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Eosinophils and basophils accumulate in tissues 
during certain inflammatory processes, such as 
hypersensitivity diseases and experimental allergic 
late-phase responses in the nose, skin, or lungs.‘, * 
However, the exact role of eosinophils and baso- 
phils in the pathophysiology of chronic allergic 
diseases remains incompletely defined. Eosino- 
Phil- and basophil-derived mediators can be iden- 
tified during these inflammatory responses; many 
of these substances have been shown to induce or 
influence the pathophysiologic features of allergic 
disorders. The fact that levels of these cells and 
their mediators are reduced during resolution of 
allergic reactions further supports the hypothesis 
that eosinophils and basophils play a critical role 
in allergic diseases. Because these cells are pref- 
erentially attracted to extravascular inflammatory 
sites, mechanisms that favor their recruitment 
into the affected tissues must exist.*+’ 

In 1889, Julius Cohnheim, a former student of 
the pathologist Rudolph Virchow, published his 
landmark pathology textbook in which he care- 
fully described all of the pathophysiologic fea- 
tures of inflammation, including leukocyte emi- 
gration into tissues.’ He noted that the vascular 
endothelium adjacent to the site of inflammation, 
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Abbreviations used 
BAL: Bronchoalveolar lavage 

GM-CSF: Granulocyte-macrophage colony- 
stimulating factor 

ICAM: Intercellular adhesion molecule 
IL: Interleukin 

MAdCAM: Mucosal addressin cell adhesion 
molecule 

MlPla: Macrophage inflammatory 
protein lo 

PECZAM: Platelet-endothelial cell adhesion 

I molecule 
SLe”: Sialylated Lewis X antigen 

TNF: Tumor necrosis factor 
VCAM: Vascular cell adhesion molecule 

VLA: Very late activation 

especially at the level of the postcapillary venule, 
was lined by marginated leukocytes: “. . . the in- 
ternal surface of the vein appears paved with a 
single but unbroken layer of colourless corpuscles 
without the interposition at any time of a single 
red one. It is the separation of the white from the 
red corpuscles that gives the venous stream in 
these cases that characteristic appearance, any- 
thing analogous to which you will look for in vain 
in the other vessels.” His prediction, that there 
was “a molecular change in the vessel wall” re- 
sulting in the formation of some sort of “glue,” 
was ultimately proven to be correct with the 
discovery, nearly a century later, of leukocyte and 
endothelial cell adhesion molecules. Within the 
past decade, an explosive growth in our knowl- 
edge of these molecules has occurred. Adhesion 
molecules are now known to be critical for virtu- 
ally every step in cell recruitment, including mar- 
gination, diapedesis, and chemotaxis. Several re- 
views have recently appeared in which various 
aspects of the function of adhesion molecules in 
allergic diseases are discussed.33 6-8 Therefore this 
review b:riefly summarizes the known functions of 
endothelial and leukocyte adhesion molecules 
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TABLE I. Biochemical and functional characteristics of several endothelial adhesion molecules 

Endothelial cell Molecular weight 
adhesion molecule CD designation NJ) Inducing stimuli* Leukocyte ligands 

ICAM- CD54 85-110 IL-l, TNF, IFN-y CDllaKD18 (LFA-l), 
CDllWCDl8 (Mac-l) 

ICAM- CD102 60 None CDlla/CD18 
PECAM-1 CD31 130 None Unknown 
VCAM-1 CD106 110 IL-l, TNF, IL-4 CD49d/CD29 

(VLA-4, a4f31) 
and Act-l (c14f37) 

E-selectin CD62E 115 IL-l, TNF sLe” 
P-selectin CD62P 140 Histamine, thrombin sLe” 

*Surface expression of ICAM-1, ICAM-2, and PECAM-1 is constitutive. 

TABLE II. Biochemical and functional characteristics of several eosinophil and basophil 
adhesion molecules 

Molecular weight 
Adhesion molecule CD designation NJ) 

LFA-1 ((wLp2) CDllaKD18 180195 
Mac-l (aMP2) CDllWCD18 170195 
p150,95 (c&321) CDllc/CD18 150195 
VLA-4 (a4f31) CD49d/CD29 150/130 
VLA-6 (a6pl)* CD49f/CD29 150/130 
Act-l (a4f37) None 150/120 
L-selectin CD62L 90 
sLe” CDlSs Unknown 

*Clearly expressed and functional on eosinophils; not detectable on basophils. 

