of PBS
(100 1) alone was injected intravenously on day 20, prior to
the first OVA challenge. In another experiment, OVA-
sensitized mice were administered with 1 mg rabbit IgG
administration after OVA challenge. The mice were chal-
lenged with OVA for 3 days before rabbit IgG administration
on the third day of OVA challenge. All mice were analysed
24 h after the last OVA challenge. The experiments were
repeated three times.

Assessment of airway inflammation, mucus
production, AHR and OVA-specific IgE

To assess differential bronchoalveolar lavage fluid (BALF)
cell counts, lungs were lavaged twice by instillation and with-
drawal of 1 ml PBS through a tracheal cannula. BALF cells
were counted using a haemocytometer. For differential cell
counts, cytocentrifuged preparations were fixed and stained
with Diff-Quick (Kokusaishiyaku, Kobe, Japan) and differ-
entiated morphologically by counting 300 cells/slide.

For histopathological assessment, lungs were fixed and
embedded in paraffin. Sections (5 um) from all lobes were
stained with haematoxylin and eosin (H&E) and periodic-
acid Schiff (PAS). Airway inflammation and mucus-
producing cells were graded blindly, as described previously
[11]. Briefly, each tissue section was graded from 0 to 3; 0
indicated that no inflammation was detectable, 1 meant
occasional cuffing with inflammatory cells, 2 indicated a thin
layer of inflammatory cells surrounded most bronchi and 3
meant a thick layer of inflammatory cells surrounded most
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bronchi. More than five tissue sections were scored per
mouse, so inflammation scores could be expressed as a mean
value per animal and could be compared between groups. To
estimate the presence of mucus-producing cells, we counted
the number of airways per section and assigned a score of 0,
1, 2 or 3 to each airway when no, very few, <50% or >50% of
the airway epithelial cells were PAS-positive. Therefore, each
mouse and group was characterized by a score distribution
that could be compared statistically.

AHR was assessed in conscious, unrestrained mice by
whole-body plethysmography (Buxco Electronics, Sharon,
CT, USA), as described previously [15]. Briefly, a mouse was
placed into the main chamber of the plethysmograph. The
mouse was exposed to nebulized PBS and methacholine
(Sigma-Aldrich) in PBS using an ultrasonic nebulizer. As an
index of in vivo airway obstruction, enhanced pause (Penh)
values were measured and expressed as relative values com-
pared to baseline Penh values following PBS exposure for
each methacholine concentration (1-25 mg/ml).

Levels of plasma OVA-specific IgE (OVA-IgE) in chal-
lenged mice were measured by enzyme-linked immunosor-
bent assay (ELISA), as described previously [16].

Cytokine levels in BALF

Th1 and Th2 cytokine levels (IL-4, IL-5, IL-13, IFN-y) were
measured in BALF by ELISA (R&D Systems, Minneapolis,
MN, USA), according to the manufacturer’s instructions.

In vivo proliferation of carboxyfluorescein succinimidyl
ester (CFSE)-labelled OTII cells

To estimate OVA-specific T cell proliferation in vivo, we used
OTII CD4" cells labelled with CFSE; Molecular Probes,
Eugene, OR, USA). Single-cell spleen suspensions from OTII
mice were depleted of dendritic cells (DCs) using CD11c
microbead and automatic magnetic-activated cell sorting
(autoMACS) system (Miltenyi Biotech, Auburn, CA, USA).
The purity of CD4" cells was estimated to be over 90% using
a flow cytometer. Cells were incubated with 5 uM CFSE,
according to the manufacturer’s instructions. CFSE-labelled
OTII cells (5 x 10° cells) were transferred intravenously into
each IgG or PBS-administered wild-type mouse. After injec-
tion, mice were challenged with OVA for 30 min a day for 2
days. Seventy-two hours after the OTII cell transfer, mono-
nuclear cells from the thoracic lymph nodes were stained
with anti-CD4-magnetic-activated cell sorting (BD Bio-
sciences, Franklin Lakes, NJ, USA) to analyse transferred
CD4" OTII cell proliferation using a flow cytometer. Data
were analysed using Cellquest (BD Biosciences) and Flow]Jo
software (Treestar, Ashland, OR, USA).

