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Abstract

To better understand the events involved in the local migration
of inflammatory cells into sites of allergic reactions, we studied
expression of the cytokine inducible endothelial cell (EC) neu-
trophil adhesion molecule, endothelial-leukocyte adhesion mol-
ecule (ELAM-1), in sequential skin biopsies from patients with
respiratory allergy during the late phase reaction (LPR) be-
tween 20 min and until 24 h after intradermal allergen (ragweed
or dust mites) injection. In 7 of 7 atopic patients but in only 1 of
4 apparently normal controls, allergen induced appearance of
ELAM-1 on EC. ELAM-1 expression occurred concurrently
with the development of inflammatory cell infiltrates by 3-4 h
after intradermal injection. Saline injected sites in all subjects
were negative. Skin organ cultures demonstrated that allergen
could produce the same ECchanges in vitro whether allergen
was injected in vivo 20 min before culture or added during skin
culture. These ECchanges in organ culture were inhibited by
the presence of combined anti-sera to both TNF-a and IL-1,
but not by antisera to either cytokine alone. Weconclude that
ECactivation occurs in elicited LPRand suggest that cytokine-
induced ECactivation mayplay a role in the migration of inflam-
matory cells into allergic skin reactions. Furthermore, resident
cells in the skin rather than infiltrating leukocytes appear to be
the source of the cytokines that mediate endothelial activation.
(J. Clin. Invest. 1991. 87:1805-1809.) Key words: endothelium
* adhesion * allergic * skin neutrophil * cytokines

Introduction

Clinically significant allergen-induced reactions are generally
characterized by an IgE-dependent biphasic response (1, 2).
Within minutes of exposure to allergen, mast cells bearing IgE
directed to the relevant allergen become activated and release
histamine as well as other mediators into local tissue. This im-
mediate reaction is classically evident within 15-60 min of al-
lergen challenge and subsides within 30-90 min later. 3-4 h
after allergen challenge, after the immediate reaction has sub-
sided, there is onset of a late phase reaction (LPR)' character-
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1. Abbreviations used in this paper: EC, endothelial cell(s); ELAM-1,
endothelial-leukocyte adhesion molecule-l; LPR, late phase reaction.

ized initially by the infiltration of eosinophils, neutrophils, and
mononuclear cells into the inflamed area. Granulocytes reach
their maximum cell accumulation at 6-8 h, and by 24-48 h
after onset ofthe reaction the cellular infiltrate consists predom-
inantly of mononuclear cells.

It has become increasingly appreciated that the IgE-me-
diated LPR plays an important role in the pathogenesis of
chronic allergic diseases. For example, several studies suggest
that the chronic cellular infiltrate in asthma may be due to a
sustained LPR (3, 4). The mechanism for accumulation of in-
flammatory cells at the site of allergen-induced LPR is un-
known. Although mediators such as histamine or leukotriene
C4 can induce intercellular leakage of serum macromolecules
across endothelial cells (EC) they do not result in the apprecia-
ble migration of inflammatory cells into the perivascular com-
partment. The accumulation of inflammatory cells in injured
or antigen-stimulated tissue requires at least two additional
events: first, increased adhesion of circulating leukocytes to the
luminal surface of venular EC; and second, stimulation of tran-
sit of leukocytes across the vascular wall (reviewed in references
5 and 6). The adhesion of leukocytes to endothelial surfaces is
mediated by complementary adhesion molecules on the leuko-
cyte and the EC. Cytokines, such as IL- 1, TNF, or IFN-,y, can
induce synthesis and expression of specific adhesion molecules
on EC that promote attachment of various types of leukocytes
(5, 6). For example, one such glycoprotein, endothelial-leuko-
cyte adhesion molecule- 1 (ELAM- 1) is inducible by either IL- I
or TNF, and is involved in the adhesion of PMNto the EC
surface (7, 8). In this study, we examined whether induction of
ELAM-l is involved in the pathogenesis of cutaneous allergen-
induced LPR. The results indicate that EC in skin biopsies
from elicited LPR express the cytokine-inducible activation
antigen, ELAM- 1. Furthermore, ELAM-l expression may be
induced in skin organ culture by addition of allergen in a pro-
cess dependent on both IL- I and TNF.

