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Immune complex-induced tissue injury is mediated
by inflammatory cell infiltration that is highly regu-
lated by multiple adhesion molecules. To assess the
relative contribution of adhesion molecules, includ-
ing selectins and ICAM-1, in this pathogenetic pro-
cess, the cutaneous passive Arthus reaction was ex-
amined in mice lacking E-selectin, P-selectin, or both
L-selectin and ICAM-1 with anti-P- or E-selectin mAbs.
Edema and hemorrhage were significantly reduced in
P-selectin™/~ mice compared with wild-type mice
while they were not inhibited in E-selectin™/~ mice.
Combined E- and P-selectin blockade resulted in more
significant reduction relative to L-selectin/ICAM-1""~
as well as P-selectin™/~ mice. Remarkably, both E-
and P-selectin blockade in L-selectin/ICAM-1""" mice
completely abrogated edema and hemorrhage. The
inhibited edema and hemorrhage paralleled reduced
infiltration of neutrophils and mast cells that ex-
pressed significant levels of P-selectin glycoprotein
ligand-1. Similarly reduced infiltration of neutrophils
and mast cells was observed in the peritoneal Arthus
reaction and was associated partly with the decreased
production of tumor necrosis factor-a and interleu-
kin-6. The results of this study indicate that both en-
dothelial selectins contribute predominantly to the
Arthus reaction by regulating mast cell and neutro-
phil infiltration and that the full development of the
Arthus reaction is mediated cooperatively by all selec-
tins and ICAM-1. (Am_J Pathol 2003, 162:1463—-1473)

Autoimmune diseases are frequently developed by the
formation of immune complexes (ICs) and their perivas-
cular depositions that induce acute inflammatory re-
sponse with significant tissue injury, referred to as type |l
hypersensitivity reaction.” This IC injury has been impli-
cated in the pathogenesis of vasculitis syndrome, sys-

temic lupus erythematosus, rheumatoid arthritis, and
cryoglobulinemia.” The classical and standard animal
model for the inflammatory response in these IC-medi-
ated diseases is the Arthus reaction.? In the original
description by Arthus,? horse serum was repeatedly in-
jected intradermally into a rabbit, resulting in edema,
hemorrhage, and neutrophil infiltration in the skin. Be-
cause of its ease and reproducibility, the experimental
model most commonly used is the reverse passive Arthus
reaction, in which antibody (Ab) is injected at the site
where the investigator wants the inflammatory response
to develop and the antigen is applied intravenously im-
mediately before or after Ab injection.” Analyses using
gene knockout mice have revealed that activation of the
complement system, especially C5a and its interaction
with Cha receptor, and of Fc receptors for IgG on inflam-
matory cells, particularly mast cells, are both required to
initiate the Arthus reaction.”2-¢ In addition, accumulation
of neutrophils and mast cells is necessary for the pro-
gression of the IC-mediated vascular tissue damage,
which results in edema and hemorrhage.® 2

Leukocyte recruitment from the circulation into a site of
inflammation is a multistep process that is regulated by
multiple cell-surface adhesion molecules.® ' Leukocytes
first tether and roll on vascular endothelial cells, before
they are activated to adhere firmly and subsequently
emigrate into the extravascular space. The selectins pri-
marily mediate tethering and rolling of leukocytes
whereas immunoglobulin (Ig) superfamily members, in-
cluding intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), and their
integrin ligands, including lymphocyte function-associ-
ated antigen-1 (LFA-1, CD11a/CD18) and vary late anti-
gen-4 (VLA-4, CD49d/CD29), are critical for the firm ad-
hesion that follows. The selectin family consists of three
cell-surface molecules expressed by leukocytes (L-se-
lectin), vascular endothelium (E- and P-selectins), and
platelets (P-selectin).!" Although P-selectin is rapidly mo-
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bilized to the surface of activated endothelium or plate-
lets, E-selectin expression is induced within several hours
after activation with inflammatory cytokines.’" L-selectin
is constitutively expressed on most leukocytes.™ ICAM-1
is also constitutively expressed at low levels by endothe-
lial cells, but is rapidly up-regulated during inflamma-
tion."2 Disrupting the expression or function of these ad-
hesion molecules is a potential approach for intervening
in the progression of IC-mediated tissue injury.
Interaction of adhesion molecules during the process
of leukocyte migration into inflammatory sites is complex
and highly regulated. Three selectins have partially over-
lapping functions for leukocyte rolling.'®'* Specifically,
E-selectin-deficient (E-selectin™/~) mice do not exhibit
obvious defects of leukocyte rolling and inflammation, but
blockade of P-selectin function by a monoclonal antibody
(mAb) or by an induced null mutation in the P-selectin
gene results in virtually eliminated leukocyte rolling and
inflammation.®~"” Comparisons among mice deficient in
two selectins reveal that P-selectin cooperates with both
E- and L-selectins.' Furthermore, interactions between
integrins and their Ig superfamily ligands can mediate
rolling as well as firm adhesion synergistically with selec-
tins.'®720 ICAM-1 functions cooperatively with L-selectin
or P-selectin to mediate optimal leukocyte rolling and
recruit leukocytes into inflammatory sites.?°2* In addi-
tion, E-selectin does not only mediate rolling but also
serves to promote firm adhesion.?® This functional redun-
dancy of adhesion molecules did not allow us to precisely
predict the relative contribution of each adhesion mole-
cule to a certain inflammatory process. In addition, the
relative role of each adhesion molecule in the inflamma-
tion varies according to the tissue site and the nature of
the inflammatory stimuli. For example, P-selectin expres-
sion is required for Streptococcus pneumoniae-induced
inflammation in the peritoneum, but not in the lung.?® By
contrast, lung inflammation because of hemorrhage
shock is mediated by P-selectin.?® Therefore, to precisely
determine the relative contribution of each adhesion mol-
ecule to a given model of inflammation, the role of each
adhesion molecule should be systematically examined.
We previously showed that mice lacking L-selectin,
ICAM-1, or both exhibit reduced Arthus reaction that is
associated with decreased infiltration of neutrophils and
mast cells.” However, in the absence of both L-selectin
and ICAM-1, IC-induced tissue damage is not completely
inhibited with ~50% reduction in tissue injury.” Blocking
P-selectin function by mAbs reduces the cutaneous
Arthus reaction in the rat system.?” Therefore, the remain-
ing tissue injury induced by IC in mice lacking both
L-selectin and ICAM-1 (L-selectin/ICAM-1~/" mice) may
be mediated by endothelial selectins (P- and E-selec-
tins). However, the relative contribution and interaction of
selectin members and ICAM-1 to the Arthus reaction
remain unknown. In this study, to clarify the role of endo-
thelial selectins in the Arthus reaction, we first examined
inflammation induced by IC in mice lacking P- or E-
selectin and wild-type mice with combinations of anti-P-
and/or E-selectin mAbs. Furthermore, to evaluate the role
of endothelial selectins in the absence of L-selectin and
ICAM-1 expression during the Arthus reaction, we inves-