Isolation of lung CD11c* antigen-presenting cells

To analyse the function of lung CD11c* antigen-presenting
cells (APCs), they were collected 24 h after the mice were

IgG attenuates asthma via FcyRllb on CD11¢* dendritic cells

administered with 1 mg of IgG or PBS, as described previ-
ously [17]. Briefly, mouse lungs were minced and then incu-
bated in the digestion medium consisting of RPMI-1640
(Sigma-Aldrich), 5% fetal bovine serum (Sigma-Aldrich),
1 mg/ml collagenase type 4 (Roche Diagnostics, Indianapo-
lis, IN, USA) and deoxyribonuclease I (bovine pancreas;
Wako). Lung CD11c" APCs were isolated using the CD11c
microbeads and autoMACS system according to the manu-
facturer’s instructions. The purity of CD11* cells was esti-
mated to be over 80% using a flow cytometer.

In vitro OTII CD4" T cell Th2 differentiation analysis

OTII CDA4" cells were isolated from OTII mouse spleens
using the MACS system. OTII CD4" cells (2-5x 10° cells/
well) were co-cultured in a 96-well plate in complete
medium with lung CD11c* APCs (2-5 x 10* cells/well) from
naive WT mice after PBS or IgG administration. Cultures
were stimulated in vitro with an OVAsy;_s3 peptide (5 pug/ml;
GenWay Biotech, San Diego, CA, USA) or medium for 6 h.
Cytokine mRNA levels were assessed by real-time reverse
transcriptase—polymerase chain reaction (RT-PCR).

RNA isolation and real-time RT-PCR

Total RNA was extracted from cells or tissues using Isogen
(Nippon Gene, Tokyo, Japan). Single-strand cDNA was syn-
thesized using ExScript RT reagent kits (Takara, Otsu,
Japan). Real-time RT-PCR was performed using an ABI
PRISM 7500 Sequence Detection System (Applied Biosys-
tems, Foster City, CA, USA), with primers described in
Table 1. Amplifications were performed in duplicate with
SYBR Premix Ex Taq (Takara), according to the manufactur-
er’s instructions. Target mRNA levels were normalized
against B-actin mRNA.

Adoptive transfer of CD11c* BMDC

Bone marrow dendritic cells (BMDC) were obtained from
WT or FcyRIIb-deficient mice according to the method
described previously [18]. The bone marrow cells were cul-
tured at 1 X 10° cells/ml in the presence of 20 ng/ml murine
granulocyte-macrophage colony-stimulating factor (GM-
CSF). The medium was replaced with a GM-CSF-containing
medium on day 4 of culture. On day 6 of culture, BMDCs
were collected and CD11c¢* BMDCs were purified using the
autoMACS system. Sensitized FcyRIIb-deficient mice were
injected i.v. with 1x10° CD11c¢" BMDCs 24 h before i.v.
administration of IgG and challenged with OVA for 3 days.

Statistical analysis

All results are expressed as mean =* standard deviation. A
t-test was conducted to determine differences between two
groups. As measured values were not distributed normally
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Table 1. Polymerase chain reaction primers.

IFN-y Forward primer
Reverse primer
IL-4 Forward primer
Reverse primer
IL-5 Forward primer
Reverse primer
IL-13 Forward primer
Reverse primer
B-actin Forward primer
Reverse primer

5’-CGGCACAGTCATTGAAAGCCTA-3’
5’-GTTGCTGATGGCCTGATTGTC-3"
5"-TCTCGAATGTACCAGGAGCCATATC-3
5’-AGCACCTTGGAAGCCCTACAGA-3’
5-TCAGCTGTGTCTGGGCCACT-3"
5’-TTATGAGTAGGGACAGGAAGCCTCA-3’
5"-CTCTTGCTTGCCTTGGTGGTCTC-3’
5’-AGGGAATCCAGGGCTACACAGAA-3’
5’-CCCTAAGGCCAACCGTGA-3’
5"-GTTGAAGGTCTCAAACATGATCTG-3

IFN, interferon; IL, interleukin.

and the sample size was small, non-parametric analysis
using a Mann—Whitney U-test confirmed that differences
remained significant, even if the underlying distribution was
uncertain. The P-values for significance were set at 0-05 for
all tests.