Ligands 

ICAM- (domain 1) 
ICAM- (domain 3), C3bi 
Unknown 
VCAM-1, fibronectin 
Laminin 
VCAM-1, MAdCAM-1, fibronectin 
GlyCAM-1, CD34, MAdCAM- 
E-selectin, P-selectin 

and examines the role that these molecules may 
play during eosinophil and basophil recruitment 
in vitro and in vivo, focusing in particular on work 
from our laboratories. 

MOLECULAR MECHANISMS OF 
ENDOTHELIAL LEUKOCYTE ATTACHMENT 

Many cell surface glycoproteins on endothelial 
cells are capable of mediating adhesion. These 
molecules can be subdivided on the basis of 
shared structural characteristics. For example, 
many adhesion molecules have globular domains 
resembling those found in immunoglobulins. On 
endothelial cells, those belonging to the immuno- 
globulin gene superfamily, which consists of more 
than a dozen structures, include intercellular ad- 
hesion molecule-,1 (ICAM-l), ICAM-2, platelet- 
endothelial cell adhesion molecule-l (PECAM-l), 
and vascular cell adhesion molecule-l (VU&l-l)” 
(Table I). Another family of adhesion molecules, 
of which there are only three known members, is 
the selectin gene superfamily.“’ Two members of 
this family, E-selectin (originally called ELAM-1 
or endothelial-leukocyte adhesion molecule-l) 

and P-selectin (formerly GMP-140) can be ex- 
pressed on the surface of endothelial cells. 

Although ICAM-1, ICAM-2, and PECAM-1 
are normally expressed on the endothelial surface, 
E-selectin and VCAM-1 are not, and various 
cytokines are capable of inducing or enhancing 
their expression (Table I).” P-selectin is also 
absent from the surface of resting endothelium, 
but in contrast to the other endothelial adhesion 
molecules, it exists preformed within granules 
(the so-called Weibel-Palade bodies) and is rap- 
idly expressed (i.e., within minutes) after stimula- 
tion wit.h agents such as histamine and throm- 
bin.“’ The N-terminal lectin domains of E-selectin 
and P-selectin bind to carbohydrate structures, 
such as those containing sialylated Lewis X anti- 
gen (sLe”) or sialic acid (r2-3 galactose pl-4 (fu- 
case al-3)N-acetylglucosamine).l” 

On leukocytes, additional families of adhesion 
molecules have been recognized; many of these 
are expressed by eosinophils and basophils (Table 
II). One of these families, the integrins, consists 
of more than a dozen heterodimers with distinct OL 
chains a.nd a common p chain,” and are responsi- 
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ble for adhesion to endothelial cells, complement 
protein fragments, extracellular matrix proteins, 
and other ligands.‘“* l3 For example, the very late 
activation antigen-4 (VLA-4) heterodimer 
(CD49dKD29, cx4pl) can bind to both VCAM-1 
and the CS-1 region of fibronectin.“’ Another l3 
subunit, p7, can also pair with ~14 (014l37 or Act-l). 
This heterodimer, like VLA-4, is capable of bind- 
ing to fibronectin and VCAM-1,15, I6 but unlike 
VLA-4,014p7 binds to another adhesion molecule, 
mucosal addreasin cell adhesion molecule-l 
(MAdCAM-1) that has structural homology to 
both VCAM-1 and ICY&I-l and appears to be 
involved in lymphocyte homing to the gut mu- 
cosa.“’ I8 The adhesive functions of integrins 
require divalent cations and can be augmented 
after cell activation as a result of movement of 
additional preformed molecules from within the 
cytoplasm to the cell surface or as a result of rapid 
conformational changes in the molecule. 

The third member of the selectin family, L- 
selectin (formerly LECAM-l), is found on leuko- 
cytes, including eosinophils and basophils, and 
mediates localization of circulating neutrophils to 
inflammatory sites independent of integrins.” 
This adhesion protein appears to function as an 
anchor, which is rapidly shed (rather than upregu- 
lated like integrins) during leukocyte activation 
and extravasation.” L-selectin also binds to car- 
bohydrates, and recently identified ligands include 
the extensively glycosylated structures GlyCAM- 
11” and CD34.‘” 