Methods

Skin biopsies. Skin biopsies were obtained from 2 groups of subjects:
first, 15 patients with respiratory allergy (asthma or allergic rhinitis) but
no skin disease, all of whomshowed immediate and LPR after intra-
dermal injections with either 30 allergenic units of ragweed antigen E
or 3 allergenic units of dermatophagoidesfarinae (dust mite) allergen
(Greer Labs, Lenoir, NC); and second, 4 healthy controls with no cuta-
neous disease. Informed consent was obtained from each patient before
skin biopsy.

Single 4-mm cutaneous punch biopsies were obtained under local
anesthesia. From the first set of 7 patients with respiratory allergy, a
total of 22 two-mm skin biopsies were obtained at 20 min, 2, 4, or 24 h
after intradermal injection with either saline or allergen (ragweed or
dust mite). To rule out the possibility of nonspecific stimulation with
allergen, we also studied a total of 8 skin biopsies from 4 healthy con-
trols after local allergen injection. These specimens were immediately
flash frozen for analysis by immunohistochemistry (see below). From a
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second set of 8 patients with respiratory allergy, 2-mm skin biopsies
were obtained from either untreated skin sites (n = 22) or skin sites
obtained 20 min after injection with either saline or allergen (n = 4).
These specimens were subjected to organ culture before analysis by
immunohistochemistry (see below).

Immunohistochemical studies. Immunohistochemical staining was
carried out as previously described (9). All biopsies were flash frozen in
optimal cooling temperature (OCT) compound (Miles Laboratories
Inc., Naperville, IL) in liquid nitrogen and stored at -70'C, until cryo-
sectioning. 6-am cryostat sections were cut, fixed in acetone for 10 min,
washed 3 times in phosphate-buffered saline, and incubated for 1 h at
room temperature with the monoclonal antibody. Sections were then
washed and incubated with peroxidase-conjugated rabbit anti-mouse
IgG (Dako Corp., Santa Barbara, CA), diluted in phosphate-buffered
saline containing 20% normal human serum for 60 min. Peroxidase
activity was detected using acetylethylcarbazol (0.002% in 5%dimeth-
ylformamide, 0.2% sodium acetate buffer, pH 5, with 0.03% H202).
Sections were then washed in distilled water, lightly poststained with
hematoxylin, and mounted. The anti-ELAM-I monoclonal antibody
used in these studies was H4/18, which is IgGK (10). Control antibod-
ies were routinely tested on step sections of the same tissue specimens.
The negative staining control was an irrelevant IgG'x and the positive
control for EC staining was anti-von Willebrand factor (IgG1, Dako
Corp.). In all experiments, these antibodies were also used to stain a
specimen of acute appendicitis for ELAM- I positive venules.

Grading of stained sections was initially done without knowledge of
the identity of the patient or the time of biopsy. Assessment of staining
for ELAM- l, which is absent in normal endothelium, was performed
by counting positively staining vessels, and the staining intensity was
graded as either 0 (absent), I + (weak), 2+ (moderate), 3+ (strong), or
4+ (very strong).

Organ cultures. Skin biopsies from nonlesioned skin of patients
with respiratory allergy were immediately immersed into RPMI 1640
culture medium (Flow Laboratories, McLean, VA) supplemented with
10% (vol/vol) fetal calf serum, 1%penicillin/streptomycin, and 10 mM
L-glutamine (Gibco Chemical Co., Grand Island, NY). Explants were
incubated at 370C with humidified 5% C0J95% air for 5 h before
harvesting. In selected experiments, organ cultures were preincubated
with either 200 U/ml of rabbit anti-human IL-la and # (Endogen)
and/or 500 U of rabbit anti-human TNF-a (Genzyme, Boston, MA)
for 1 h before the addition of allergen. Replicate explants were also
incubated in identical concentrations of nonimmune rabbit serum to
exclude nonspecific interference with local cytokine release. After har-
vesting the explants, all tissue specimens were flash frozen and pro-
cessed for immunochemical staining as described above.