Results

IVIgG prevents development of airway inflammation,
hyperresponsiveness and OVA-IgE induced by
OVA challenge

To estimate the effects of IVIgG on bronchial asthma, rabbit
IgG was administered intravenously to the murine allergic
airway inflammation model. OVA sensitization and chal-
lenge induced a substantial increase in total cells in BALF.
This was due largely to increased eosinophil numbers, which
is one of the characteristics of eosinophilic airway inflam-
mation in bronchial asthma. Administration of 1 mg of
rabbit IgG before airway challenge markedly decreased the
number of total cells and eosinophils in BALF (Fig. 1a) in a
dose-dependent manner. The treatment, such as the same
amount of IgM or F(ab’),, did not influence significantly the
BALF cell counts, nor did administration of 1 mg of mouse
IgG influence cell counts. In the IVIgG experiment after
challenge, rabbit IgG administration after OVA challenge for
3 days also reduced the number of total cells and eosinophils
significantly compared with PBS-treated mouse (Fig. 1b).
Because 1 mg of rabbit IgG suppressed airway inflammation
sufficiently, we used this dose to analyse the role of IVIgG
before OVA challenge in our subsequent experiments.

Plasma OVA-IgE levels were also elevated in challenged
mice. This effect was suppressed by rabbit IgG administra-
tion (Fig. 1c). Next, to assess the effect of IVIgG on AHR, the
relative increase of Penh in response to methacholine inha-
lation was evaluated. After OVA challenge, AHR was
increased in OVA-sensitized mice. Administration of 1 mg of
rabbit IgG inhibited the development of AHR significantly
(Fig. 1d).

H&E-stained lung tissue sections showed increased
numbers of inflammatory cells, including eosinophils, in the
peribronchial and perivascular regions of sensitized and

challenged WT mice compared to naive WT mice (Fig. 2a,b).
IVIgG decreased the number of inflammatory cells
(Fig. 2d—g). IVIgG also decreased airway goblet cell hyper-
plasia in PBS-injected mice after OVA sensitization and chal-
lenge upon analysis of PAS-stained lung tissue sections
(Fig. 2¢,th). These data suggest that IVIgG ameliorates
airway inflammatory change and goblet cell hyperplasia in
this murine model.

IVIgG decreased Th2 cytokine levels in BALF

To analyse the Th1/Th2 response in airway, cytokine levels in
BALF were measured. Th2 cytokines, IL-4, IL-5 and IL-13,
were increased in OVA-challenged mice (Fig. 3a—c), and the
increase of IL-4 and IL-5 was attenuated significantly by
IVIgG. No significant differences in IFN-y levels were seen
among challenged and administered mice (Fig. 3d). These
results suggest that IVIgG modifies local Th2 response.

IVIgG prevents transferred OTII T cell proliferation

in vivo

To assess the effect of IVIgG on allergen-specific T cells, the
proliferation of transferred OTII T cells was measured. OVA
challenge apparently induced CD4" T cell proliferation, as
represented by CFSE fluorescence intensity reduced by half
with each cell division of transferred CFSE-labelled OTII T
cells. Reduction of fluorescence was inhibited by previous
administration of IVIgG compared to PBS administration
(Fig. 4a). These results indicate that IVIgG inhibits the pro-
liferation of OVA-specific CD4* T cells.

IVIgG inhibits Th2-induced differentiation of OTII
CD4* T cells

To examine the type of T cell proliferation and contribution
of CD11c* APCs, ex vivo antigen presentation was analysed.
Co-culture of isolated lung CD11c" APCs with OVA peptide
up-regulated IL-4, IL-5 and IL-13 from OT-II CD4" T cells.
This up-regulation was decreased significantly in the
co-culture with lung CD11c¢" APCs from mice administered
with IVIgG (Fig. 4b). IVIgG did not affect IFN-y levels sig-
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Fig. 1. Effects of intravenous (i.v.) immunoglobulin G (IVIgG) on
airway inflammation and hyperresponsiveness. (a) Ovalbumin
(OVA)-sensitized mice received i.v. administration of rabbit IgG (IgG,
0-1-1000 pg), 1000 pg of IgM, F(ab”), or mouse IgG (m-IgG) 1 day
before OVA challenge (OVA/OVA) and total cells and eosinophils in
bronchoalveolar fluid (BALF) were quantified. (b) Schedules of rabbit
IgG administration were compared. The number of total cells and
eosinophils in BALF were measured in mice administered with rabbit
IgG (1000 pg) before and after OVA challenge. (c) The level of plasma
OVA-specific IgE in OVA-challenged mice was compared. (d) Airway
hyperresponsiveness (AHR) was assessed using body
plethysmography. At 24 h after the last challenge, increased enhanced
pause (Penh) in response to inhaled methacholine were measured.
The effects of IgG administration on AHR to methacholine were
expressed on the Y-axis as relative values of Penh to baseline.
*Significant differences (P < 0-05) versus naive mice. tSignificant
differences (P < 0-05), versus phosphate-buffered saline (PBS).

