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Prominent eosinophil infiltration is a characteristic
of some forms of vasculitis, such as Churg-Strauss
syndrome, also known as allergic granulomatous vas-
culitis. In the current study, we established a mouse
model of cutaneous eosinophilic vasculitis by the cu-
taneous reverse passive Arthus reaction using IgE in-
jection instead of IgG. Wild-type C57BL/6 mice were
injected with IgE anti-trinitrophenyl antibodies, fol-
lowed immediately by intravenous administration of
trinitrophenyl bovine serum albumin. IgE-mediated
immune complex challenge induced substantial hem-
orrhage with marked infiltration of eosinophils in
which neutrophils, mast cells, and macrophages
were also mixed. This finding contrasted remarkably
with the neutrophil-dominant infiltration pattern in
IgG-mediated immune complex challenge. In the le-
sion, the expression level of monocyte chemotactic
protein-3 was increased, and anti-monocyte chemo-
tactic protein-3 treatment resulted in a significant but
incomplete blockade of eosinophil recruitment. Fur-
thermore, mice lacking E-selectin, P-selectin, L-selec-
tin, or intercellular adhesion molecule-1, as well as
wild-type mice that received anti-vascular cell adhe-
sion molecule-1-blocking antibodies were assessed
for the IgE-mediated Arthus reaction. After 24 hours,
the loss of P-selectin resulted in a significant reduc-
tion in eosinophil accumulation compared with both

wild-type mice and other mouse mutants. Collec-
tively, the Fc class of immunoglobulins, which forms
these immune complexes , critically determines the
disease manifestation of vasculitis. The IgE-medi-
ated cutaneous reverse passive Arthus reaction may
serve as an experimental model for cutaneous eo-
sinophilic infiltration in vasculitis as well as in
other diseases. (Am J Pathol 2009, 174:2225–2233; DOI:

10.2353/ajpath.2009.080223)

Eosinophilia is associated with a variety of infectious,
allergic, and inflammatory diseases, including helminth
infection, asthma, allergic rhinitis, atopic skin diseases,
and inflammatory bowel disease, as well as idiopathic
hypereosinophilic syndrome.1,2 Eosinophils also play a
major role in some forms of vasculitis.3,4 The most prom-
inent example is Churg-Strauss syndrome (CSS; also
known as allergic granulomatous vasculitis), which oc-
curs in patients with a history of asthma and is charac-
terized by a necrotizing vasculitis of small arteries and
veins, with extravascular granulomas and a marked eo-
sinophilia in the lesion and in the peripheral blood.3,5–7

Activated eosinophils induce tissue destruction and in-
flammation, while the mechanism that generates eosino-
philic vasculitis remains unclear. Several lines of evi-
dence have suggested a role of IgE in CSS. Serum IgE
levels are elevated and often correlate with disease ac-
tivity in CSS. IgE deposition in affected blood vessels is
also observed occasionally.8 Therefore, the pathogene-
sis of CSS may involve IgE through immune complex (IC)
deposition containing IgE.

IC-mediated tissue injury has been implicated in the
pathogenesis of vasculitis syndrome. The classical ex-
perimental model for such IC-mediated tissue injury is the
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Arthus reaction, which induces edema and hemorrhage
in the skin.9,10 Currently, most the frequently used is the
reverse passive Arthus reaction, in which IgG antibody
(Ab) is injected at the site where the investigator wishes
the inflammatory response to develop, followed immedi-
ately by an intravenous application of the antigen.9–13

IgG-induced IC-mediated vascular tissue damage re-
quires the accumulation of neutrophils and mast
cells.11,12,14–18 This process is tightly regulated by che-
motactic factors and adhesive interactions between leu-
kocytes and the vascular endothelium, including selec-
tins, integrins, and Ig superfamily members, including
intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1).19–21 Nonetheless, it
remains unknown which molecules are responsible for
the development of eosinophilic vasculitis.