tigated the IC-mediated inflammatory process in L-selec-
tin/ICAM-1"/" mice treated with anti-P- and/or E-selectin
mAbs. The results of this study indicate that both endo-
thelial selectins contribute predominantly to the Arthus
reaction by regulating the accumulation of mast cells and
neutrophils, and also demonstrate that the full progres-
sion of the Arthus reaction is mediated cooperatively by
all selectins and ICAM-1.

Materials and Methods
Mice

P-selectin and E-selectin mice were obtained
from The Jackson Laboratory (Bar Harbor, ME). Mice
lacking both L-selectin and ICAM-1 were generated as
described elsewhere.?° All mice were healthy, fertile, and
did not display evidence of infection or disease. All mice
were backcrossed between 5 and 10 generations onto
the C57BL/6 genetic background. Mice used for experi-
ments were 12 to 16 weeks old. Age-matched wild-type
litermates and C57BL/6 mice (The Jackson Laboratory)
were used as controls with equivalent results so all con-
trol results were pooled. All mice were housed in a patho-
gen-free barrier facility and screened regularly for patho-
gens. All studies and procedures were approved by the
Committee on Animal Experimentation of Kanazawa Uni-
versity Graduate School of Medical Science.

—/—23 —/—16

Reverse Passive Arthus Reactions

For cutaneous reverse passive Arthus reactions, mice
anesthetized by inhalation of diethyl ether were shaved
on their dorsal skin and wiped with 70% alcohol. Rabbit
IgG anti-chicken egg albumin Abs (60 wg/30 ul; Cappel,
Aurora, OH) were injected intradermally with a 29-gauge
needle, followed immediately by an intravenous injection
of chicken egg albumin (20 mg/kg; Sigma-Aldrich, St.
Louis, MO).* The intradermal injection of purified poly-
clonal rabbit IgG (60 wg/30 wl, Sigma-Aldrich) followed
by intravenous installation of chicken egg albumin served
as a control. The solution of chicken egg albumin con-
tained 1% Evans blue dye (Sigma-Aldrich). For a block-
ing study using mAbs to E- and/or P-selectin, mAbs were
injected intravenously 30 minutes before IC challenge.
Abs used in this blocking study included mAbs to murine
P-selectin (RB40.34, rat IgG1, 30 ug per mouse; BD
PharMingen, San Diego, CA)®® and mAbs to murine E-
selectin (10E9.6, rat IgG2a, 30 ug per mouse; BD PharM-
ingen).?® These were the mAb concentrations required to
inhibit P-selectin- and E-selectin-dependent leukocyte
rolling in vivo as previously described.?* Irrelevant iso-
type-matched, purified rat IgG1 mAb (R3-34) and rat
IgG2a mAb (R35-95) served as controls (30 ug per
mouse, BD PharMingen).

The peritoneal reverse passive Arthus reaction was
initiated by the intravenous injection of chicken egg al-
bumin at 20 mg/kg, followed immediately by the intraperi-
toneal injection of 800 ug of rabbit IgG anti-chicken egg
albumin Ab or control purified rabbit polyclonal 1gG in a



volume of 400 wl.* Four or 8 hours later, the peritoneum
was exposed by a middle abdominal incision, and 5 ml of
ice-cold phosphate-buffered saline containing 0.1% bo-
vine serum albumin was injected into the peritoneal cavity
via a 27-gauge needle. Cells in the recovered lavage fluid
were centrifuged onto glass slides and stained with Gi-
emsa for light microscopic examination to quantify neu-
trophil and mast cell numbers.

Quantitation of Edema and Hemorrhage

Edema was evaluated by measuring the vascular leak 4
hours after IC challenge.* Mice were sacrificed and the
skin containing the injection site was removed at the level
of fascia above skeletal muscle and was reversed. The
diameter of extravascular Evans blue dye on the fascia
side of the injection site was measured directly. Evans
blue dye binds to serum proteins and thereby can be
used to quantify alterations in vascular permeability. The
diameter of the major and minor axis of the blue spot was
averaged for analysis. The amount of hemorrhage was
assessed 8 hours after IC challenge by direct macro-
scopic measurement of the purpuric spot. The diameter
of the major and minor axis of the purpuric spot was
averaged for analysis.

Histological Examination

Tissues were harvested 4 or 8 hours after IC challenge
using a disposable sterile 6-mm punch biopsy (Maruho,
Osaka, Japan) and assessed for tissue damage and
number of infiltrating neutrophils and mast cells. Tissues
were cut into halves, fixed in 3.5% paraformaldehyde,
and then paraffin embedded. Sections (6 wm) were
stained using hematoxylin and eosin for neutrophil eval-
uation and toluidine blue for mast cell staining. Neutrophil
and mast cell infiltration was evaluated by counting ex-
travascular neutrophils and mast cells in the entire sec-
tion and averaging the numbers present in 10 serial skin
sections from the injection site. Each section was exam-
ined independently by three investigators in a blinded
manner, and the mean was used for analysis.