nificantly (Fig. 4b). These results indicate that IVIgG inhibits
the function of lung CD11c* APCs to induce a Th2 reaction.

IVIgG did not affect airway inflammation in
FcyRIIb-deficient mice

To clarify the hypothesis that the target of IVIgG in allergic
airway inflammation is inhibitory FcR, the effect on airway

IgG attenuates asthma via FcyRllb on CD11¢* dendritic cells

inflammation was evaluated in OVA-challenged FcyRIIb-
deficient mice. First, in our experimental model, OVA-
sensitized FcyRIIb-deficient mice did not develop
inflammation spontaneously in lung tissue without antigen
challenge. No significant difference in BALF cell counts was
seen between WT and FcyRIIb-deficient mice sensitized and
challenged with OVA (Fig. 5a). Similarly, histological find-
ings indicated that FcyRIIb-deficient mice developed airway
inflammation to the same extent as WT mice (Fig. 5b).
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PBS IgG PBS 19G
OVA/OVA OVA/OVA

Fig. 2. Effects of intravenous (i.v.) immunoglobulin G (IVIgG) on the
development of airway inflammation and mucus production.
Paraffin-embedded sections of lung of sensitized and challenged mice
were prepared. Representative histological findings for lungs stained
with haematoxylin and eosin (H&E) or periodic-acid Schiff (PAS) are
shown. (a—c) Lung tissue from challenged mice [ovalbumin
(OVA)/OVA + phosphate-buffered saline (PBS)]. (d—f) Lung tissue
from mice administered with 1 mg of IgG (OVA/OVA + IgG). (a,d)
Low-power field of the H&E-stained sample. (b,e) High-power field of
the H&E-stained sample. (c,f) High-power fields of the PAS-stained
sample, which shows mucus stained red by PAS. Scale bar equals

100 pm on low-power fields (a,d) and 50 pm on high-power fields
(b,c,e,f). (g) Scores for peribronchial and perivascular inflammation
are shown. (h) The number of airways free of mucus-producing cells
or containing > 50% PAS-positive-cells are shown. *Significant
differences (P < 0-05) versus PBS.
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Fig. 3. Effects of intravenous (i.v.) immunoglobulin G (IVIgG) on T
helper type 2 (Th2) cytokines in bronchoalveolar fluid (BALF).
Th1/Th2 cytokines in BALF were measured by enzyme-linked
immunosorbent assay (ELISA). Interleukin (IL)-4 (a), IL-5 (b), IL-13
(c) and interferon (IFN)-y (d) levels of ovalbumin (OVA)-sensitized
and challenged mice are shown. *Significant differences (P < 0-05)
versus naive mice. tSignificant differences (P < 0-05) versus
phosphate-buffered saline (PBS).

However, in FcyRIIb-deficient mice, the effects of IVIgG on
the increase of total cells and eosinophils in BALF were not
observed (Fig. 5a). Furthermore, histological change such as
inflammatory cell infiltration into airways and goblet cell
hyperplasia also failed to reveal any apparent effects of IVIgG
in FcyRIIb-deficient mice (Fig. 5b).

IgG effects on FcyRIIb-deficient mice were restored by
adoptive transfer of wild-type CD11c¢" BMDCs

To evaluate the role of FcyRIIb on DCs in allergic airway
inflammation, CD11c* BMDCs were transferred into
FcyRIIb-deficient mice. The effects of IVIgG on the increase
of total cells and eosinophils in BALF, which were absent in
FcyRIIb-deficient mice, were restored by transfer of WT
CD11c¢* BMDC (Fig. 6). CD11c" BMDCs from FcyRIIb-
deficient mice did not influence cell counts significantly in
BALF from PBS- or IgG-administered mice. These findings
suggest that the effects of IVIgG on allergic airway inflam-
mation is largely dependent upon FcyRIIb of CD11c¢" DCs.