In this study, an experimental mouse model of cutane-
ous eosinophilic vasculitis was established using the IgE-
mediated cutaneous reverse passive Arthus reaction.
This model developed a marked accumulation of eosin-
ophils surrounding the blood vessels, resulting in sub-
stantial hemorrhage. Thus, this model demonstrates that
the Fc class of Ig that forms IC can critically determine
the disease manifestation.

Materials and Methods

Mice

C57BL/6 mice, P-selectin�/�,22 and E-selectin�/�23 mice
were obtained from The Jackson Laboratory (Bar Harbor,
ME). L-selectin�/� mice were produced as described
previously.24 ICAM-1�/� mice,25 expressing residual
amounts of ICAM-1 splice variants in the thymus and
spleen but not in other organs including skin,26 were also
obtained from The Jackson Laboratory. All mice were
healthy, fertile, and did not display evidence of infection
or disease. All mice were backcrossed for 10 generations
into the C57BL/6 background. Mice used for experiments
were 12 to 16 weeks old. All mice were housed in a
pathogen-free barrier facility and screened regularly for
pathogens. All studies and procedures were approved
by the Committee on Animal Experimentation of Ka-
nazawa University Graduate School of Medical Science.

Cutaneous Reverse Passive Arthus Reaction

For the cutaneous reverse passive Arthus reaction,11–13

mice were anesthetized by inhalation of diethyl ether,
shaved on their abdominal skin, and wiped with 70%
ethanol. Mouse IgE or IgG anti-trinitrophenyl (TNP) Abs
(66 �g/30 �l; BD Biosciences, San Diego, CA) were
injected once intradermally into the abdominal skin of the
mice using a 29-gauge needle, followed immediately by
i.v. injection of 2,4,6-trinitrophenyl bovine serum albumin
(TNP-BSA, 800 �g/400 �l; LSL, Japan) in PBS via the tail
vein. The intradermal injection of mouse IgE or IgG anti-
TNP Abs (66 �g/30 �l) followed by i.v. installation of BSA
in PBS served as a control. For a blocking study using
mAbs against VCAM-1 (Clone 429 MVCAM.A, rat IgG2a,

30 �g per mouse; BD Biosciences, San Diego, CA), mAb
were given as an i.v. injection 30 minutes before IC
challenge.13 For a blocking study using goat polyclonal
Abs against monocyte chemotactic protein (MCP)-3 (50
�g per mouse; Abcam, Cambridge, UK), anti-MCP-3 Abs
were give as an i.v. injection 30 minutes before IC chal-
lenge. Goat polyclonal IgG (50 �g per mouse; Sigma, St.
Louis, MO) served as a control.

The amount of hemorrhage was assessed at 24 hours
after IC challenge. Mice were sacrificed, and the skin
containing the injection site was removed at the level
of the fascia above the skeletal muscle and was re-
versed. The diameters of purpuric spots and bleeding
vessels on the fascia side of the injection site were mea-
sured by using Adobe Photoshop 5.0 software. The di-
ameters of the major and minor axes of the purpuric spots
were averaged. Then, the ratio of purpuric spot diameter/
bleeding vessel diameter was evaluated.

Histological Examination and
Immunohistochemical Staining

Tissues were harvested before and at 4, 8, 12, 24, 48,
and 72 hours after IC challenge using a disposable sterile
6-mm punch biopsy blade (Maruho, Osaka, Japan) and
assessed for tissue damage and the numbers of infiltrat-
ing eosinophils, mast cells, and neutrophils. Tissue sam-
ples were cut into halves, fixed in 3.5% paraformalde-
hyde, and then embedded in paraffin. Six-micron
sections were stained using H&E for inflammatory cell
evaluation and toluidine blue for mast cell evaluation.
Hansel staining was used for eosinophil evaluation.27 To
identify neutrophils, polyclonal anti-myeloperoxidase (an-
ti-MPO; Thermo Scientific, Fremont, CA) Abs were used
on paraffin-embedded sections by the following
procedure.