GENERATION OF A SELECTIVE 
CELLULAR INFILTRATE 

It has been proposed that a series of steps is 
necessary for the emigration of leukocytes into 
tissue sites.‘l Under the influence of shear stress 
caused by blood flow, circulating leukocytes must 
first undergo a reversible process of margination, 
during which cells “roll” or reversibly attach to 
the endothelium. Both in vitro and in vivo studies 
suggest that these “tethering” adhesive interac- 
tions are mediated via carbohydrate-selectin in- 
teractions (probably involving both L- and P- 
selectin).” The next step requires leukocyte acti- 
vation, or “triggering,” perhaps as a result of their 
exposure to chemoattractants released by endo- 
thelial cells or nearby tissue-dwelling cells.**~ 23 
Immobilization of activating stimuli on the endo- 
thelial cell surface may serve to facilitate these 
triggering eventsZ4 Alternatively, contact of leu- 
kocytes with endothelial adhesion molecules may 
activate the cells directly,25 a process referred to 

as “inside-out signaling.” Associated with these 
events are increases in both avidity and expression 
of integrins on the leukocyte surface. Leukocyte 
rolling and activation is followed by firm leuko- 
cyte-endothelial adhesion and subsequent trans- 
endothelial migration (diapedesis), during which 
the leukocytes emigrate between endothelial cells 
and enter the extravascular space. These final 
events are mediated by l31 and p2 integrins and 
adhesion molecules belonging to the immuno- 
globulin family (e.g., ICAM-1, VCAM-1, and 
PECAM-1; see below), although the array of 
adhesion molecules available for these interac- 
tions varies among the different leukocyte types. 
According to this model, preferential recruitment 
of a given cell type is the net result of many 
separate events, rather than the effect of a unique 
cell-specific chemoattractant or adhesion mol- 
ecule pathway for each cell type. This paradigm 
would suggest that a particular pattern of cellular 
influx would result from a sequence of relatively 
selective recruitment events in which overlapping 
cell adhesion mechanisms and chemotactic factors 
function in concert. For many cell types, evidence 
is rapidly accumulating in support of this hypothe- 
sis. With a variety of assays in vitro and in vivo, 
several laboratories have now examined eosino- 
Phil, basophil, and neutrophil adhesion responses 
and have identified a number of differences 
among these cell types. 

COMPARING THE FUNCTION OF ADHESION 
MOLECULES DURING EOSINOPHIL, 
BASOPHIL, AND NEUTROPHIL 
ATTACHMENT TO ENDOTHELIAL CELLS 

Methods have been established to study adhe- 
sion in vitro under conditions that simulate blood 
flow in vivo.263 ” These assays are particularly 
useful in studying carbohydrate-selectin adhesion 
events, because integrins play a minimal role, at 
least in initiating adhesion, under conditions of 
shear stress. In comparing adhesion of eosinophils 
and neutrophils, it was demonstrated that both 
cell types can bind to cytokine-activated endothe- 
hum in a calcium-dependent manner.” Adhesion 
was mediated in part by leukocyte L-selectin, 
since monoclonal antibodies recognizing L-selec- 
tin significantly inhibited adhesion. One L-selec- 
tin antibody, LAM l-11, had an unexpected activ- 
ity in that it inhibited eosinophil but not neutro- 
phi1 adhesion under conditions of shear stress in 
vitro, raising the possibility that eosinophils use an 
epitope on the L-selectin molecule that is not 
used by neutrophilsw Eosinophils that have shed 
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FIG. 1. Schematic representation of the effects of cyto- 
kine activation of endothelium on eosinophil and basophil 
adhesion. Note that a different pattern of adhesion mol- 
ecules is expressed by endothelial cells after treatment 
with IL-l or TNF (A) compared with treatment with IL-4 (B). 
Because neutrophils do not express a491 (VLA4), they 
cannot bind to VCAM-1. Copyright 0 1993 by Jacqueline 
A. Schaffer. Reprinted with permission. 

their L-selectin, either as a result of activation in 
vivo (e.g., as seen with eosinophils isolated from 
late-phase bronchoalveolar lavage (BAL) fluids29) 
or in vitro (e.g., as seen after exposure to certain 
cytokines or chemoattractants?‘) adhered poorly 
in this assay.= Basophils were also shown to 
express L-selectin and shed this molecule on ac- 
tivation in vitro or in vivo, although the shedding, 
compared with other granulocytes, is less com- 
plete.2gz 31 No information is available about the 
function of L-selectin on basophils. 

Recent data suggest that P-selectin can mediate 
adhesion and rolling of neutrophils under flow 
conditions. Unlike L-selectin, P-selectin will sup- 
port adhesion under static conditions as well.‘“* 32 
Like neutrophils, eosinophils have been shown to 
bind to P-selectin immobilized on plastic surfaces 
or when expressed on the surface of P-selectin- 
transfected Chinese hamster ovary (CHO) cells; 
antibodies to the lectin domain of P-selectin block 
adhesion.32-34 Based on a variety of pieces of in- 