Discussion

Here we show for the first time that IgG and its Fc portion
can act on inhibitory FcR expressed by DC to attenuate
the local Th2 response and following allergic airway
inflammation. We have shown the effects of IVIgG to reduce
local Th2 cytokine production and subsequent development
of eosinophilic inflammation and AHR. These effects were
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Fig. 4. Effects of intravenous (i.v.) immunoglobulin G (IVIgG) on
antigen presentation and T helper type 2 (Th2) differentiation. (a)
Flow cytometric analysis of antigen presentation to ovalbumin
(OVA)-specific CD4" T cells in vivo is shown. Carboxyfluorescein
succinimidyl ester (CFSE)-labelled CD4" OVA-specific OTII
lymphocytes (5 x 10° cells) were transferred into mice challenged with
OVA and administered with rabbit IgG or phosphate-buffered saline
(PBS). At 24 h after the last challenge, the proliferation of CD4* T
cells in thoracic lymph nodes (TLNs) was analysed. The histogram
shows the reduction of CFSE intensity, which indicates cell division
and proliferation of the transferred CFSE* CD4" cells. One
representative experiment of three with similar results is presented. In
the inset boxes the percentages of divided (left box) or undivided cells
(right box) among CFSE* CD4" cells subsets in representative data are
shown. (a) The mRNA levels of Th2 cytokines [interleukin (IL)-4,
IL-5, IL-13] and Th1 cytokine [interferon (IFN)-y] in co-culture of
OTII CD4* T cells and lung CD11c* cells with OVAj;3 330 peptide are
shown. CD4* cells (25 x 10° cells) isolated from spleens of OTII mice
using CD4-microbeads and magnetic-activated cell sorting (MACS)
system were stimulated with the OVA peptide (5 pg/ml) and lung
CD11c" cells (2-5 % 10* cells) from IgG/PBS-administered mice. After
6 h, mRNA levels of cytokines were evaluated by real-time polymerase
chain reaction (PCR) *Significant differences (P < 0-05) versus naive
mice. tSignificant differences (P < 0-05) versus PBS.
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Fig. 5. Effects of intravenous (i.v.) immunoglobulin G (IVIgG) on
airway inflammation in FcyRIIb-deficient mice. (a) The cellular
composition of bronchoalveolar fluid (BALF) in wild-type (WT) and
FcyRIIb-deficient mice (IIB) are shown. Sensitized mice received IgG/
phosphate-buffered saline (PBS)-administration and challenged with
ovalbumin (OVA). *Significant differences (P < 0-05) versus WT
OVA/OVA + PBS, fversus IIB naive, $versus WT OVA/OVA + 1 mg
IgG. (b) Representative histological findings of haematoxylin and
eosin (H&E) or periodic-acid Schiff (PAS)-stained lung sections from
FcyRIIb-deficient mice challenged with OVA are shown. Scale bar
equals 50 um.

clarified to be dependent upon FcyRIIb, the unique inhibi-
tory FcR for IgG. Our data also demonstrated the inhibitory
mechanism through FcRs on CD11c¢" APCs in the pathogen-
esis of allergic airway inflammation. FcyRIIb expressed on
immune cells regulates cellular behaviour, such as the pro-
liferation of B cells, phagocytosis by macrophages and
degranulation of mast cells [13,19]. In the present study, we
focused upon the function of CD11c" cells and showed that
it was regulated negatively via FcyRIIb. Lung CD11c* cells are