Flow Cytometric Analysis

Isolated peritoneal lavage cells (0.5 X 10°) were stained
using predetermined optimal concentrations of either an-
ti-c-kit-fluorescein isothiocyanate Ab (CD117, clone 2B8;
BD PharMingen) or anti-Gr-1-fluorescein isothiocyanate
Ab (clone RB6-8C5; BD PharMingen) plus either anti-P-
selectin glycoprotein ligand-1 (PSGL-1)-phycoerythrin
Ab (clone 2PH1, BD PharMingen) or anti-CD49d (a, in-
tegrin, clone R1-2; BD PharMingen)-phycoerythrin Ab for
20 minutes at 4°C as described elsewhere.?*2° Cells
were washed and analyzed on a FACScan flow cytometer
(BD PharMingen) by gating on c-kit-positive mast cells or
Gr-1-positive granulocytes. Positive and negative popu-
lations of cells were determined using unreactive isotype-
matched mAbs (Beckman Coulter) as controls for back-
ground staining.
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Cytokine Enzyme-Linked Immunosorbent Assay

Levels of murine tumor necrosis factor (TNF)-a and inter-
leukin (IL)-6 in the peritoneal lavage were determined by
enzyme-linked immunosorbent assay using rat mAb pairs
for murine cytokines (BD PharMingen), according to the
manufacturer’s instructions. The plates were coated with
cytokine-specific Abs and incubated with appropriately
diluted peritoneal lavage samples. After incubation with
biotinylated cytokine-specific Abs and streptavidin-
horseradish peroxidase, the reaction was developed.

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.

Results

Contribution of Endothelial Selectins to the
Cutaneous Arthus Reaction

Cutaneous inflammation induced by the Arthus reaction
can be separated into two distinct responses: edema,
which reaches a maximum at 3 to 4 hours after IC chal-
lenge, and hemorrhage, which peaks in intensity at 8
hours.® To assess the role of endothelial selectins (E- and
P-selectins) in the cutaneous Arthus reaction, edema and
hemorrhage were evaluated 4 and 8 hours after IC chal-
lenge, respectively, in E-selectin™/~ mice, P-selectin™/~
mice, E-selectin™/~ mice treated with anti-P-selectin
mAb, P-selectin™/~ mice treated with anti-E-selectin
mADb, and wild-type mice treated with mAb to E- and/or
P-selectins in comparison with L-selectin/ICAM-1~/~ and
wild-type mice. Edema that was assessed by measuring
the diameter of Evans blue dye in the extravascular
space was reduced in P-selectin™/~ mice by 35% com-
pared with wild-type mice (P < 0.0001; Figure 1A). By
contrast, E-selectin™/~ mice developed edema that was
similar to that found in wild-type mice. Similar results were
obtained using wild-type mice treated with mAb to either
P- or E-selectin. Blocking P-selectin by mAbs in E-selec-
tin~/~ mice inhibited edema by 77% relative to wild-type
mice (P < 0.0001) and resulted in a significant further
reduction of edema compared with either E-selectin™'~
(P < 0.0001) or P-selectin™/~ (P < 0.001) mice. Results
similar to P-selectin blockade in E-selectin ™/~ mice were
obtained when E-selectin blockade in P-selectin™/~ mice
or blockade of both E- and P-selectins in wild-type mice
was assessed. Edema was also inhibited by 50% in
L-selectin/ICAM-1~/" mice relative to wild-type mice (P <
0.0001). However, the inhibitory effect with both P- and
E-selectin blockade was significantly greater than found
with both L-selectin and ICAM-1 loss (P < 0.0001). Thus,
P-selectin loss or blockade reduced the early response
characterized by edema while blockade of both E- and
P-selectins had profound inhibitory effects on edema.
Hemorrhage was macroscopically quantitated after 8
hours by measuring the size of the purpuric spot. Results
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A. Edema (4 hours) B. Hemorrhage (8 hours)
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Figure 1. The effect of loss or blockade of E- and P-selectin (sel) on edema and hemorrhage in the cutaneous reverse passive Arthus reaction. Mice were injected
intradermally with rabbit IgG anti-chicken egg albumin Ab, followed by systemic chicken egg albumin and 1% Evans blue dye. After 4 or 8 hours, dorsal skins
were assessed from E-selectin™/~ mice, P-selectin™/~ mice, wild-type mice treated with mAbs to E- and/or P-selectin, E-selectin™/~ mice treated with
anti-P-selectin mAbs, P-selectin™/~ mice treated with anti-E-selectin mAbs, L-selectin/ICAM-1""" mice, and wild-type mice. A: Edema was evaluated as the
diameter of extravasated Evans blue spot. Wild-type mice that received an intradermal injection of polyclonal rabbit IgG followed by intravenous installation of
chicken egg albumin served as controls. B: Hemorrhage after 8 hours was assessed as the diameter of the purpuric spot. Edema and hemorrhage were significantly
inhibited in P-selectin™/~ mice, wild-type mice treated with anti-P-selectin mAb, E-selectin ™/~ mice treated with anti-P-selectin mAb, P-selectin™/~ mice treated
with anti-E-selectin mAb, wild-type mice treated with anti-P- and E-selectin mAb, and L-selectin/ICAM-1""" mice compared with wild-type mice for both panels
(P < 0.001), but not in E-selectin™/~ mice and wild-type mice treated with anti-E-selectin mAb. Horizontal bars indicate mean values for each group of mice. N.S.