Results

Endothelial activation in situ in elicited late phase reactions.
Our previous studies have demonstrated that, using antibody
H4/18, normal skin does not show any reactivity for the
ELAM-1 antigen (9). In these experiments, we studied 7 pa-
tients with respiratory allergy known to have LPR after intra-
dermal injection with either ragweed or dust mite allergen. A
total of 22 skin biopsies were obtained either at 20 min, 2, 4, 6,
or 24 h after intradermal injection with either saline or aller-
gen. Saline injected sites in 4 of 4 atopic subjects tested did not
express ELAM-1 antigen (Fig. 1 a). In contrast, in 7 of 7 atopic
patients, allergen induced the appearance of ELAM-l on EC
(Fig. 1 b). ELAM- I expression occurred concurrently with the
development of inflammatory cell infiltrates between 2-4 h
after intradermal injection (Fig. 2). The intensity of ELAM-l
expression peaked at 6 h and was significantly decreased 24 h
after intradermal allergen injection. Because histological stud-
ies were performed on frozen (rather than paraffin-embedded)
sections in these small biopsies, the cell types in the inflamma-
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Figure 1. Skin biopsies from LPR stain for ELAM- 1. (a) Skin biopsy
obtained 4 h after intradermal saline injection in a patient with
respiratory allergy stained for ELAM- 1. Vessels in the dermis do not
stain for ELAM-1. (b) Skin biopsy 4 h after in vivo induction of a
late phase reaction by ragweed antigen in a patient with respiratory
allergy stained for ELAM- 1. Vessels in the dermis are positively
stained for ELAM- I and are associated with early inflammatory cell
infiltrate.

tory infiltrate could not be precisely quantitated. 1 lie earnest
lesions at 2 h contained polymorphonuclear as well as mononu-
clear cells, but predominantly the former. At 6 h, both cell
types continued to be present, and in the 24-h lesions, the cellu-
lar infiltrate consisted largely of mononuclear cells. Occasion-
ally eosinophils were present at all time intervals.

Wealso examined the intensity of ELAM-I expression in
skin biopsies obtained 6 h after intradermal injection of rag-
weed and dust mite allergen in separate skin sites of four nona-
topic healthy controls. As shown in Fig. 2, the intensity of
ELAM-1 expression in skin biopsies taken from allergen-in-
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Figure 2. Time course of ELAM- I expression during elicited LPR in
patients with respiratory allergy. ELAM-1 expression was evident
after 3-4 h, increased in intensity at 6 h, and decreased at 24 h. The
two biopsies of mite-injected sites from atopic individuals were ob-
tained from the same individual. Only 1 of 7 sites in 4 nonatopic
controls showed ELAM-1 staining, and saline sites were uniformly
negative.

jected skin sites of nonatopic controls was significantly less
than that observed in atopic skin. Specifically, the P value was
< 0.01 using a Wilcoxon Rank Sumtest comparing the inten-
sity of ELAM- 1 expression at the 6-h timepoint in allergen-in-
jected skin sites of atopic individuals (n = 7) versus nonatopic
controls (n = 8). The single positive response to ragweed was in
a patient who complained of respiratory allergy but was skin
test negative by gross examination after prick and intradermal
injection to ragweed. These results suggest that the injection of
allergen into skin does not act directly on EC to cause expres-
sion of ELAM-1 but rather acts by inducing an immune re-
sponse in atopic individuals.

