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SUMMARY

Anaphylaxis denotes an immediate hypersensitivity reaction to allergen, exclusively mediated by IgE
antibodies. However, IgE antibodies do not explain all the syndromes that are encountered. We
investigated potent IgG-mediated anaphylaxis in CD40-deficient mice that lack the immunoglobulin
class switching for T cell-dependent antigens. Immunization with ovalbumin did not induce either
humoral responses of IgG, IgA, and IgE, or systemic anaphylaxis in CD40-deficient mice. Although
systemic anaphylaxis by active immunization was not observed in CD40-deficient mice, both passive
cutaneous anaphylaxis (PCA) and passive systemic anaphylaxis assessed by mouse blood pressure
monitoring with cervical artery catheterization did take place when antigen-specific IgG was transferred
and then antigen challenge given. Further, to investigate the inflammatory pathway of IgG-mediated
immediate hypersensitivity reactions, we focused on the Fcg receptor (FcgR) function. Pretreatment of
the mice with the anti-FcgRII/FcgRIII MoAb clearly blocked the response of PCA and passive systemic
anaphylaxis, suggesting that they were initiated through FcgR. In conclusion, we directly demonstrate
the IgG-mediated anaphylaxis and its triggering mechanism through FcgR in in vivo conditions. In
addition to IgE-mediated anaphylaxis, IgG-mediated anaphylaxis should be considered and the blocking
of FcgR would provide one of the therapeutic targets for the control of IgG-mediated hypersensitivity
diseases.

Keywords anaphylaxis IgG Fcg receptor type I hypersensitivity reaction CD40

INTRODUCTION

Although signalling through high-affinity receptor for IgE (FceRI)
initiated by cross-linking of the receptors through antigen–IgE
antibody interaction is the major cause of anaphylaxis [1], IgE-
independent mechanisms have been speculated to induce the
syndrome [2–5]. Oettgenet al. reported that non-IgE stimulus
played a role in anaphylaxis inin vivo condition from the results
of active anaphylaxis in IgE-deficient mice [5]. However, it has not
been directly determined what played a major role in IgE-inde-
pendent anaphylaxisin vivo. In this study we attempt to determine
the immunoglobulin class which is responsible for IgE-indepen-
dent anaphylaxisin vivo. As it is difficult to obtain mice which lack
the humoral responses of both IgE and IgG, or IgE and IgA, we
used CD40-deficient mice which lack the immunoglobulin class
switching and germinal centre formation for T cell-dependent

antigens, resulting in lack of humoral responses of IgG, IgE, and
IgA, but not IgM [6]. To investigate the role of immunoglobulin
class in anaphylaxis, we induced systemic anaphylaxis in CD40-
deficient mice.

As defined by Coombs & Gell, hypersensitivity reactions have
been subdivided into four types [7]. Type I reactions, including
anaphylaxis, are defined as immediate hypersensitivity mediated
by mast cell-bound IgE antibody. Type II reactions are antibody- or
complement-dependent cytotoxicities mediated by interaction of
cell-bound antigen with IgG or IgM antibody. Type III reactions
are known as immune complex tissue injury mediated by antigen–
IgG immune complex and activated complement. However, recent
reports have demonstrated the important role of Fcg receptor
(FcgR) in initiating IgG-mediated inflammatory reactions both in
type II and in type III reactions and it may lead to a redefinition of
inflammatory pathways [8–10]. In this study, we also investigate
the inflammatory pathway of IgE-independent systemic anaphy-
laxis or the potent IgG-mediated anaphylaxis, and the role of FcgR
function in type I hypersensitivity reaction inin vivo conditions.
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MATERIALS AND METHODS

Mice
C57Bl/6 mice (H-2b) were supplied by the Institute for Laboratory
Animal Research of Nagoya University School of Medicine.
CD40-deficient mice were generated by gene targetting technique
as previously reported [6]. A CD40þ/¹ mouse was produced by
backcrossing the originally described CD40¹/¹ mouse to a
C57Bl/6 mouse. The heterozygous litter mates were intercrossed
to generate CD40þ/þ, CD40þ/¹ and CD40¹/¹ mice. These
mice were genotyped by polymerase chain reaction (PCR) of
genomic DNA obtained from tail biopsy using primers to identify
the rearranged CD40 locus [6]. CD40þ/þ wild-type mice were
used as control.