For immunohistochemistry, frozen tissue sections were
acetone fixed and incubated with 10% normal rabbit
serum in PBS to block nonspecific staining, followed by
the incubation with rat monoclonal Abs; anti-mouse Si-
glec-F (E50–2440; BD Biosciences), anti-mouse Gr-1
(RB6–8C5; BD Biosciences), or macrophage-specific
F4/80 Abs (BD Biosciences).28 Rat IgG was used as a
control for non-specific staining. Sections were incubated
with a biotinylated secondary Abs and then horseradish
peroxidase-conjugated avidin (Vector Laboratories, Bur-
lingame, CA).

Eosinophil, mast cell, and neutrophil infiltration was
evaluated by counting extravascular cells in the entire
section and averaging the numbers present in eight serial
skin sections from the injection site. Each section was
examined independently by three investigators in a
blinded fashion, and the mean was used for analysis.

RNA Isolation and Real-Time Reverse
Transcription-PCR

Skin samples were harvested before and 12 and 24 hours
after IC challenge, and total RNA was isolated from fro-

2226 Ishii et al
AJP June 2009, Vol. 174, No. 6



zen skin specimens using QIAGEN RNeasy spin columns
(QIAGEN Ltd., Hilden, Germany) and digested using
DNase I (QIAGEN Ltd.) to remove chromosomal DNA in
accordance with the manufacturer’s protocol. Total RNA
was reverse transcribed to cDNA using a Reverse Tran-
scription System with random hexamers (Promega, Mad-
ison, WI). The expression levels of eotaxin-1, eotaxin-2,
eotaxin-3, MCP-3, and RANTES (regulated on activation
normal T cell expressed and secreted) were analyzed by
using a real-time quantification method in accordance
with the manufacturer’s instructions (Applied Biosystems,
Foster City, CA). Sequence-specific primers and probes
were designed with Pre-Developed TaqMan Assay Re-
agents (Applied Biosystems). Real-time PCR (40 cycles
of denaturation at 92°C for 15 seconds and annealing at
60°C for 60 seconds) was performed using an ABI Prism
7000 Sequence Detector (Applied Biosystems). Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was
used to normalize mRNA levels. Relative expression of
real-time PCR products was determined using the ��CT

technique as described previously.29 Briefly, one of the
control samples was chosen as a calibrator, and each set of
samples was normalized using the difference in threshold
cycle (CT) between the target gene and a house-keeping
gene (GAPDH): �CT � (CT target gene � CT GAPDH). Relative
mRNA levels were calculated using the expression
2���CT, where ��CT � �CT sample (n) � �CT calibrator (n).
Each reaction was done in triplicate.

Statistical Analysis

The Mann-Whitney U-test was used for determining the
level of significance of differences in sample means and
Bonferroni’s test was used for multiple comparisons. A P
value �0.05 was considered statistically significant. All
data are shown as means � SEM.

Results

IgE-Mediated Cutaneous Reverse Passive
Arthus Reaction Results in Hemorrhage with
Eosinophil Infiltration

Cutaneous reverse passive Arthus reaction in mice using
IgG Abs exhibits IC-mediated vascular damage with neu-
trophil and mast cell accumulation. To assess whether
another Ig class can also induce vascular damage in the
cutaneous reverse passive Arthus reaction, the injection
of IgE anti-TNP Abs, followed immediately by i.v. instal-
lation of TNP-BSA, was attempted in wild-type C57BL/6
mice. IgE-mediated cutaneous reverse passive Arthus
reaction demonstrated substantial hemorrhage (Figure
1A). Histopathology revealed the destruction of blood
vessels with inflammatory cell infiltration and extravasa-
tion of red blood cells (Figure 2, A and B), demonstrating
the presence of vasculitis. Because the size of hemor-
rhage may depend on the diameter of the blood vessel,
the diameter ratio of the purpuric spot/bleeding vessel
was evaluated for the analysis. The hemorrhage size (ie,
diameter ratio) induced by IgE anti-TNP Abs was slightly
smaller than that induced by IgG anti-TNP Abs, although
the difference was not statistically significant (P � 0.059,
Figure 1B). A remarkable finding was that the infiltrated
cells were predominantly eosinophils, which was re-
vealed on skin tissue sections with H&E staining (Figure
2, A and B) and Hansel staining (Figure 2C). Furthermore,
neutrophil infiltration, which is the predominant IgG-me-
diated response, was also observed by anti-MPO Ab
staining, although it was less intense than eosinophil
infiltration (Figure 2D). Mast cells and macrophages were
also present (Figure 2, E and F). After preliminary exam-
inations of various concentrations of Ab and antigen,
injections of 66 �g/30 �l IgE anti-TNP Abs and 800 �g/
400 �l TNP-BSA in PBS were chosen for the following