Endothelial activation in skin organ cultures. In this series
of experiments, we wished to determine whether the induction
of ELAM-1 during LPR resulted primarily from signals de-
rived from resident skin cells, or secondarily as a result of the
inflammatory cell infiltrate. Two approaches were used to ex-
amine these possibilities. First, we obtained skin biopsies from
two atopic individuals, 20 min after either an allergen injection
or saline injection using the same protocol followed for in situ
allergen responses. Based on the previous experiments, neither
ELAM-1 expression nor leukocyte infiltrates are expected at
this early time postinjection. These biopsies were placed into
organ culture without further exposure to allergen. After 6 h of
culture, these skin explants were frozen and stained for ELAM-
1 expression. ECin the biopsies obtained from the ragweed- or
dust mite-injected skin sites of these two donors both devel-
oped marked (3+) ELAM-l expression. In contrast, skin biop-
sies from both donors injected in vivo with saline had only
minimal reactivity (0.5+) for ELAM-1. These initial experi-
ments suggested that resident skin cells rather than infiltrating
cells are the source of cytokine induced EC activation after
intradermal allergen injection.

A second experimental approach was used to extend these
observations. In these latter experiments, untreated skin biop-
sies taken from six different patients with respiratory allergy,
were placed in organ culture and exposed in vitro either to
ragweed or dust mite allergen, or to saline for 5 h. In each case,

in vitro exposure to allergen but not saline resulted in signifi-
cant ELAM-l expression on EC(Fig. 3). Hematoxylin staining
confirmed that the ELAM-1 expression observed on these tis-
sue sections occurred without an inflammatory infiltrate.

Expression of ELAM-J is IL-I and TNF dependent.
ELAM-1 expression can be induced in skin organ culture by
exogenous IL- 1 or TNF (1 1). To test whether these cytokines
mediate the response to allergen, skin explants were preincu-
bated for 1 h with polyclonal blocking antiserum to human
TNF-a (500 U/ml) and/or anti-human IL-la and , (200 U/
ml), followed by 5 h more of organ culture after addition of
allergen. As shown in Table I, preincubation with anti-human
TNF-a alone, anti-IL-la and ,3 alone, or nonimmune rabbit
serum failed to prevent in vitro ELAM- 1 induction by allergen
(Table I and Fig. 4 a). However in four separate explants (pa-
tients 3, 4, 5, and 6 in Table I), preincubation of skin explants
with a combination of anti-IL- 1 and anti-TNF completely
abrogated expression of in vitro allergen-induced ELAM- I ex-
pression (Fig. 4 b). These results suggest that the release of
endogenous IL- 1 and TNF-a associated with allergen exposure
appear to be responsible for elicitation of endothelial activa-
tion, as defined by ELAM- I induction.

Discussion

The LPR plays an important pathogenic role in allergic dis-
eases. LPR have been demonstrated in patients who have
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Figure 3. Skin vascular endothelial cells express ELAM-I after aller-
gen exposure in vitro. Skin explant from an atopic patient cultured
in the presence of allergen for 5 h and stained for ELAM-l, showing
ELAM- I staining in the endothelium.
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Table L Cytokine Dependence of Allergen-induced ELAM-J
Expression

ELAM-1
Experiment:Part Allergen Antibody Expresion

1:1 None None I+
Ragweed None 2.5+
Ragweed Anti-TNF-a 2+
Ragweed Anti-TNF-# 3+

1:2 None None 0.5+
Dust mite None 2+
Dust mite Anti-TNF-a 1.5+
Dust mite Anti-TNF-# 2+

2:3 None None 0
Ragweed None 2+
Ragweed Anti-TNF-a + anti-IL-I 0

2:4 None None 0
Ragweed None 2+
Ragweed Anti-TNF-a + anti-IL-I 0

3:5 Ragweed Nonimmune rabbit serum 1.5
Ragweed Anti-TNF-a 2+
Ragweed Anti-IL- I 1.5
Ragweed Anti-TNF-a + anti-IL-I 0