= not significant.

comparable with edema were obtained for hemorrhage
except that the inhibitory effect of P-selectin loss was
greater on hemorrhage (63% decrease, P < 0.001 versus
wild-type mice) than that on edema (35% decrease; Fig-
ure 1B): the difference between P-selectin blockade
alone and combined P- and E-selectin blockade was no
longer observed for hemorrhage. Hemorrhage was com-
parable for E-selectin™/~ and wild-type mice. Similar re-
sults were obtained using wild-type mice treated with
mADb to either P- or E-selectin. L-selectin/ICAM-1~/" mice
exhibited 54% smaller hemorrhage than that found in
wild-type mice (P < 0.001), but it remained significantly
larger than that found in E-selectin ™/~ mice with P-selec-
tin blockade (P < 0.05). Results similar to P-selectin
blockade in E-selectin™/~ mice were obtained when E-
selectin blockade in P-selectin™/~ mice or blockade of
both E- and P-selectins in wild-type mice was evaluated.
Treatment with irrelevant isotype-matched mAbs instead
of anti-P- or E-selectin mAbs did not affect edema or
hemorrhage (data not shown). Edema and hemorrhage
were not detected in mutant or wild-type mouse controls
after intradermal injection of rabbit polyclonal IgG with
systemic chicken egg albumin (Figure 1, A and B, and
data not shown). Thus, the inhibitory effect by simulta-
neous blockade of E- and P-selectin on hemorrhage re-
mained profound, with P-selectin deficiency alone inhib-
iting this later tissue injury more strongly than the early
inflammatory response.

Contribution of Endothelial Selectins to the
Cutaneous Arthus Reaction in L-Selectin/ICAM-
17/~ Mice

Edema and hemorrhage were not completely inhibited in
L-selectin/ICAM-1""" mice, with ~50% inhibition of the

responses (Figure 1). Because blockade of both E- and
P-selectins significantly inhibited IC-mediated inflamma-
tion (Figure 1), we assessed the contribution of E- and
P-selectins to the remaining inflammatory response ob-
served in L-selectin/ICAM-1"/" mice. Anti-E-selectin
mAb treatment in L-selectin/ICAM-1"/" mice did not af-
fect edema and hemorrhage. By contrast, anti-P-selectin
mAD treatment in L-selectin/ICAM-1~/" mice significantly
inhibited both edema and hemorrhage compared with
L-selectin/ICAM-1"/" mice (P < 0.01; Figure 2). Remark-
ably, the combination of P- and E-selectin blockade in
L-selectin/ICAM-1"/~ mice completely eliminated both
edema (P < 0.0001 versus L-selectin/ICAM-1/" mice)
and hemorrhage (P < 0.001). The inhibitory effect of
P-selectin loss in L-selectin/ICAM-1"/~ mice on hemor-
rhage (94% decrease relative to wild-type mice) was
greater than that on edema (66%) as in wild-type mice
(Figure 1): the combined blockade of both E- and P-
selectins in L-selectin/ICAM-1"/" mice significantly inhib-
ited edema relative to P-selectin blockade alone in these
mice (P < 0.0001), but such difference was no longer
observed for hemorrhage. Thus, the remaining inflamma-
tory responses in L-selectin/ICAM-1"/" mice were de-
pendent on E- and P-selectin function.

Leukocyte Infiltration in the Cutaneous Arthus
Reaction

Extravascular neutrophils were assessed in skin tissue
sections after 4 and 8 hours of IC formation in E-selec-
tin~/~ mice, P-selectin™/~ mice, E-selectin™/~ mice
treated with anti-P-selectin mAb, L-selectin/ICAM-17/~
mice, and L-selectin/ICAM-1"'" mice treated with mAbs
to both E- and P-selectins in comparison with wild-type
mice (Figures 3A and 4). Previous studies have shown
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B. Hemorrhage (8 hours)
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Figure 2. The effect of loss or blockade of E- and P-selectin (sel) on edema and hemorrhage in L-selectin/ICAM-1""" mice during the cutaneous reverse passive
Arthus reaction. Edema (A) and hemorrhage (B) were induced and evaluated in L-selectin/ICAM-1""" mice, L-selectin/ICAM-1""" mice treated with anti-E-
selectin mAbs, L-selectin/ICAM-1""" mice treated with anti-P-selectin mAbs, L-selectin/ICAM-1""" mice treated with mAbs to both E- and P-selectins, as described
in Figure 1. Edema and hemorrhage were significantly inhibited in L-selectin/ICAM-1""" mice, L-selectin/ICAM-1""" mice treated with anti-E-selectin mAbs,
L-selectin/ICAM-1""" mice treated with anti-P-selectin mAbs, L-selectin/ICAM-1""" mice treated with mAbs to both E- and P-selectins compared with wild-type
mice for both panels (P < 0.001). Horizontal bars indicate mean values for each group of mice. N.S. = not significant.

that blood neutrophil numbers in E-selectin™/~ mice are
normal while they exhibit 2.4-fold and 5.8-fold increase in
P-selectin™/~ and L-selectin/ICAM-1"/" mice relative to
wild-type mice, respectively.® 62931 However, before
IC challenge, there were no significant differences in
cutaneous neutrophil numbers between mutant and wild-
type mice. After 4 hours of IC challenge, neutrophil num-
bers were significantly reduced in P-selectin™/~ mice
(28%, P < 0.05), L-selectin/ICAM-1~"" mice (32%, P <
0.05), E-selectin™/~ mice with P-selectin blockade (69%,
P < 0.005), and L-selectin/ICAM-1"/" mice with block-
ade of both E- and P-selectin (70%, P < 0.005) compared
with wild-type mice while they were not affected by E-
selectin loss alone. P-selectin blockade in E-selectin ™/~
mice exhibited a reduction in neutrophil accumulation
that was significantly lower than that found in L-selectin/
ICAM-1""" as well as P-selectin™/~ mice (P < 0.01). The
combined blockade of E- and P-selectins in L-selectin/
ICAM-1~/~ mice significantly inhibited neutrophil num-
bers relative to L-selectin/ICAM-1"/" mice (P < 0.01), but
did not result in a further reduction of neutrophil numbers
compared with those found in E-selectin™/~ mice with
P-selectin blockade. Similar results were obtained after 8
hours of IC formation.