Immunization and ELISA for antigen-specific immunoglobulins
Wild-type and CD40-deficient mice were immunized with 0·1 mg
ovalbumin (OVA) and 1 mg aluminium hydroxide intraperitone-
ally on day 1, and boosted on day 15. Aluminium hydroxide (1 mg)
alone was administered to wild-type mice as control. For the
detection of OVA-specific antibodies, serum samples were added
to 96-well flat-bottomed microtitre plates coated with OVA, and
bound antibodies were detected by alkaline phosphatase-labelled
isotype-specific antibodies for murine IgM, IgG1, IgG2a, IgG2b,
IgG3 (Southern Biotechnology Associates, Birmingham, AL) and
IgA (PharMingen, San Diego, CA). After addition ofp-nitrophenyl
phosphate as substrate, the optical density (OD) of each well was
measured with a microplate spectrophotometer (EAR 400AT;
SLT-Labinstruments, Salzburg, Austria) equipped with a 405-nm
filter. As for the detection of OVA-specific IgE antibody, biotiny-
lated anti-IgE MoAb (gift of Y. Hattori, Kowa Research Institute,
Kowa Co., Tsukuba, Japan) was used. After addition of avidin–
horseradish peroxidase ando-phenylenediamine dihydrochloride,
the OD of each well was measured with the microplate spectro-
photometer at 492 nm. The spectrophotometer was calibrated at 0
absorption using wells that were treated with the same as experi-
mental wells except for the addition of mouse serum.

Purification of IgG fraction
After wild-type mice were immunized with OVA, anti-OVA serum
was collected by repeated tail vessel cutting. IgG was purified by
affinity chromatography using protein G column (HiTrap Protein
G; Pharmacia, Uppsala, Sweden). After applying the serum onto
the column and washing with washing buffer (20 mM Na-phos-
phate, pH 7·0), bound IgG was eluted to 1-ml fractions with elution
buffer (0·1M glycine–HCl, pH 2·7). Eluted IgG fractions were
evaluated in amount by OD at 280 nm, and the fractions around the
maximum peak were pooled and used in the following procedure.
The buffer was exchanged for PBS using gel filtration method
(NAPTM-25 Column; Pharmacia) and IgG was concentrated by
ultrafiltration device (Centriprep-30; Amicon, Beverly, MA). Pro-
tein was quantified by a dye-binding protein assay (BioRad Protein
Assay; BioRad, Richmond, CA) and diluted to 8 mg protein/ml by
the appropriate PBS. Finally, the product was incubated at 568C for
2 h to deplete binding capacity of IgE to FceRI, even if contami-
nating IgE was present. Purity of the anti-OVA IgG was then
assessed by ELISA and no detectable IgE or IgA was confirmed.

Passive cutaneous anaphylaxis
Wild-type and CD40-deficient mice were injected intradermally on
their backs with the purified mouse anti-OVA IgG fraction ranging
from 0·8mg to 0·025mg per site in steps of two-fold dilution. One

hour later the mice were injected intravenously with 0·25 mg OVA
and 0·5% Evans blue, and their passive cutaneous anaphylaxis
(PCA) titres were determined by extravasation of blue dye 30 min
after antigen challenge [11,12]. The minimum dose which caused a
blue spot at the injected site> 5 mm in diameter was defined as the
PCA titre.