Figure 1. A: The macroscopic findings of IgE-
mediated cutaneous reverse passive Arthus re-
action in wild-type mice. B: The size of hemor-
rhage after 24 hours induced by intradermal IgG
or IgE anti-TNP Ab injection followed by i.v.
injection of TNP-BSA was assessed. The diame-
ter ratio indicates the mean diameters of pur-
puric spots divided by the diameter of bleeding
vessels. Horizontal bars indicate mean values for
each group of mice.
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experiments because this combination was sufficient for
reproducing eosinophil infiltration (data not shown).

When the time course of eosinophil accumulation in
skin tissue sections was assessed at 4, 8, 12, 24, 48, and
72 hours after IC challenge, eosinophil numbers reached
a maximum at 24 hours (Figure 3A). In contrast, mast cell
accumulation, as assessed by staining with toluidine
blue, was observed at a similar density from 4 to 24 hours
but also peaked at 24 hours after IC challenge (Figure
3B). Moreover, the size of hemorrhage caused by IgE-
mediated IC challenge also peaked after 24 hours of IC
formation (data not shown). Collectively, cutaneous in-
flammation induced by the Arthus reaction with IgE anti-

TNP Abs peaked in intensity after 24 hours of IC
formation.

Eosinophil Infiltration Is Specific for
IgE-Mediated IC Challenge

To determine whether eosinophil infiltration is specific for
IgE-mediated IC challenge or is induced by IgG Ab in-
jection as well, the numbers of infiltrated eosinophils were
compared between IgG- and IgE-mediated Arthus reac-
tion in wild-type mice (Figures 3C and 4, A and B).
Control IgG or IgE Abs or IgG or IgE anti-TNP Abs were

Figure 2. Histological tissue sections of the skin from wild-type mice during IgE-mediated Arthus reaction. Skin tissues were harvested at 24 hours after IC
challenge. H&E staining demonstrated a damaged vessel with prominent inflammation (A) and leukocytoclastic vasculitis with clearly visible eosinophils (B).
Eosinophils (arrows) were detected by Hansel staining (C); neutrophils (arrows) by anti-MPO Ab staining (D); mast cells (arrows) by metachromatic staining
of granules in toluidine blue-stained sections (E); and macrophages (arrows) by anti-F4/80 Ab staining (F). Original magnification � �100 (A) and �200 (B–F).
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injected intradermally, followed immediately by an i.v.
injection of TNP-BSA under identical condition. Injection
of control IgG or IgE Abs did not induce eosinophil ac-
cumulation, while infiltrated eosinophil numbers were
slightly but significantly increased by IgG anti-TNP Ab
injection compared with the controls (9.2 cells/mm2, 1.8-
fold, P � 0.05). However, IgE anti-TNP Ab induced strik-
ingly increased eosinophil accumulation (122.3 cells/
mm2), which was 13.4-fold higher than IC challenge
mediated by IgG anti-TNP Abs after 24 hours (P �
0.0001, Figure 3C). Eosinophils were identified using
Hansel staining and were also confirmed by immuno-
staining with anti-Siglec-F Ab (Figure 4, A and B). Thus,
IgE-mediated IC challenge induced significantly more
eosinophil infiltration than IgG-mediated IC challenge.