Mast cell numbers were also assessed in skin tissue
sections stained with toluidine blue (Figures 3B and 5).
Before IC challenge, skin mast cell numbers did not
significantly differ between mutant and wild-type mice.
By contrast, 4 hours after IC challenge, mast cell num-
bers were significantly reduced in P-selectin™/~ mice

(85%, P < 0.01), L-selectin/ICAM-1""" mice (34%, P <
0.01), E-selectin™/~ mice with P-selectin blockade (47%,
P < 0.001), and L-selectin/ICAM-1"'" mice with both E-
and P-selectin blockade (58%, P < 0.0001) compared
with wild-type mice whereas they were similar for E-se-
lectin™/~ and wild-type mice. However, 8 hours after IC
challenge, only L-selectin/ICAM-1"/" mice with the com-
bined blockade of E- and P-selectin exhibited signifi-
cantly decreased mast cell numbers by 37% relative to
wild-type mice (P < 0.01). Indeed, mast cell numbers did
not significantly increase after IC challenge in L-selectin/
ICAM-17/~ mice treated with anti-E- and P-selectin Abs.
These mice exhibited significantly reduced mast cell
numbers compared with E-selectin™'~ mice with P-selec-
tin blockade (P < 0.05) as well as L-selectin/ICAM-1"/~
mice (P < 0.01) after both 4 and 8 hours. P-selectin
blockade in E-selectin™/~ mice resulted in a further re-
duction of mast cell numbers relative to P-selectin™/~
mice after 4 hours (P < 0.05), but not after 8 hours.
Regarding both neutrophil and mast cell numbers, results
similar to E-selectin™/~ and P-selectin™/~ mice were ob-
tained using wild-type mice treated with anti-E-selectin
mAb and those treated with anti-P-selectin mAb, respec-
tively (data not shown). Furthermore, results comparable
with P-selectin blockade in E-selectin ™/~ mice were ob-
served when E-selectin blockade in P-selectin™/~ mice or
blockade of both E- and P-selectins in wild-type mice was
assessed (data not shown). Treatment with irrelevant iso-
type-matched mAbs instead of anti-P- or E-selectin mAbs
did not affect neutrophil and mast cell recruitment (data
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Figure 3. Arthus reaction-induced recruitment of neutrophils and mast cells
in the skin (A) and the peritoneum (B) from E-selectin (E-seD)™'~ mice,
P-selectin™/~ mice, E-selectin™/~ mice treated with anti-P-selectin mAbs,
L-selectin/ICAM-1""" mice, L-selectin/ICAM-1""" mice treated with mAbs to
both E- and P-selectins, and wild-type mice at 4 and 8 hours after IC
challenge. Numbers of neutrophils and mast cells per skin section were
determined by counting in H&E- and toluidine blue-stained skin sections,
respectively. The peritoneal reverse passive Arthus reaction was induced by
the intravenous injection of chicken egg albumin, followed immediately by
the intraperitoneal injection of rabbit IgG anti-chicken egg albumin Ab. Cells
in the recovered lavage fluid were then centrifuged onto glass slides and
stained with Giemsa to quantify neutrophil and mast cell numbers. All values
represent the mean = SEM of results obtained from 5 to 10 mice in each
group. Statistical analysis is provided in the Results.

not shown). Any neutrophil and mast cell influx was not
detected in mutant or wild-type mouse controls after in-
tradermal injection of rabbit polyclonal IgG with systemic
chicken egg albumin (data not shown). Thus, edema and
hemorrhage inhibited by loss or blockade of adhesion
molecules generally paralleled the reduced accumula-
tion of neutrophils and mast cells; however, the accumu-
lation of mast cells, but not neutrophils, was significantly
decreased in mice with blockade of all four receptors
relative to mice with blockade of both E- and P-selectins.

Leukocyte Infiltration in the Peritoneal Arthus
Reaction

The intraperitoneal injection of Ab with the intravenous
injection of Ag elicits a reverse passive Arthus reaction
characterized by leukocyte influx into the peritoneal cav-
ity." After 4 hours of IC challenge, neutrophil numbers in
the peritoneal cavity were significantly reduced in L-se-
lectin/ICAM-1""" mice (40%, P < 0.01), E-selectin™/~
mice with P-selectin blockade (44%, P < 0.005), and
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Figure 4. Histological tissue sections showing neutrophil infiltration in the
skin of P-selectin (P-sel)™/~ mice, E-selectin™/~ mice treated with anti-P-
selectin mAbs, L-selectin/ICAM-1"/" mice, L-selectin/ICAM-1""" mice
treated with mAbs to both E- and P-selectins, and wild-type mice at 4 (A) and
8 hours (B) after IC challenge. Neutrophils were revealed by H&E staining.
Original magnifications, X100.

L-selectin/ICAM-1"/~ mice with both E- and P-selectin
blockade (74%, P < 0.0001) compared with wild-type
mice while they were not affected by either E- or P-
selectin loss alone (Figure 3B). The major differences
from the cutaneous Arthus reaction are as follows: firstly,
L-selectin/ICAM-1/~ mice exhibited a reduction in neu-
trophil numbers similar to that found in E-selectin™/~ mice
with P selectin blockade; secondly, L-selectin/ICAM-1~/~
mice with blockade of both E- and P-selectins exhibited
significantly diminished neutrophil numbers relative to
E-selectin™/~ mice with P-selectin blockade (P <
0.01). Similar results were obtained after 8 hours of IC
formation.