Assessment of systemic anaphylaxis
For assessment of active systemic anaphylaxis, mice were given
0·5 mg OVA intravenously to induce systemic anaphylaxis under
light ether anaesthesia on day 29 after primary immunization. The
survival rate was analysed 1 h after antigen challenge. On the other
hand, passive systemic anaphylaxis was assessed by blood pressure
monitoring. Twenty-four hours after the purified IgG fraction of
anti-OVA serum (5 mg/mouse) or PBS (control) was administered
intraperitoneally to wild-type and CD40-deficient mice, they were
anaesthetized with an i.p. injection of pentobarbital sodium (Nem-
butal; Abbott Labs, North Chicago, IL) (50mg/g) and cannulated
with polyethylene tubes in the carotid artery for blood pressure
monitoring and in the right jugular vein for antigen injection [13].
Blood pressure was measured by blood pressure amplifier AP-
641G (Nihon Kohden, Tokyo, Japan) with Uniflow (Baxter, Irvine,
CA) as the transducer. Then the mice were challenged with OVA.
Blood pressure was monitored for> 1 h after OVA injection unless
the mice died earlier. For measurement of plasma histamine, blood
was collected for plasma preparation into EDTA tubes on ice
before and 2 min after i.v. injection of OVA. Concentrations of
plasma histamine were quantified by the radioimmunoassay kit
(Mitsubishi Kagaku BCL, Tokyo, Japan) following the manufac-
turer’s instructions.

Blocking of FcgR function
For blocking experiments of FcgR function, the anti-murine
FcgRII/FcgRIII MoAb (2.4G2; PharMingen) was used [14,15].
The purified IgG fraction of anti-OVA serum (0·4mg per site) was
injected to CD40-deficient mice intradermally with or without
0·5mg of 2.4G2 MoAb for PCA experiments. Standard murine IgG
(Zymed Labs, South San Francisco, CA) was used as control. For
passive systemic anaphylaxis, the 2.4G2 MoAb (8mg/g body
weight) was administered intraperitoneally to CD40-deficient
mice 90 min before passive immunization with the purified IgG
(5 mg/mouse) [15].

RESULTS

Systemic anaphylaxis in CD40-deficient mice
Wild-type and CD40-deficient mice were immunized with OVA
and aluminium hydroxide on day 1 and day 15. Serum anti-OVA
immunoglobulin levels evaluated by ELISA demonstrated the
absence of humoral response other than IgM in CD40-deficient
mice, whereas the increase of all classes of immunoglobulin was
detected in wild-type mice (Fig. 1). Then we used these mice for
the assessment of immediate systemic anaphylaxis. Intravenous
administration of OVA on day 29 clearly revealed immediate
systemic anaphylaxis in wild-type mice. All of them died, typically
within 60 min. However, anaphylaxis was not observed in CD40-
deficient mice, and all of them survived (Table 1). These results
demonstrate that systemic anaphylaxis by active immunization did
not take place in CD40-deficient mice, and the results indicate that
the immune responses of IgG or IgA might be necessary for IgE-
independent systemic anaphylaxis by active immunizationin vivo.
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IgG-mediated hypersensitivity reaction in CD40-deficient mice
To analyse the possible role of immunoglobulin classes, especially
IgG, in systemic anaphylaxis, we purified the IgG fraction from the
serum of wild-type mice immunized with OVA. First, we adopted
the PCA system. The purified IgG fraction of anti-OVA serum was
injected intradermally on the backs of wild-type and CD40-
deficient mice. OVA and Evans blue dye were injected intrave-
nously 1 h later and the titre of PCA was determined 30 min after

i.v. OVA challenge (Table 2). We obtained the positive responses
of PCA in both wild-type and CD40-deficient mice when these
mice were treated with the purified anti-OVA IgG but not with
control IgG. Then we evaluated IgG-mediated passive systemic
anaphylaxis by blood pressure monitoring system. We prelimina-
rily observed systemic anaphylaxis both in wild-type and CD40-
deficient mice by passive immunization of anti-OVA serum which
contained anti-OVA IgE and IgA as well as anti-OVA IgG (data
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Figure 1. Antibody responses of wild-type and CD40-deficient mice to ovalbumin (OVA) antigen. Wild-type and CD40-deficient mice were immunized
with OVA and aluminium hydroxide intraperitoneally on day 1, and boosted on day 15. Serum levels of anti-OVA antibodies for IgG1, IgG2a, IgG2b, IgG3,
IgM, IgA and IgE were evaluated in each serum collected on days 1, 15 and 29 by ELISA, as described in Materials and Methods. The numbers of evaluated
mice were eight for wild-type mice and seven for CD40-deficient mice. Results were expressed by the differences of optical density (OD) from the baseline,
that was defined as the OD of serum obtained before immunization in each mouse. The results of IgG2a, IgG2b and IgG3 had the same tendency as IgG1, and
the control group revealed no responses in all subclasses (data not shown).