3:6 Ragweed Nonimmune RS 2+
Ragweed Anti-TNF-a 2+
Ragweed Anti-IL-I 2+
Ragweed Anti-TNF-a + anti-IL-I 0

Skin explants from patients with respiratory allergy were stimulated in
vitro for 5 h with allergen in the presence of either nonimmune
rabbit serum, anti-TNF-a, anti-IL-i, or a mixture of anti-TNF and
anti-IL-I as described in Methods.

asthma and allergic rhinitis (3, 4, 12). The intensity of nonspe-
cific bronchial hyperreactivity in asthmatic reactions after anti-
gen bronchoprovocation has been found to be proportional to
the intensity of the LPR (13). Clinical improvement in asth-

Figure 4. Expression of ELAM-l in vitro is blocked by anti-IL-I plus
anti-TNF. (a) High power of two blood vessels from a skin explant
cultured with allergen for 5 h in the presence of normal rabbit serum.
(b) A similar explant cultured in the presence of anti-IL-I plus anti-
TNF-a in the medium. Note the absence of endothelial staining.

matic symptoms after allergen immunotherapy correlates with
a marked attenuation of LPR after bronchoprovocation chal-
lenge (14). The immunopathologic events that result in the
inflammatory infiltrate associated with the LPRare poorly un-
derstood. The accessibility of the skin for in situ investigation
makes it an important model for understanding the pathogene-
sis of allergic LPR in other organs.

The induction of endothelial leukocyte adhesion molecules
represent an important initial event in the accumulation of
inflammatory cells at the site of antigen stimulated tissues (10,
15). In our study of allergen-induced LPR, we found that the
ELAM-l antigen occurs concurrently with the development of
inflammatory cell infiltrates 2-4 h after elicitation of the LPR
in vivo. Furthermore, the local secretion of IL-I and TNF-a are
required for the induction of ELAM- I expression.

In the skin, IL-I and TNF-a may be produced by several
cell types. Keratinocytes produce IL-I and monocytes produce
both IL- I and TNF-a (16). Vascular smooth muscle cells also
produce small amounts of IL-I and TNF (17, 18) and EC
themselves synthesize IL-1, although little is secreted (19). In-
terleukin 3-dependent and -transformed mast cell lines have
recently been demonstrated to release multiple cytokines after
cross-linking of their high affinity IgE (FceRI) receptors via the
interaction of IgE with specific multivalent allergens (20, 21).
These mast cell-derived cytokines include IL-1, TNF-a, IL-3,
IL-4, IL-5, IL-6, and GM-CSF. Mast cells are located around
the superficial dermal venules, the sites of most cutaneous in-
flammatory responses, and the vascular segments that most
prominently express ELAM- 1 during an elicited LPR. The im-
mediate release of cytokines after allergen-induced mast cell
degranulation is most compatible with the data presented in
this study. This interpretation is supported by the recent stud-
ies of Klein et al. (22) who reported that dermal ECexpressed
ELAM-1 2 h after in vitro degranulation of human mast cells
using anti-IgE in skin organ cultures. These investigatOrs were
able to completely block anti-IgE-induced expression of
ELAM- 1 using antiserum to TNF-a. In contrast, we were un-
able to significantly inhibit allergen-induced ELAM-l expres-
sion with anti-TNF-a alone but required the combination of
both TNF-a and anti IL-1. A role for IL-l as well as TNF is
consistent with the recent report by Charlesworth et al. (23),
using a blister chamber model, that allergen induced LPR is
accompanied by early production of IL-1.

Weconclude that cytokine-induced EC activation plays a
role in the migration of inflammatory cells into the allergen-in-
duced LPR. Furthermore, cytokines derived from resident cells
in the skin, probably mast cells rather than infiltrating leuko-
cytes, appear to mediate the EC activation. The cytokines in
question are likely to be IL- and/or TNF-a. Therapeutic strate-
gies that seek to reduce the inflammatory cascade associated
with allergic diseases will need to consider the role of local
cytokine secretion during the LPR.
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