Mast cell recruitment was also significantly reduced in
P-selectin™/~ mice (34%, P < 0.01), L-selectin/ICAM-
17/~ mice (36%, P < 0.01), E-selectin™/~ mice with P-
selectin blockade (60%, P < 0.001), and L-selectin/
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Figure 5. Histological tissue sections showing mast cell accumulation in the

skin of P-selectin (P-sel) ™/~ mice, E-selectin™/~ mice treated with anti-P-

selectin mAbs, L-selectin/ICAM-1""" mice, L-selectin/ICAM-1""" mice
treated with mAbs to both E- and P-selectins, and wild-type mice at 4 (A) and
8 hours (B) after IC challenge. Mast cells (arrows) were detected as cells
with metachromatic staining of granules in toluidine blue-stained sections.
Original magnifications, X50.

ICAM-1"/~ mice with both E- and P-selectin blockade
(84%, P < 0.0001) after 4 hours of IC challenge com-
pared with wild-type mice whereas they were similar for
E-selectin™/~ and wild-type mice (Figure 3B). In general,
results obtained for mast cell accumulation in the perito-
neum after 4 hours were comparable with those in the
skin (Figure 3A). By contrast, after 8 hours, the difference
observed after 4 hours between groups of mice remained
in the peritoneal Arthus reaction while such difference
was lost in the cutaneous Arthus reaction except for the
significant difference between wild-type mice and L-se-
lectin/ICAM-1"/~ mice with blockade of both E- and P-
selectins. In addition, unlike the cutaneous Arthus reac-
tion, mast cell recruitment was significantly increased
after 8 hours (P < 0.01), but not after 4 hours after IC
challenge in L-selectin/ICAM-1"/~ mice with blockade of
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both E- and P-selectin. With regard to both neutrophil and
mast cell numbers, results similar to E-selectin™/~ and
P-selectin™/~ mice were obtained using wild-type mice
treated with anti-E-selectin mAb and those treated with
anti-P-selectin mAb, respectively (data not shown). Fur-
thermore, results comparable with P-selectin blockade in
E-selectin™/~ mice were observed when E-selectin block-
ade in P-selectin™/~ mice or blockade of both E- and
P-selectins in wild-type mice was evaluated (data not
shown). There was no neutrophil and mast cell influx in
mutant or wild-type mouse controls after intraperitoneal
injection of rabbit polyclonal IgG with systemic chicken
egg albumin (data not shown). In addition, treatment with
irrelevant isotype-matched mAbs instead of anti-P- or
E-selectin mAbs did not affect neutrophil and mast cell
recruitment (data not shown). Collectively, the effect of
the loss or blockade of each adhesion molecule on leu-
kocyte recruitment in the peritoneal Arthus reaction was
similar to that observed in the cutaneous Arthus reaction.

Expression of PSGL-1 and CD49d on Peritoneal
Mast Cells

Reduced Arthus reaction-induced mast cell accumula-
tion in the absence or blockade of adhesion molecules
suggests a role for P- and E-selectins in mast cell recruit-
ment. PSGL-1 is a dominant physiological ligand for P-
selectin,®*33 put also binds E-selectin.®** In addition, the
slight increase in neutrophil and mast cell numbers was
observed in the absence of all selectins and ICAM-1 after
8 hours of IC challenge (Figure 3), suggesting that VLA-4
(CD49d/CD29) may be involved in the remaining leuko-
cyte infiltration. Therefore, murine peritoneal mast cells
expressing c-kit3°*°> and granulocytes expressing Gr-1
were analyzed for cell surface PSGL-1 and CD49d ex-
pression by flow cytometry. PSGL-1 was significantly ex-
pressed on the surface of mast cells and granulocytes
from wild-type mice compared with staining using an
unreactive isotype-matched mAb (Figure 6). Similarly,
significant CD49d expression on the surface of mast cells
and granulocytes from wild-type mice was detected. De-
ficiency of P- or E-selectin did not influence PSGL-1 or
CD49d expression by mast cells or granulocytes (data
not shown). Thus, PSGL-1 and CD49d were highly ex-
pressed on the surface of mouse peritoneal mast cells.

Cytokine Levels in the Peritoneal Arthus
Reaction

|IC-induced inflammation in the peritoneum is associated
with the production and release of proinflammatory cyto-
kines, including TNF-a and IL-6, by infiltrating leuko-
cytes. %637 To assess the relative roles of adhesion mole-
cules in the release of IL-6 and TNF-a during the peritoneal
Arthus reaction, IL-6 and TNF-« levels were measured in
peritoneal lavage samples after 4 and 8 hours of IC forma-
tion. IL-6 levels were increased by 3.4-fold after 4 hours
compared with the levels before IC challenge in wild-type
mice (P < 0.01), but returned to the baseline levels by 8
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Figure 6. Expression of PSGL-1 and CD49d on peritoneal mast cells and
granulocytes. Peritoneal cells from untreated wild-type mice were stained
with either anti-c-kit-fluorescein isothiocyanate Ab or anti-Gr-1-fluorescein
isothiocyanate Ab plus either anti-PSGL-1-phycoerythrin Ab or anti-CD49d-
phycoerythrin Ab. Flow cytometric analysis was performed by gating on
c-kit-positive mast cells or Gr-1-positive granulocytes. Representative histo-
grams are shown for PSGL-1 or CD49d expression on mast cells (A) or
granulocytes (B). The thin lines represent control staining using an unre-
active isotype-matched mAb. These results represent those obtained with five
wild-type mice.

hours (Figure 7A). A similar increase in IL-6 levels was
detected in E-selectin™'~ mice. By contrast, IL-6 levels were
not significantly elevated after 4 hours in P-selectin™/~ mice,
E-selectin™/~ mice with P-selectin blockade, L-selectin/
ICAM-17"" mice, and L-selectin/ICAM-1"/~ mice with both
E- and P-selectin blockade: The IL-6 levels in these mice
were ~50 to 70% lower than those found in wild-type mice
(P < 0.01).