formation, including the effects of treatment with 
neuraminidase or various proteases, adhesion to 
selectins appears to be mediated by sialylated 
glycoprotein ligands on the surface of the eosino- 
phi1 and neutrophi1.34-36 Indeed, a 120 kd neutro- 
phi1 ligand for P-selectin has been recently iden- 
tified.37 However, the ability of several of these 
enzymes to reduce neutrophil binding was greater 
than that seen for eosinophils, suggesting some 
differences in the level of expression or biochemi- 
cal composition of their P-selectin ligands.34 Un- 
like eosinophil adhesion to other ligands, eosino- 
phils failed to spread on P-selectin and exhibited 
a reduced capacity to degranulate or produce 
superoxide anion, suggesting that attachment to 
P-selectin inhibited eosinophil function.33 Whether 
similar functional interactions occur between baso- 
phils and P-selectin is not known. 

In the mid 1980s it was discovered that expo- 
sure of endothelial cells to interleukin-1 (IL-l), 
tumor necrosis factor (TNF), phorbol diesters, or 
bacterial lipopolysaccharide causes an enhanced 
adhesiveness for neutrophils.38-40 Subsequent 
studies revealed that the same basic results occur 
with eosinophils4’ and basophils.42 Activation of 
endothelium by these stimuli induces expression 
of endothelial adhesion molecules including 
ICAM-1, E-selectin, and VCAM-1 (Fig. 1, A). To 
determine whether there was any selectivity 
among these three adhesion molecules for eosin- 
ophils or basophils, antibodies against ICAM-1, 
E-selectin, and VCAM-1 were compared for their 
ability to inhibit adherence of eosinophils, baso- 
phils, and neutrophils to IL-l-stimulated endo- 
thelial cell mono1ayers.43 Specific antibodies to 
ICAM- and E-selectin inhibited adherence of all 
three leukocyte types, in agreement with results of 
another published report4“ In contrast, anti- 
VCAM-1 antibody was extremely effective in in- 
hibiting eosinophil adherence but had no effect 
on neutrophil adherence, suggesting that eosino- 
phils, unlike neutrophils, recognize VCAM-1.43 
In these studies basophil adherence was also 
demonstrated to be partly mediated through 
VCAM- 1, although the inhibitory effect seen with 
anti-VCAIvl-1 antibody was less impressive. 

Since it has been established that a counterli- 
gand for VCAM-1 on lymphocytes was VLA-4,14 
immunofluorescence and flow cytometry were 
used to examine VLA-4 expression on these cells. 
As expected, neutrophils did not express VLA-4, 
whereas eosinophils and basophils did.43- 45-47 Fur- 
thermore, antibodies to VLA-4 inhibited eosino- 
phi1 and basophil but not neutrophil adhesion to 
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IL-l-stimulated. endothelium.45. 47 To indepen- 
dently confirm that eosinophils and basophils 
could adhere to VCAM-1, the ability of these cells 
to adhere to a truncated recombinant form of 
VCAM-1, which had been immobilized to plastic 
plates, was tested. Eosinophils and basophils, un- 
like neutrophils, adhered more avidly to this sur- 
face compared with control surfaces, and the 
adhesion was inhibited with specific antibodies 
against VCAM-1 and VLA-4.3Z 46, 48 

The finding that VCAM-l/VLAd-mediated 
adhesion was different among eosinophils, baso- 
phils, and neutrophils raised the possibility that 
specific induction of VCAM-1 on endothelial cells 
might promote eosinophil and basophil adher- 
ence, but not neutrophil adherence. Previous 
studies suggeste:d that the cytokine IL-4 was ca- 
pable of selectively inducing VCAM-1 expression 
in endothelial cells (Fig. 1, B).49 Incubation of 
endothelial cells with IL-4 did not influence neu- 
trophil adherence but did induce eosinophil and 
basophil adherence, which was inhibited by more 
than 70% with either anti-VCAM-1 or anti- 
VLA-4 antibodies.48 These findings were consis- 
tent with the observations that mice bearing an 
IL-4 transgene develop tissue eosinophilia and an 
allergic syndrome and that mice inoculated with a 
tumor cell line, which has been transfected with 
the IL-4 gene, develop local eosinophilia at the 
tumor site.” Therefore IL-4, by selectively pro- 
moting VCAM-I expression, might contribute to 
the preferential recruitment of eosinophils (and 
basophils) compared with neutrophils seen during 
certain inflammatory responses. However, be- 
cause VLA-4 is expressed on other cell types, 
including lymphocytes and monocytes, it seems 
unlikely that the VCAM-WLA-4 adhesion path- 
way is solely responsible for selective eosinophil 
and basophil recruitment. Finally, the discovery 
that eosinophils and basophils, but not neutro- 
phils, express Act-l (c~4l37)~l (and unpublished 
observations), a molecule that recognizes both 
VCAM-1 and MAdCAM-1, suggests that this in- 
tegrin may also play a role in preferential recruit- 
ment responses. 