Neutrophil infiltration was also evaluated by immuno-
staining using anti-MPO and anti-Gr-1 Abs (Figures 3E
and 4, A and B). In contrast to IgE anti-TNP Abs, skin
biopsies revealed that IgG anti-TNP Abs mainly induced
the accumulation of neutrophils instead of eosinophils, as
reported previously (Figure 4B).11,12 IgE anti-TNP-medi-
ated IC challenges also the induced accumulation of
neutrophils, although the numbers of neutrophils re-
cruited by IgE-mediated IC challenges were significantly
fewer than IgG-mediated IC challenges (325.3 cells/mm2

in IgG and 185.5 cells/mm2 in IgE; P � 0.05, Figure 3E).
Thus, while both IgE- and IgG-mediated IC challenges
induced the recruitment of neutrophils and mast cells,
IgE-mediated IC challenges preferentially recruited eo-
sinophils; IgG-mediated IC challenges induced more
neutrophils than IgE-mediated IC challenges. In addition,
mast cell recruitment was observed both in IgG and IgE

anti-TNP-mediated IC challenges after 24 hours (Figures
3D and 4, A and B), and accumulated mast cell numbers
were similar between IgE- and IgG-mediated IC chal-
lenges. When IgA Ab was used for the induction of the
cutaneous reverse passive Arthus reaction, the infiltrated
cell profile was almost identical with IgG-mediated IC
challenges (data not shown). Therefore, the Ig class of
injected Ab is an important factor for eosinophil/neutro-
phil accumulation in the Arthus reaction.

Chemokine Expressions in IgE-Mediated
Cutaneous Reverse Passive Arthus Reaction

The accumulation of eosinophils is regulated by chemo-
kines, including eotaxin and MCP-3.30 To identify the
chemokine(s) responsible for eosinophil recruitment by
IgE-mediated IC challenge, chemokine expression levels
were measured in skin tissue sections before IC forma-
tion and after 12 and 24 hours. While there was no sig-
nificant differences in eotaxin-1 mRNA levels between
before and after 12 or 24 hours (Figure 5A), the MCP-3
mRNA level was increased significantly after 12 hours
(4.1-fold, P � 0.05) and 24 hours (3.4-fold, P � 0.05)
compared with the expression level before IC challenge
(Figure 5B). In addition, there were no significant in-
creases in the mRNA expression levels of eotaxin-2,
eotaxin-3, or RANTES between before and after 12 or 24
hours (data not shown). Therefore, MCP-3 is likely to play
a major role in eosinophil accumulation in IgE-mediated
Arthus reaction.

Figure 3. A, B: Time course of eosinophil (A)
and mast cell (B) recruitment induced by IgE-
mediated Arthus reaction in the skin tissue from
wild-type mice. Mice were injected intrader-
mally with IgE anti-TNP Ab, followed by i.v.
TNP-BSA injection. The numbers of eosinophils
and mast cells per skin section were determined
by counting in Hansel- and toluidine blue-
stained skin sections, respectively, before and at
4, 8, 12, 24, 48, and 72 hours after IC challenge.
All values represent the mean � SEM of results
obtained from 5 to 10 mice. C, D, and E: Com-
parison of accumulated eosinophils (C), mast
cells (D), and neutrophils (E) in the skin from
wild-type mice between IgE- and IgG-mediated
Arthus reaction at 24 hours after IC challenge.
The numbers of eosinophils, mast cells, and
neutrophils per skin section were determined by
counting in Hansel-, toluidine blue-, and anti-
MPO Ab-stained skin sections, respectively. All
values represent the mean � SEM of results
obtained from 5 to 10 mice in each group.
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To confirm that MCP-3 is important for eosinophil accu-
mulation, eosinophil accumulation was evaluated 24 hours
after IgE-mediated IC challenge in wild-type mice treated
with polyclonal Abs to MCP-3 or with control Abs. Anti-
MCP-3 or control Abs were injected 30 minutes before IC
challenge. Eosinophil numbers were significantly reduced
in MCP-3 blockade mice compared with the control group
(P � 0.0001, Figure 5C), although the blockade was incom-
plete. Mast cell numbers were also significantly reduced in
MCP-3 blockade mice compared with the control group
(P � 0.05, Figure 4D). Therefore, MCP-3 is likely to play an
important role in both eosinophil and mast cell recruitment,
while other chemokines may also participate in the process.