IgG attenuates asthma via FcyRllb on CD11¢* dendritic cells

APCs, including alveolar macrophages (AMs) and DCs. In
the pathogenesis of asthma, CD11c¢* DCs are especially
potent APCs that have characteristics compatible with
myeloid DCs and stimulate Th2 reactions, such as produc-
tion of IL-4, IL-5, IL-13, resulting AHR and airway
eosinophilia. Airway CD11c* DCs reportedly induce Th2 cell
stimulation during ongoing airway inflammation [20]. Lam-
brecht etal. stated that a Th2 reaction and eosinophilic
inflammation were diminished upon CD11c* cell depletion,
showing that CD11c" myeloid DCs are necessary for the
development and continuation of airway inflammation by
CD11c" cells [21]. Meanwhile, pulmonary macrophages
stimulate the naive T cell proliferation insufficiently and
immunosuppress the APC function of lung DCs in situ [22].
These reports indicate that lung CD11c* DCs play an impor-
tant role in antigen presentation to induce a Th2 reaction
and exacerbate allergic inflammation. Our results, using
transferred BMDCs, emphasize that CD11c¢" myeloid DCs
play important roles among various types of cells involved in
developing allergic inflammation. The effect of promoting
Th2 reaction and inflammation was found to be regulated by
FcyRIIb in the development of asthmatic features. Addition-
ally, IVIgG exerts its effects on developed allergic inflamma-
tion even after OVA challenge, suggesting the therapeutic
effects on airway inflammation. Our data also support the
Th2 response of antigen-specific CD4" cells as an important
step in the development of asthmatic features.

Previous work in animal models indicates that the devel-
opment of many human autoimmune diseases might be
caused by impairment of the FcR regulatory system [13]. It
has been shown that FcyR triggering determination of APC
behaviour is an important step in developing a Th2 response

801
M Total cells

E 60l O Eosinophil
)
3
o 40t
2 "
>
o
S 20} *
[0
(@]

oL

Naive PBSiv IgGiv PBSiv IgGiv PBSiv IgG iv
BMDC (WT)  BMDC (IIB)

OVA/OVA

Fig. 6. Restoration of intravenous (i.v.) immunoglobulin G (IVIgG)
effects on FcyRIIb-deficient mice by adoptive transfer of bone
marrow-derived CD11c* dendritic cells (BMDCs). The total cells and
eosinophils in bronchoalveolar fluid (BALF) from FcyRIIb-deficient
mice are shown. Sensitized and IgG or phosphate-buffered saline
(PBS)-administered mice were transferred BMDCs derived from
wild-type mice (WT) or FcyRIIb-deficient mice (IIB) before OVA
challenge. *Significant differences (P < 0-05) versus

OVA/OVA + BMDC (1IB) + IgG.
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and subsequent allergic inflammation. An asthma model
using Fc receptor gamma chain (FcRy)-deficient mice has
demonstrated that expression of FcRy on APCs is important
for the development of allergic airway inflammation and
AHR [23]. Deletion of FcRy results in the deficiency of
activating-type FcRs, including FcyRI, FeyRIII and FceRl,
which play important roles as activating Fc receptors, but
does not affect the expression or inhibitory function of
FcyRIIb. Regnault et al. reported that DCs derived from
FcRy-deficient mice failed to mature normally or promote
efficient antigen presentation of peptides from exogenous
IgG-complexed antigens [24]. Conversely, a recent report has
shown the inhibitory mechanisms of FcyRIIb on CD11c*
APCs in allergic airway inflammation [25]. In this study,
FcyRIIb on DCs reportedly controls the cellular maturation
state. DCs derived from FcyRIIb-deficient mice showed pro-
liferation of antigen-specific T cells in vitro and in vivo [26].
These reports indicate that signalling through both activat-
ing and inhibitory FcRs regulates the activity of APCs in the
immune system in the pathogenesis of asthma.