Studies in which a truncated recombinant form 
of E-selectin immobilized on plastic plates was 
used confirmed that eosinophils, basophils, and 
neutrophils are capable of binding to E-selec- 
tin. 52, 53All three cell types adhered to E-selectin, 
and their adhesion was dependent on leukocyte 
surface expression of sialic acid, since neuramini- 
dase treatment and removal of sialic acid abol- 
ished essentially all adhesive activity.52, 53 Interest- 

ingly, basophils bound best to E-selectin, followed 
by neutrophils and eosinophils. This relative rank 
order of binding efficiency was not directly related 
to the quantity of sLe” on the cell surface. Flow 
cytometric studies with antibodies specific for 
SW, as well as an extended chain form of sLe” 
(sialyl-dimeric Lex), revealed that neutrophils had 
the greatest amount of sLex, whereas all three 
cells had comparable levels of sialyl-dimeric LeX5’ 
(and unpublished observations). That the ex- 
tended chain form of sLe” may be responsible for 
adhesion to E-selectin was suggested by experi- 
ments in which endo+galactosidase was used. 
This enzyme removes the sialyl-dimeric Le” (rep- 
resenting ~10% of the total pool of sLe” on 
neutrophils but essentially all of the sLe” on 
eosinophils) and almost completely inhibits bind- 
ing of both eosinophils and neutrophils.5z Thus 
although the bulk of sLe” remained on the surface 
of the neutrophils after treatment with endo-@ 
galactosidase, adhesion was dramatically im- 
paired. These same experiments revealed that 
sialyl-dimeric Le” is the important and predomi- 
nant form of sLe” on the eosinophil surface. 

FUNCTION OF ADHESION MOLECULES 
DURING TRANSENDOTHELIAL MIGRATION 

Transendothelial migration is a process by 
which cells entering a local inflammatory site 
traverse the vascular endothelium. Migration of 
neutrophils across endothelial monolayers in vitro 
has been shown to be enhanced by prior activa- 
tion of the endothelium with IL-l or TNF.54 
Several in vitro studies have now analyzed the 
molecular mechanisms regulating eosinophil 
transendothelial migration. As is the case with 
other leukocyte types, treatment of endothelial 
monolayers with IL-l or TNF increased eosino- 
phi1 transendothelial migration.55Z ” Eosinophil 
transendothelial migration through IL-l-treated 
endothelium was almost completely inhibited by 
antibodies to CD18 (p, integrin) on the leuko- 
cyte; CD29 (pi integrin) antibody had little or 
no effect.56 Antibodies directed against the 
CDlla/CD18-1 binding site on ICAM- were 
moderately effective in inhibiting transmigration; 
a combination of anti-VCAM-1, ICAM-1, and 
E-selectin was more effective than anti-ICAM- 
antibody alone.56 An additional study used an 
antibody that activates, rather than inhibits, l31 
integrin function to study its effect on eosinophil 
migration. Treatment with this antibody dramati- 
cally inhibited eosinophil chemotaxis and transen- 
dothelial migration, presumably by enhancing ad- 
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hesion and thereby preventing migration by 
tightly immobilizing these cells.57 These data sup- 
port the hypothesis that transendothelial migra- 
tion of eosinophils involves the function and ex- 
pression of adhesion molecules on both the leu- 
kocyte and the endothelium and suggest that the 
mechanisms regulating leukocyte adhesion may 
differ from those mediating transmigration. Re- 
cently, studies havle also implicated PECAM-1 in 
leukocyte transendothelial migration responses.5” 
Thus far, the role of PECAM-1 in eosinophil 
transmigration re:mains unknown, and mecha- 
nisms of basophil transendothelial migration have 
not been carefully studied. 

FUNCTION OF ADHESION MOLECULES 
DURING MIGRATION THROUGH TISSUES 

Once leukocytes enter the extravascular space, 
migration through the tissue is dependent on their 
ability to bind to extracellular matrix proteins. 
Because most of the leukocyte receptors for ma- 
trix proteins belong to the Bl integrin family, 
eosinophils were recently examined for their ex- 
pression of these surface structures.59’ 6o Eosino- 
phils were found to express both 014 and (~6, the 
former functioning as a ligand for the CS-1 region 
of fibronectin, and the latter functioning as a 
laminin receptor.“, ” Interestingly, adhesion to 
fibronectin was shown to activate production of 
IL-3 and granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF), which augmented eosi- 
nophil survival in an autocrine fashion.h’ Studies 
examining expression of Bl integrins in human 
basophils have documented expression of VLA-3, 
VLA-4, and VLA-5.6’” With the exception of 
VLA-4, the functions of these integrins have not 
been investigated. 