Contribution of Adhesion Molecules in
IgE-Mediated Cutaneous Reverse Passive
Arthus Reaction

Cell adhesion molecules play critical roles in the progres-
sion of the Arthus reaction.11,12 To assess the role of

adhesion molecules in IgE-mediated cutaneous reverse
passive Arthus reaction, the size of hemorrhage and the
numbers of eosinophils and mast cells were evaluated at
24 hours after IgE-mediated IC challenge in mice defi-
cient in adhesion molecules. These mice included E-se-
lectin�/�, P-selectin�/�, L-selectin�/�, and ICAM-1�/�

mice. Wild-type mice treated with mAb to VCAM-1 were
also assessed. There were no differences in eosinophil or
mast cell numbers between mutant and wild-type mice
before IC challenge (data not shown).

Eosinophil numbers were significantly reduced in E-se-
lectin�/� (38%, P � 0.05), L-selectin�/� (44%, P � 0.05),
and ICAM-1�/� mice (38%, P � 0.05), and wild-type mice
treated with anti-VCAM-1 mAb (27%, P � 0.05) compared
with wild-type mice (Figure 6A). P-selectin deficiency re-
sulted in the most profound reduction in eosinophil numbers
(63% reduction from wild-type mice, P � 0.005), which were
even decreased significantly compared with E-selectin�/�

(P � 0.05), L-selectin�/� (P � 0.05), and ICAM-1�/� mice
(P � 0.05), and blockade of VCAM-1 in wild-type mice (P �

Figure 4. Histological tissue sections showing eosinophil, neutrophil and mast cell accumulation of wild-type mice at 24 hours after IC challenge by intradermal injection
of IgE (A) or (B) IgG anti-TNP. Hansel-staining (anti-Siglec-F Ab; insets) shows eosinophils (arrows; upper panels), and anti-MPO Ab staining (anti-Gr-1 Ab: insets)
demonstrates neutrophils (arrows; middle panels). Mast cells were revealed by toluidine blue-staining (arrows; bottom panels). Original magnification � �100
(toluidine blue) and �200 (Hansel, anti-Siglec-F, anti-MPO, and anti-Gr-1).
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0.05). These results suggested that P-selectin plays a dom-
inant role in eosinophil recruitment at 24 hours, although
other adhesion molecules also contributed to eosinophil
recruitment to a lesser degree.

Mast cell numbers were also significantly reduced in
E-selectin�/� (29%, P � 0.001), P-selectin�/� (38%, P �
0.001), L-selectin�/� (39%, P � 0.001), and ICAM-1�/�

mice (31%, P � 0.005), and blockade of VCAM-1 in
wild-type mice (42%, P � 0.001) compared with wild-type
mice (Figure 6B). In contrast with eosinophil infiltration, all
mutant mice showed similar decreases, with no signifi-
cant differences observed among them. Thus, these se-
lectins, ICAM-1, and VCAM-1 appear equally important
for mast cell accumulation.

Hemorrhage was compared among these mice at 24
hours after IC challenges. The diameter ratio (hemor-
rhage/blood vessel) was reduced in E-selectin�/� mice
(P � 0.05), P-selectin�/� mice (P � 0.05), L-selectin�/�

mice (P � 0.05), and ICAM-1�/� mice (P � 0.05) com-
pared with wild-type mice. Blockade of VCAM-1 in wild-
type mice showed no difference between wild-type mice
(Figure 6C).