(pg/ml) A. I L'6

00

TNF-a levels were increased 2.9-fold after 4 hours
relative to the levels before IC challenge in wild-type mice
(P < 0.01), but returned to the baseline levels by 8 hours
(Figure 7B). A similar increase in TNF-«a levels was ob-
served in P-selectin™’~ as well as E-selectin™/~ mice.
Furthermore, TNF-« levels were significantly elevated in
E-selectin™/~ mice with P-selectin blockade and L-selec-
tin/ICAM-1~/~ mice after 4 hours (P < 0.05) relative to the
baseline levels, but were ~20 to 40% lower than those
found in wild-type mice at the same time point (P < 0.05).
By contrast, TNF-a levels in L-selectin/ICAM-1"'" mice
with both E- and P-selectin blockade did not significantly
increase after 4 hours: the TNF-a levels in these mice
were reduced by 54% compared with those of wild-type
mice (P < 0.01). There was no increase in IL-6 and TNF-«
levels in mutant or wild-type mouse control after intraperi-
toneal injection of rabbit polyclonal IgG with systemic
chicken egg albumin (Figure 7 and data not shown).
Thus, the reduced peritoneal inflammatory responses by
loss or blockade of adhesion molecules were generally
associated with the reduced TNF-a release, but partly
with the decreased IL-6 release.

Discussion

In the present study, IC-induced edema and hemorrhage
were significantly inhibited in P-selectin™/~ mice com-
pared with wild-type mice, whereas they were not inhib-
ited in E-selectin™/~ mice (Figure 1). Similar results were
obtained using wild-type mice treated with mAbs to either
E- or P-selectin. The combined blockade of P- and E-
selectins profoundly inhibited the Arthus reaction that
resulted in a further reduction compared with loss or
blockade of E- or P-selectin alone, indicating the over-
lapping function of E- and P-selectins. Consistently, the
cutaneous contact hypersensitivity response and TNF-a-
induced leukocyte rolling are almost eliminated by loss of
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both E- and P-selectins whereas loss of each molecule
alone results in a normal or modest inhibition."®'738 We
previously showed that the combined loss of L-selectin
and ICAM-1 results in a greater inhibition of the Arthus
reaction than the loss of either L-selectin or ICAM-1
alone.” However, the inhibitory effect of P- and E-selectin
blockade on the Arthus reaction (~75% inhibition) was
significantly greater than that found with deficiency of
both L-selectin and ICAM-1 (~50%, Figure 1). Remark-
ably, blockade of E- and P-selectins in L-selectin/ICAM-
17/~ mice completely eliminated edema and hemorrhage
after IC challenge (Figure 2), indicating that L-selectin
and ICAM-1-independent pathways are dependent on E-
and P-selectins. Furthermore, the reduced Arthus reac-
tion by loss or blockade of adhesion molecules corre-
lated with neutrophil and mast cell accumulation in the
skin and peritoneum and was associated partly with re-
duced levels of IL-6 and TNF-a in the peritoneum (Fig-
ures 3, 4, 5, and 7). Taken together, the results of this
study indicate that the endothelial selectins predomi-
nantly contribute to the Arthus reaction by regulating the
accumulation of mast cells and neutrophils, and also
indicate that the full development of the Arthus reaction is
mediated cooperatively by all selectin members and
ICAM-1.

L-selectin deficiency alone has a significant effect on
the inflammatory response in both skin and peritoneum
because L-selectin™/~ mice have decreased contact hy-
persensitivity responses, delayed rejection of allogeneic
skin transplants, and decreased leukocyte recruitment
into an inflamed peritoneum.2'3940 By contrast, E-selec-
tin~/~ mice generate normal inflammatory responses to
peritonitis or contact hypersensitivity responses.'®38
Consistently, both cutaneous and peritoneal Arthus reac-
tion are inhibited in L-selectin™/~ mice” but were not
reduced in E-selectin™/~ mice (Figures 1 and 3). P-se-
lectin plays an important role in the peritoneal inflamma-
tion because P-selectin™/~ mice exhibited reduced leu-
kocyte influx during the peritoneal Arthus reaction (Figure
3) as well as thioglycollate-induced peritonitis.®' How-
ever, it has been shown that P-selectin deficiency alone
does not significantly affect cutaneous inflammation:
P-selectin™/~ mice show normal or modestly inhibited
contact hypersensitivity reactions and normal rejection of
allogeneic skin transplants.3®3941 |n contrast, the current
study reveals that P-selectin loss alone significantly in-
hibited the cutaneous Arthus reaction (Figure 1). Previous
studies have shown that P-selectin™/~ mice have a com-
plete absence of trauma-induced rolling within 1 hour
while rolling is not reduced in the venules of P-selectin™/~
mice treated with TNF-«a for 2 hours, indicating that
P-selectin contributes significantly to leukocyte rolling
during the early phase of inflammatory responses, but
is not strictly required during inflammation at later
times.®"42 However, during the cutaneous Arthus re-
action, P-selectin deficiency or blockade inhibited
hemorrhage after 8 hours more strongly than edema
after 4 hours (Figure 1). Thus, the results indicate that
P-selectin contributes to prolonged tissue injury as well
as early inflammatory response during the cutaneous
Arthus reaction, and also suggest that the requirement

Selectins and ICAM-1 in the Arthus Reaction 1471
AJP May 2003, Vol. 162, No. 5

of P-selectin is influenced by the inflammatory stimuli
and tissue site.