i EFFECT OF CYTOKINES ON EOSINOPHIL 
AND BASOPHIL ADHESION 
AND CHEMOTAXIS 

Several cytokines have the ability to selectively 
enhance eosinophil or basophil adhesion re- 
sponses. For example, exposure of eosinophils to 
IL-3, IL-5 or GM-CSF will promote their adhe- 
sion to various surfaces and induce or augment 
chemoattractant-induced adhesion responses.6Z-65 
For basophils, IgE-dependent degranulation or 
treatment with IL-3 will enhance adhesion to 
endothelial cells,6t” 67 and IL-3 and IL-5 are potent 
basophil chemoattractants.68 In each instance, 
these treatments have little or no effect on neu- 
trophils, and adhesion is mediated primarily 
through B2 integrins. 

In addition to the active role of the vascular 
endothelium in expressing adhesion counterli- 
gands for various leukocytes, mediators synthe- 
sized and released by activated endothelial cells 
or other resident tissue cells may influence ceil 
adhesion. For example, it has been shown that 
neutrophil transendothelial migration across IL- 
l-activated endothelial cells requires, or is facili- 
tated by, endothelial derived IL-& a chemoattrac- 
tant that appears to be necessary for penetration 
of the endothelial barrier.*” IL-8 is a member of 
the C-X-C or a-subfamily of the chemokines, 
which consists of more than 15 structurally related 
8 to 10 kd proteins that have secretagogue and 
chemotactic activities.@‘. 7o 

Although IL-8 has been reported to have some 
chemotactic effect on primed eosinophils, this 
activity is quite modest.71, ‘* It was reasoned there- 
fore that another member of the chemokine fam- 
ily may subserve for eosinophils (and basophils) 
the role that IL-8 plays for neutrophils. To deter- 
mine whether other members of the chemokine 
family might have preferential eosinophil-activat- 
ing properties, a panel of chemokines was tested 
for their ability to promote eosinophil and neu- 
trophil chemotaxis and transendothelial migra- 
tion.73 Among the nine chemokines examined, 
RANTES was by far the most effective in induc- 
ing eosinophil chemotaxis and transmigration, 
whereas MIPlol had much less activity, findings 
consistent with other recent reports.“‘, 75 For neu- 
trophils, IL-8 and GRO were active in chemotaxis 
and transmigration assays, whereas RANTES and 
MIPlo had no effect. In the transendothelial 
migration assay, the effects of RANTES on eosin- 
ophils were synergistic with IL-5, and both anti- 
CD18 and anti-VLA-4 antibodies were needed to 
effectively inhibit RANTES-induced transmigra- 
tion across IL-l-activated endothelium.3. 76 Al- 
though the ability of endothelial cells to release 
RANTES is currently unknown, these data sug- 
gest that RANTES and perhaps other chemo- 
attractants promote VLA-4/VCAM-1 adhesive 
interactions during transmigration in vitro. Trans- 
endothelial migration of eosinophils is potenti- 
ated up to lo-fold by exposure to the eosinophil- 
activating cytokines IL-3, IL-5 or GM-CSF.76 
Because activated endothelial cells can produce 
GM-CSF, experiments were performed in which 
specific antibodies to GM-CSF were present dur- 
ing the transmigration assay. Antibodies to GM- 
CSF inhibited eosinophil transendothelial migra- 
tion across IL-l-activated endothelial monolayers 
by almost 50%, whereas antibodies to IL-8 had 
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little effect.76 Interestingly, eosinophils purified 
from late-phase reaction BAL fluids display a 
similarly potentiated transendothelial migration 
response.76 These data suggest that endothelial- 
derived GM-CSF may preferentially stimulate 
eosinophil transendothelial migration, whereas 
endothelial-derived IL-8 may play a similar role 
for neutrophils. Several chemokines can affect 
basophil mediator release”; and among these, 
IL-8, MCP-1, MIPlol, and RANTES have been 
reported to have chemotactic activity for basophils 
in vitr0.78* 79 