not shown). To elucidate the role of anti-OVA IgG more precisely,
the blood pressure of wild-type and CD40-deficient mice passively
sensitized with the purified IgG fraction of anti-OVA serum (5 mg/
mouse) was monitored by cervical artery catheterization technique
[13]. Following i.v. administration of OVA, blood pressure
increased abruptly but then decreased rapidly within 10 min both

in wild-type mice and in CD40-deficient mice (Fig. 2a,b). In
addition, a marked increase in plasma histamine was observed
both in wild-type and in CD40-deficient mice after antigen chal-
lenge (Table 3). The severity of anaphylaxis, that sometimes
resulted in death in CD40-deficient mice passively sensitized
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Table 1. Numbers of survivors after antigen challenge for
active systemic anaphylaxis

Wild-type CD40-deficient

Immunized 0/13 10/10
Non-immunized 6/6 Not done

Wild-type and CD40-deficient mice were immunized
intraperitoneally with ovalbumin (OVA) and aluminium
hydroxide on day 1 and day 15 (immunized). Aluminium
hydroxide alone was administered to wild-type mice as
controls (non-immunized). These mice were given OVA
intravenously to induce systemic anaphylaxis on day 29.
Survival rate was analysed 1 h after antigen challenge.
Numbers indicate survivors/challenged mice.

Table 2. Geometric mean and range of passive cutaneous
anaphylaxis (PCA) titres in wild-type and CD40-deficient mice

Wild-type CD40-deficient

PCA titre (mg) 0·14 (0·1–0·2) 0·13 (0·1–0·2)

Wild-type and CD40-deficient mice were injected intrader-
mally on their backs with the purified IgG fraction of anti-
ovalbumin (OVA) serum ranging from 0·8mg to 0·025mg per
site in steps of two-fold dilution. One hour later the mice were
injected intravenously with 0·25 mg OVA and 0·5% Evans blue
and their PCA titres were determined by extravasation of blue
dye 30 min after antigen challenge. The minimum dose which
caused a blue spot at the injected site> 5 mm in diameter was
defined as the PCA titre. Geometric mean and range of six
experiments are shown.

150

100

50

0

150

100

50

0

150

100

50

0

150

100

50

0

(a) (b)

(c) (d)

Dead Dead

20 40 60

OVA i.v. Time (min)

20 40 60

OVA i.v. Time (min)

20 40 60

OVA i.v. Time (min)

20 40 60

OVA i.v. Time (min)

B
lo

o
d

 p
re

s
s
u

re


(m
m

H
g

)

B
lo

o
d

 p
re

s
s
u

re


(m
m

H
g

)

Figure 2. Blood pressure monitoring for passive systemic anaphylaxis. Twenty-four hours after the purified IgG fraction of anti-ovalbumin (OVA) serum
injection, the mice were challenged intravenously with OVA. Blood pressure was monitored for more than 1 h after OVA injection. For the blocking of FcgR
function, 2.4G2 MoAb (8mg/g body weight) was administered intraperitoneally to CD40-deficient mice 90 min before passive immunization with the purified
IgG fraction. (a) Wild-type mouse treated with the purified IgG of anti-OVA serum. (b) CD40-deficient mouse treated with the purified IgG of anti-OVA
serum. (c) CD40-deficient mouse treated with PBS (control). (d) CD40-deficient mouse treated with 2.4G2 MoAb and the purified IgG of anti-OVA serum.
Three independent experiments were performed with similar results. Representative data are shown.



with the purified IgG, was not different from that in wild-type mice
treated similarly. In contrast, control mice treated with PBS
revealed no change of blood pressure or plasma histamine level
after antigen challenge (Fig. 2c and Table 3). These findings
suggest that IgG might be responsible for the induction of immedi-
ate systemic hypersensitivity reaction without the humoral
response of IgE.