The most important finding in this study is the complete
inhibition of cutaneous Arthus reaction by loss or block-
ade of all four adhesion receptors, E-, P-, and L-selectins
and ICAM-1 (Figure 2). Consistent with this finding, mast
cell accumulation in the skin was completely abrogated
after IC challenge in these mice (Figures 3A and 5);
however, neutrophil numbers in the skin and peritoneum
and mast cell numbers in the peritoneum were signifi-
cantly increased after IC challenge (Figures 3 and 4).
This raised the possibility that an adhesion pathway in-
dependent of all selectin members and ICAM-1 exits.
Selectins are bypassed by VCAM-1, the ligand for VLA-4
that also supports leukocyte rolling and adhesion in
vitro.'®1° Furthermore, intravital microscopy studies have
shown that a selectin-independent pathway is VLA-4-
dependent in the cremasteric microvasculature from
mice challenged with TNF-a.*® A recent study also has
shown that VLA-4 is the predominant E- and P-selectin-
independent mechanism for leukocyte migration to skin
in response to various inflammatory stimuli.** Thus, the
remaining neutrophil and mast cell accumulation after IC
challenge in L-selectin/ICAM-1~/~ mice with blockade of
both E- and P-selectins may be mediated by VLA-4.
Consistently, peritoneal neutrophils and mast cells ex-
pressed significant levels of CD49d (Figure 6). Nonethe-
less, VLA-4 plays a minor, if any, role in the Arthus reac-
tion because loss or blockade of all selectins and ICAM-1
completely eliminated proinflammatory cytokine release
in the peritoneal lavage during the peritoneal Arthus re-
action (Figure 7), as well as edema and hemorrhage in
the skin (Figure 2).

Mast cell recruitment into tissues is thought to occur by
release of immature mast cell precursors from the bone
marrow into the peripheral blood, followed by migration of
these precursors into tissues and their subsequent differ-
entiation into mature mast cells.*® Increased numbers of
mast cells are noted at sites of inflammation.*® Several
studies have shown that rolling of immature bone mar-
row-derived mast cell precursors is mediated by the P-
selectin/PSGL-1 pair.*”“® In the current study, IC chal-
lenge induced rapid mature mast cell recruitment that
was significantly inhibited by blockade of P-selectin, of
both E- and P-selectins, of both L-selectin and ICAM-1, or
of all selectins and ICAM-1 (Figures 3 and 5). Peritoneal
murine mature mast cells express significant levels of
PSGL-1 (Figure 6), L-selectin,” and CD18 (B, integrin), a
ligand for ICAM-1.72% Similar rapid mast cell migration is
also observed into the central nervous system from the
blood within 1 to 2 hours in response to altered physio-
logical conditions.*® Additionally, in a chronic contact
hypersensitivity model with repeated hapten sensitization
for 24 days at 2-day intervals, mast cell number was
increased 30 minutes after elicitation on day 24 (Y
Shimada and S Sato, submitted). These results sug-
gest that mature mast cells are rapidly recruited to
inflammatory sites using multiple adhesion molecules
possibly through circulation. Furthermore, our finding
that complete inhibition of cutaneous edema and hem-
orrhage by blockade of all selectins and ICAM-1 was
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associated with elimination of the rapid recruitment of
mast cells, but not neutrophils (Figures 2 to 5), indi-
cates that mast cells play a critical role in the progres-
sion of the cutaneous Arthus reaction.

Proinflammatory cytokines, including TNF-a and IL-6,
are produced and released by mast cells, neutrophils,
and monocytes.®®*" In this study, TNF-a levels after 4
hours in the peritoneal lavage generally correlated with
numbers of neutrophils and mast cells (Figures 3B and
7B). On the other hand, IL-6 levels increased in wild-type
and E-selectin™’~ mice after 4 hours whereas they did not
increase in P-selectin™/~ mice, L-selectin/ICAM-1~/~
mice, and E-selectin™/~ mice with P-selectin blockade
despite the significant infiltration of neutrophils and mast
cells into the peritoneum (Figures 3B and 7A). Deficiency
of adhesion molecules influences not only leukocyte traf-
ficking, but also survival and the state of activation by
their role in outside-in signaling.®® Therefore, it is possible
that infiltrating neutrophils and mast cells may be func-
tionally impaired for IL-6 release in the absence of adhe-
sion molecules. Alternatively, although we could not de-
tect significantly increased peritoneal macrophage
numbers even after 8 hours (data not shown), functional
alteration of residual macrophages may be related to lack
of the IL-6 elevation. Remarkably, both TNF-a and IL-6
release was completely eliminated in L-selectin/ICAM-
17/~ mice with both E- and P-selectin blockade. The
results suggest that multiple adhesion molecules coop-
eratively control neutrophil and mast cell accumulation or
possibly their function after IC challenge and thereby
influence the release of proinflammatory cytokines from
these leukocytes, which results in the regulation of the
Arthus reaction.

Because the passive Arthus reaction does not require
antigen sensitization, we can exclude the possible role of
ICAM-1 and L-selectin on the sensitization phase be-
cause ICAM-1 functions as one of the co-stimulatory
molecules on the surface of antigen-presenting cells®3
while L-selectin mediates naive T cells migrating into the
draining lymph nodes.>**° Therefore, the Arthus reaction
is a useful, simplified model to evaluate direct roles of
adhesion molecules in effector phase of inflammation.
The current study together with the results from our pre-
vious study demonstrates that edema and hemorrhage
are inhibited by 30 to 40% with L-selectin deficiency, by
~45% with ICAM-1 deficiency, by 40 to 60% with P-
selectin deficiency or blockade, by ~50% with both
L-selectin and ICAM-1 deficiency, by ~75% with both
E- and P-selectin blockade, and by 100% with loss or
blockade of all four receptors (Figures 1 and 2).” This
study is the first to reveal the relative contribution and
interaction of adhesion molecules to the Arthus reac-
tion. The results of this study indicate that cell adhesion
molecules play critical roles with different relative con-
tributions in the progression of the Arthus reaction.
Furthermore, our results may provide important basic
information for the therapy of IC-mediated human dis-
eases by combined blockade of multiple adhesion
molecules.
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