EXPRESSION AND FUNCTION OF 
ADHESION MOLECULES IN VIVO DURING 
ALLERGIC INFLAMMATION 

Among the initial evidence suggesting the ex- 
istence of different adhesion-related mechanisms 
for cell recruitment among granulocyte subtypes 
were findings in patients with leukocyte adhesion 
deficiency disease, a rare congenital immunodefi- 
ciency caused by diminished or absent B2 integrin 
expresion on all leukocytes.80 Children with this 
disease experience severe and often fatal bacterial 
soft tissue infections, despite a persistent periph- 
eral blood neutrophilia, because without B2 in- 
tegrins, their neutrophils cannot leave the circu- 
lation to enter infected sites. An intriguing obser- 
vation was madIe when sites of infection were 
examined histologically. Eosinophils (and mono- 
nuclear leukocytes) were found to be present in 
these lesions, even though neutrophils were vir- 
tually absent. These findings suggested that eosin- 
ophils, unlike neutrophils, possessed B2-integrin- 
independent mechanisms for recruitment into tis- 
sues. This is likeby to be mediated, at least in part, 
by VLA-4 and Act-l, which are found on eosino- 
phils and not neutrophils (see above). Further 
support for the potential role of VLA-4/VCAM- 
l-mediated eosin.ophil recruitment is provided by 
the demonstration of VCAM-1 staining of blood 
vessels, without E:-selectin staining, in skin biopsy 
specimens from patients with eosinophilic vascu- 
litis.8’ 

Studies in which immunohistochemical tech- 
niques are used have demonstrated that intrader- 
ma1 injection of allergic individuals with allergen 
activates the vascular endothelium to express 
E-selectin and VCAM-1 and to increase its ex- 
pression of ICAM- in an IgE-dependent man- 
ner. “3 8*-84Allergen challenge of the eye induces 
ICAM- expression on conjunctival epithelium.85 
There is indirect (evidence that endothelial activa- 
tion also occurs within the human airway after 

endoscopic intrabronchial allergen challenge, be- 
cause increased levels of a soluble form of E- 
selectin are observed in BAL fluids.2’ In non- 
human primates, allergen inhalation results in 
E-selectin expression on the airway vascular en- 
dothelium within 6 hours.86 The pattern of endo- 
thelial activation seen during allergic inflamma- 
tion in vivo suggests that endothelial cells are 
being exposed to cytokines such as IL-l, TNF, 
and/or IL-4. Several recent studies have identified 
conditions under which these cytokines may be 
generated in allergic reactions. For example, IL-l 
is released in vivo during experimental cutaneous 
allergic reactionsg7 mast cells can release TNF 
and perhaps IL-4,88, 89 and IL-4 mRNA has been 
detected in allergic inflammatory sites by in situ 
hybridization.gO Especially convincing is the obser- 
vation that E-selectin expression induced by aller- 
gen injection in human skin can be inhibited if the 
site is immediately biopsied and placed into cul- 
ture with a mixture of antibodies that neutralize 
IL-l and TNF.83 

Experiments directly implicating endothelial 
cell adhesion molecules in the pathophysiology of 
allergic rhinitis and asthma are limited. When 
bronchial mucosal biopsy specimens were ob- 
tained from normal subjects and subjects with 
mild, stable allergic asthma, immunohistochemi- 
cal analyses revealed similar levels of expression 
of ICAM- and E-selectin, despite an increased 
number of eosinophils in the mucosa of the sub- 
jects with asthma.” After 6 weeks of treatment 
with inhaled budesonide, tissue eosinophilia in 
the sub,jects with asthma was reduced, yet no 
significant change in the pattern of ICAM- and 
E-selectin expression was observed. In contrast, 
when nasal airway tissue was obtained from sub- 
jects with perennial allergic rhinitis, an increased 
expression of ICAM- and VCAM-1, but not 
E-selectin, was seen compared with tissues 
from nonallergic control subjects.92 To examine 
changes in the expression of adhesion molecules 
in the nasal mucosa after allergen provocation, 
biopsy specimens of the inferior turbinates of 
subjects with allergic rhinitis and nonallergic con- 
trol subjects were obtained 24 hours after local- 
ized challenge with antigen.‘” In this study con- 
stitutive expression of ICAM- and modest levels 
of VCAM-1, but no E-selectin expression were 
found in the nasal mucosa of nonallergic subjects. 
A comparison of endothelial cell adhesion mol- 
ecule expression 24 hours after allergen challenge 
in allergic and nonallergic subjects revealed a 
significant increase in VCAM-1 expression, a 
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FIG. 2. Changes in adhesion molecule expression that oc- 
cur during eosinophil migration. Levels of Mac-l and 
L-selectin are altered, whereas expression of LFA-1, VLA4, 
and the extended chain form of sLe” (i.e., sialyl-dimeric Le”) 
remain essentially unchanged. Copyright 0 1993 by Jac- 
queline A. Schaffer. Reprinted with permission. 

modest but significant increase in E-selectin ex- 
pression, and no change in ICAM- expression in 
allergic subjects. Associated with evidence of en- 
dothelial activation was an increase in eosino- 
phils, seen only in the allergic subjects, along with 
a weak correlation between the percentage of 
vessels expressing VCAM-1 and the number of 
eosinophils in the tissues. 