Discussion

Passive systemic anaphylaxis using IgE Abs and the
antigen applied intravenously is a widely used model for
assessing the role of IgE in immediate hypersensitivity,
although models for assessing the role of IgE in other
allergic or inflammatory diseases are not yet available.
This study established an experimental mouse model of
eosinophilic vasculitis by the cutaneous reverse passive
Arthus reaction using IgE anti-TNP Abs and TNP-BSA as
an antigen. IgE-mediated IC challenge induced hemor-
rhage by the accumulation of inflammatory cells consist-
ing predominantly of eosinophils as well as neutrophils,
mast cells, and macrophages (Figures 1–3). The hemor-
rhage peaked 24 hours after IC challenge, which was
similar to the IgG-mediated Arthus reaction. In the origi-
nal description by Arthus, horse serum was injected re-
peatedly intradermally into a rabbit, resulting in edema,
hemorrhage, and neutrophil infiltration in the skin.9 The

Figure 5. mRNA expression levels of (A) eotaxin-1 and (B) MCP-3 in the
dermis from wild-type mice before and at 12 and 24 hours after IgE anti-TNP
Ab-mediated IC challenge. mRNA expression levels were assessed by real-
time reverse transcription-PCR. Relative expression of real-time PCR products
was determined by using the Ct method to compare target gene and house-
keeping gene (GAPDH) mRNA expression levels. One of the control samples
was chosen as a calibrator sample. The accumulation of eosinophils (C) and
mast cells (D) was assessed in the skin from wild-type mice treated with
polyclonal anti-MCP-3 Abs at 24 hours after IC challenge by intradermal
injection of IgE anti-TNP Abs. All values represent the mean � SEM of results
obtained from 5 to 10 mice in each group.

Figure 6. Recruitment of (A) eosinophils and (B) mast cells in the skin from E-selectin (E-sel�/�), P-selectin�/� (P-sel�/�), L-selectin�/� (L-sel�/�), and
ICAM-1�/� (ICAM�/�) mice, wild-type mice treated with anti-VCAM-1 mAbs, and wild-type mice at 24 hours after IC challenge by intradermal injection of IgE
anti-TNP Abs. The numbers of eosinophils and mast cells per section were determined by counting in Hansel- and toluidine blue-stained skin sections,
respectively. C: Hemorrhages in these mice were evaluated by diameter ratio as shown in Figure 1. All values represent the mean � SEM of results obtained from
5 to 10 mice in each group.

Experimental Eosinophilic Vasculitis 2231
AJP June 2009, Vol. 174, No. 6



cutaneous reverse passive Arthus reaction using the
combination of rabbit IgG anti-chicken egg albumin Abs
and chicken egg albumin also induced neutrophil accu-
mulation.11,12 Similarly, the reverse passive Arthus reac-
tion mediated by IgG anti-TNP Abs and TNP-BSA devel-
oped neutrophil accumulation with a very small numbers
of eosinophils (Figures 3 and 4). In contrast, IgE anti-TNP
Ab injection with TNP-BSA induced prominent eosinophil
accumulation. IgE anti-TNP Ab injection also induced
neutrophil accumulation, but the numbers were signifi-
cantly fewer than in the IgG-mediated Arthus reaction.
Taken together, these results indicated that eosinophil
infiltration was not associated with TNP as an antigen but
with the IgE class of injected Abs. This appeared to be
specific for IgE because the injection of IgA Abs under
the same conditions exhibited histopathology that resem-
bled the IgG-mediated response and did not result in
eosinophil recruitment (data not shown). Thus, it is likely
that the interaction between IgE and Fc�RI initiates the
development of eosinophilic vasculitis in this model.