Role of FcgR in systemic anaphylaxis
To investigate the inflammatory pathway of IgG-mediated hyper-
sensitivity reactions, we focused on the FcgR functionin vivo. As

the anti-FcgRII/FcgRIII MoAb (2.4G2; PharMingen) has been
reported to block the FcgRII/FcgRIII function [14,15], we adopted
this antibody for the inhibition of both IgG-mediated PCA and
IgG-mediated passive systemic anaphylaxis. The results showed
that the pretreatment of the anti-FcgRII/FcgRIII antibody (0·5mg)
completely inhibited IgG-mediated PCA (Fig. 3; upper rightversus
upper left). Furthermore, as shown in Fig. 2d, blood pressure of
CD40-deficient mice pretreated with the anti-FcgRII/FcgRIII anti-
body fell slowly following antigen challenge and maintained
>60 mmHg. The mice recovered within 2 h after antigen challenge
and survived. Thus, we observed that IgG-mediated immediate
systemic anaphylaxis assessed by blood pressure monitoring was
inhibited by the i.p. administration of anti-FcgRII/FcgRIII anti-
body. These findings suggest that IgG initiates the immediate
hypersensitivity reactions through FcgR even inin vivoconditions.

DISCUSSION

CD40 is a member of the tumour necrosis factor receptor family of
cell surface proteins and has been shown to be an essential
molecule of B cell class switching for T cell-dependent antigens
[6]. In animal models, CD40-deficient mice lack the immunoglo-
bulin class switching for T cell-dependent antigens and their
immune responses have been shown to be quite similar to those
of X-linked hyper-IgM syndrome, which is caused by human
genetic disorder of CD40 ligand. IgG, IgA and IgE responses,
but not the IgM response, are not induced by immunization of T
cell-dependent antigens both in CD40-deficient mice and patients
with X-linked hyper-IgM syndrome. Thus, CD40-deficient mice
are useful models for analysing the role of immunoglobulin classes
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Table 3. The level of plasma histamine before and after antigen challenge
for passive systemic anaphylaxis

Before antigen 2 min after
Anti-OVA IgG challenge antigen challenge

treatment (ng/ml) (ng/ml)

Wild-type þ 94·36 63·2 51236 2765
– 42·76 22·4 1666 33

CD40-deficient þ 65·96 14·6 97806 4814
– 29·36 8·9 3156 247

Twenty-four hours after injection of the purified IgG fraction of anti-
ovalbumin (OVA) serum or PBS, the mice were challenged intravenously
with OVA. Before and 2 min after injection of OVA, blood was collected
for plasma preparation. Concentration of plasma histamine was measured
by the radioimmunoassay kit (see Materials and Methods). Values are
means6 s.d. (n¼ 4, anti-OVA IgG-treated mice;n¼ 2, PBS-treated mice).

Figure 3. Inhibition of IgG-mediated passive cutaneous anaphylaxis (PCA) by the blocking of FcgR function in CD40-deficient mice. The purified IgG
fraction of anti-ovalbumin (OVA) serum was injected into CD40-deficient mice intradermally with or without 2.4G2 MoAb. Standard murine IgG was used
as control. Similar results were confirmed in four independent experiments. Upper right, anti-OVA IgG with 2.4G2; upper left, anti-OVA IgG alone; lower
right, standard murine IgG with 2.4G2; lower left, standard murine IgG alone.



on immunological reactions. We show in this study that systemic
anaphylaxis did not take place in CD40-deficient mice by the
active immunization of T cell-dependent antigens. In contrast to
CD40-deficient mice, IgE-deficient mice sensitized with antigen
revealed anaphylaxis on antigen challenge [5]. Considered with the
other findings fromin vitro experiments suggesting that non-IgE
stimuli might cause anaphylaxis [2–4,16,17], we hypothesized that
IgG, which is a homocytotropic antibody other than IgE, might be
responsible for the immediate systemic anaphylaxis. In this study
we demonstrate the positive responses of PCA and systemic
anaphylaxis by transferring the antigen-specific IgG fraction both
in CD40-deficient mice and wild-type mice. Taking all the data
into consideration, we propose that IgG plays an important role in
triggering IgE-independent hypersensitivity reactions even inin
vivo conditions. In human beings the contribution of IgG anti-
bodies to anaphylaxis remains a topic of discussion, and it may not
be easy to adopt our results into human beings directly. However,
as some investigators recently reported an anaphylactic role of IgG
[18,19], further investigation would be required.