In bronchial asthma, IgE and FceRI are generally consid-
ered to be important and logical therapeutic targets. Omal-
izmab is available as anti-IgE therapy and binds to free IgE;
this results in the reduction of FceRI on mast cells and baso-
phils [27]. It has been reported that cross-linking of FceRI
with FcyRIIb on mast cells and basophils inhibits the
degranulation and release of potent inflammatory mediators
[19]. In the alum—OVA model used in this study, develop-
ment of allergic airway inflammation is not dependent upon
the existence of B cells or IgE, but instead on CD4* T cells
[28,29]. These facts suggest that allergic airway inflamma-
tion with a Th2 response can be regulated by the FcyRIIb-
mediated inhibitory pathway on DCs independently of IgE-
FceRI binding. However, there are a few cases of refractory
asthma whose pathogenesis seems to be independent of IgE.
To modify the function of lung DCs via FcyRIIb might be
one of the additional therapeutic strategies in refractory
asthma. For the management of bronchial asthma, it is nec-
essary to approach the pathogenesis with sensitivity to mul-
tiple allergens. In one possible candidate for treatment of
allergic airway inflammation, Sehra ef al. showed that spe-
cific allergen-IgG interactions repressed inflammatory
responses triggered by bystander allergen, thus suggesting
that allergen-specific IgG suppress the immune response
induced by other allergens [11]. Our results show that
IVIgG, which is not specific for allergens, represses DC func-
tion and inflammatory responses induced by OVA through
Fc portion and FcyRIIb. These results confirm the evidence
that IgG, Fc portion and its receptors are potential therapeu-
tic target candidates in the management of bronchial
asthma. Manipulation of the pathway optimizes immuno-
therapeutic strategies by the negative regulatory effect of
FeyRIIb [30].

Dharajiya et al. reported that FcyRIIb-deficient mice
showed increased BALF cellularity, eosinophilia and mucin

content in a mice model upon ragweed extract (RWE) intra-
nasal instillation [25], while our results using OVA inhala-
tion showed no difference between FcyRIIb-deficient mice
and WT mice. The difference in the structure or biological
properties of challenged allergen or the airway challenge
methods might have influenced the consequent asthmatic
features. Their experiments analysing Th2 cytokine levels
from splenocytes showed that FcyRIIb deficiency did not
affect DC function [25]. In our study, isolated lung CD11c*
APCs co-cultured with specific CD4* T cells and OVA-
induced Th2 responses. Moreover, our data showing resto-
ration of IVIgG effects by transfer of WT BMDC suggests
that FcyRIIb inhibits DC function to induce the following
Th2 response. DCs, which have various cellular states, can
influence polarization of T cells depending upon their
lineage, maturation status and the local environment they
are in. Together, the Th2 response in local asthmatic airway
disorders is surmised to be controlled by FcyRIIb on local
lung DCs.

In our results, rabbit IgG exerted its effects as IVIgG while
the same dose of mouse IgG did not. In conjunction with the
results that rabbit IgM or F(ab’), did not attenuate the
inflammatory cells in BALE, an immune reaction induced by
rabbit Fc portion is suggested to exerts its effects via FcyRIIb.
A previous report mentioned the inhibitory mechanisms of
immune complex and FcyRIIb on CD11c¢" DCs [31]. From
the above, our results suggest the possibility that generation
of the immune complex may exert stronger effects on
FcyRIIb of DCs. The dose of mouse IgG used in our experi-
ments was 1 mg/mouse, which is approximately equivalent
to 50 mg/kg body weight. In clinical application, IVIG
therapy is used at much higher doses, 400-500 mg/kg or
more. Our results suggest the possibility that the effects of
allogeneic IgG might be exerted in larger doses while rabbit
IgG modified CD11c" cell function and asthmatic responses
in other mechanisms. The mechanisms of IVIG have been
reported to be involved in Fc receptors; however, formation
of the immune complex and its structural and functional
differences might influence the effects on immune
responses. Further research into the mechanisms of recep-
tors on DCs needs to be conducted.

Although our data represent the function of CD11c¢" APCs
as DCs, APCs and DCs themselves include a heterogeneous
population in peripheral organs such as the lungs. This study
clarified that the function of CD11c¢" myeloid DCs is impor-
tant in the regulation of allergic airway inflammation.
Another DC subset, the plasmacytoid DCs, induces periph-
eral tolerance under non-inflammatory conditions in the
spleen and lymph nodes [12]. Further studies on DC subsets
in the lungs are necessary to distinguish the role of DCs in
asthma and design more effective preventative or therapeutic
strategies for asthma [12].

Both DCs and FcyR are implicated in the development of
allergic airway inflammation in bronchial asthma. FcRs on
APCs and DCs and their signalling also play important roles
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in the development and control of the pathogenesis of
asthma. The present report demonstrates that manipulation
of the inhibitory FcR pathway is a practical therapeutic
means for controlling allergic airway inflammation. Target-
ing IgG-Fc and FcyRIIb on CD11c¢" DC is a promising thera-
peutic strategy in allergic asthma.
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