Fc�RI is expressed in mast cells and basophils. Mast
cell recruitment into the tissue is thought to occur by the
release of mast cell precursors from the bone marrow into
the peripheral blood, followed by migration of these pre-
cursors into tissue, and their subsequent differentiation
into mature mast cells.31 The numbers of infiltrated mast
cells in the IgE-mediated reverse Arthus reaction
reached a maximal level 4 to 8 hours after the IC chal-
lenge, followed by eosinophil infiltration reaching a peak
at 24 hours after IC challenge (Figure 3). Studies have
shown that Fc�RI expression can be up-regulated by as
much as 32-fold after in vitro incubation of mast cells with
IgE or injection of IgE in vivo.32,33 Thus, the initial mast cell
accumulation induced overproduction of mediators, such
as cytokines and chemokines, and contributed to eosin-
ophil infiltration and hemorrhage. On the other hand, the
standard IgG-mediated cutaneous Arthus reaction is ini-
tiated by Fc�RIII on mast cells.14,18,34,35 Therefore, al-
though both reactions appear to be initiated by mast
cells, Fc�Rs and Fc�Rs may deliver distinct signal trans-
ductions in mast cells, which then trigger different cas-
cades that lead to neutrophil or eosinophil accumulation.

Eosinophil migration is regulated by CCRs. Because
CCR3 is strongly expressed by eosinophils,36–39 it is
recognized that chemokines that bind to CCR3, including
MCP-3 and eotaxin, are important chemotactic factors for
eosinophil recruitment. MCP-3 levels were up-regulated
at 12 and 24 hours after IgE-containing IC challenge
(Figure 5); however, no significant increase was ob-
served for eotaxin mRNA levels (Figure 5). Similar to
these results, Chensue and colleagues demonstrated
that Ab-mediated eotaxin depletion did not reduce local
eosinophil accumulation significantly in type-2 lung gran-
uloma formation, but MCP-3 was an important mediator of
this reaction.40,41 The present findings indicate that
MCP-3 plays a critical role in eosinophil recruitment in
IgE-mediated IC challenge.

It was also shown that reduced Arthus reaction by the
loss of adhesion molecules correlated with a decrease in
the numbers of infiltrated eosinophils and mast cells (Fig-
ure 6). While no specific molecule appeared to have a

predominant role in mast cell accumulation, the loss of
P-selectin resulted in a significant reduction in eosinophil
accumulation compared with E-selectin, L-selectin, and
ICAM-1 deficiencies at 24 hours. This also suggested
that the decrease in eosinophil infiltration in P-selectin�/�

mice was not due to the defective recruitment of mast
cells, but that P-selectin has a direct role in eosinophil
recruitment. However, because other time points were
not assessed, the apparent dominant role of P-selectin
may be limited to specific time points. Furthermore, E-
selectin, L-selectin, or ICAM-1 deficiency as well as
VCAM-1 blockade also showed a significant decrease of
eosinophil accumulation. Collectively, the results indi-
cated that adhesion molecules cooperatively play critical
roles with different relative contributions in eosinophil
recruitment.

The current study established an experimental mouse
model of eosinophil infiltration in skin vasculitis using
IgE-mediated cutaneous reverse passive Arthus reac-
tion. Because the reverse passive Arthus reaction is a
simple model that is useful for evaluating factors contrib-
uting to the development of the disease as well as ther-
apeutic agents, the present results suggested that this
model may be useful to investigate the mechanisms of
cutaneous leukocyte infiltration in eosinophilic vasculitis
such as CSS. However, CSS is a complex multi-organ
disease characterized by asthma, hypereosinophila, eo-
sinophilic tissue infiltrates, necrotizing vasculitis, and ex-
travascular granuloma formation.3,5,6 Because this model
does not form extravascular granulomas, this model can-
not be simply used as an experimental model for CSS. In
addition, this model is limited to the skin, while vasculitis
in other organs may have a different pathogenesis. None-
theless, this model may be applicable to other non-vas-
culitis eosinophilic infiltrations in the skin, including bul-
lous pemphigoid, where IgE autoantibody deposition has
been proved important.42
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