The FcRg subunit is an essential component of not only the
high-affinity receptor for IgE (FceRI), but also the high- and low-
affinity receptors for IgG (FcgRI and FcgRIII) [20,21]. Targeted
disruption of the FcRg subunit gene in mice resulted in the
absence of IgE-mediated anaphylaxis and Arthus reaction [9,22].
Although FcgRI is mainly expressed on phagocytes and not on
mast cells, FcgRIII is present on murine mast cells [23]. FcgRII,
the other low-affinity receptor for IgG, is also expressed on mast
cells, but it acts as a general negative regulator through phos-
phorylated immunoreceptor tyrosine-based inhibition motif, which
inhibits FceRI-mediated or immune complex-triggered activation
[12,24,25]. In the light of these findings and our results, we
hypothesized that the blocking of FcgRIII may reduce the IgG-
mediated immediate hypersensitivity reactions. In fact, we demon-
strated that pretreatment with 2.4G2, anti-murine FcgRII/FcgRIII
MoAb, resulted in the inhibition of IgG-mediated systemic ana-
phylaxis inin vivoconditions. Taken together with other investiga-
tions [16,17,26–29], we speculated that IgG-mediated anaphylaxis
was triggered through FcgRIII, and the blocking of FcgR would
provide us with one of therapeutic targets for the control of
immediate hypersensitivity diseases.

Recently, Miyajimaet el.and Dombrowiczet al. reported that
IgG could induce anaphylaxis via FcgRIII, which was similar to
our results [26,27]. In addition to the essential role of FcgRIII in
the induction of anaphylaxis, they indicated the important role of
cell populations other than mast cells. However, histamine has
been considered to be derived only from mast cells or basophils in
mice. We demonstrate here that plasma histamine was markedly
increased after induction of anaphylaxis, suggesting that mast cells
play an essential role even in IgG-mediated anaphylaxis.

Again, although the IgE-triggered release of mast cell media-
tors in response to antigen is thought to be the primary event in
immediate hypersensitivity reactions such as systemic anaphy-
laxis, previous reports showed that mast cells can be activated by
IgE-independent mechanisms [2–5]. Furthermore, mast cells have
been shown to express FcgR [23]. Taking all these data together,
we speculated that the interaction of antigen, antigen-specific IgG,
and its cognate FcgR on the cell surface of mast cells is another
step triggering an immediate hypersensitivity reaction and ana-
phylaxis (type I hypersensitivity reaction). Recently, Ravetch
reported the important role of FcgR in initiating IgG-mediated
inflammatory reactions [10]. Genetic deletion of theg subunit of

Fc receptors in mice resulted in the attenuation of the cytotoxic
antibody responses (type II hypersensitivity reaction) [8] and the
Arthus reaction triggered by immune complexes did not occur in
the absence of FcgR even if an intact complement system was
present (type III hypersensitivity reaction) [9,28,29]. Taking these
findings and our results into consideration, we suggest that the
antigen–IgG complex directly bound to FcgRIII on mast cells
stimulates their degranulation, and FcgRIII may play the key role
in triggering the IgE-independent immediate hypersensitivity reac-
tion as well as the other IgG-mediated inflammatory reactions such
as type II and type III hypersensitivity reactions. In addition to the
classical immunological dogma of anaphylaxis in IgE-triggering
type I hypersensitivity, the IgG-triggering type I hypersensitivity
should be considered. Furthermore, we speculate that FcgR may be
one of the common targets for the treatment of allergic diseases
including IgG-mediated hypersensitivity reactions of type I, II and
III.
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