Changes in the expression of cell surface adhe- 
sion molecules occur on eosinophils and basophils 
during their movement from the circulation into 
tissues, implying an involvement during allergic 
inflammation. A comparison of levels of adhesion 
molecules on granulocytes recovered from blood 
and either sputum, BAL, or nasal lavage after 
antigen challenge revealed increased expression 
of CDllb,R, 29, 94-96 diminished levels of L-selec- 
tin, ‘, “3 97 and little or no change in expression of 
CDlla, VLA-4, or sialyl-dimeric Les9, y53 96 (and 
unpublished observations). Similar phenotypic 
changes have been observed after eosinophil trans- 
endothelial migration in vitro563 98 (Fig. 2). Al- 
though these data demonstrate dynamic changes 
in eosinophil and basophil adhesion molecule ex- 
pression during inflammation, these changes also 
occur on neutrophils and have been observed on 
cells obtained from subjects with other inflamma- 
tory reactions. 99, loo Therefore these events cannot 
by themselves account for selectivity in cell recruit- 
ment but instead probably represent a common 
consequence of cell recruitment. 

Despite evidence for endothelial activation dur- 
ing allergic inflammation, it is clear that several 
conditions exist under which eosinophil and baso- 
phi1 recruitment can occur in the apparent ab- 
sence of cytokine-induced endothelial activation. 
First, injection of platelet activating factor into 
the skin of normal subjects causes a local tissue 
neutrophilia, whereas in allergic subjects, a tissue 

eosinophilia arises.l”l Second, intradermal injec- 
tion of the neuropeptides substance P, vasoactive 
intestinal polypeptide, and calcitonin gene-related 
peptide induced P-selectin and E-selectin expres- 
sion on the vascular endothelium in association 
with leukocyte accumulation.“’ However, in four 
of six subjects injected with substance P, the 
infiltrate seen 4 to 8 hours later was primarily 
eosinophilic; this was not observed in biopsy 
specimens from subjects injected with the other 
neuropeptides. Regardless of the stimulus used 
and the subsequent inflammatory infiltrate, inves- 
tigators were unable to detect any VCAM-1 ex- 
pression or changes in ICAM- expression. Third, 
intradermal injection of dogs with the chemokine 
RANTES resulted in a striking local eosinophilic 
and monocytic infiltrate that was detectable 
within ,4 hours and increased for at least 24 
hours.“” 

Direct proof of adhesion molecule involvement 
in cell recruitment would require studies in which 
specific antagonists are used. .Although such data 
have yet to be reported for allergic rhinitis or 
asthma in human beings, blocking monoclonal 
antibodies have been infused in vivo in animals to 
study their effects on experimental models of 
asthma. In one study airway hyperreactivity and 
bronchoalveolar eosinophilia that accompanied 
repeated allergen challenge were effectively re- 
duced by intravenous infusion or inhalation of 
anti-ICAM- antibody, but not by an antibody 
recognizing E-selectin.‘w* lo5 In this same model 
when antibodies against leukocyte CDllb were 
given instead, the antigen-induced rise in airway 
responsiveness was again blunted, but this time 
the number of eosinophils recovered by BAL was 
unaffected.‘(” Interestingly, eosinophil peroxidase 
activity in the BAL fluids was reduced by antibody 
treatment, suggesting an effect of the antibody on 
eosinophil activation and degranulation rather 
than on recruitment per se. In another study in 
which a single allergen challenge protocol that 
induces airway neutrophilia rather than eosino- 
philia was used, infusion of the anti-E-selectin 
antibody, but not the anti-ICAM- antibody, re- 
duced airway inflammation.R6 Similar studies with 
anti-VCAM-1 antibodies in vivo have not yet been 
reported. However, in guinea pigs pretreatment 
with a species cross-reactive mouse anti-human 
a4 antibody inhibited chemotactic factor-induced 
accumulation of eosinophils in the skin, although 
it is unclear whether VCAM-1 or fibronectin is 
involved in this response.“’ With a different ap- 
proach, investigators have begun to use antago- 
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nists of eosinophil-activating or endothelium-acti- 
vating cytokines in an attempt to reduce allergic 
inflammatory responses. For example, neutraliza- 
tion of IL-5 by antibody treatment dramatically 
reduced lung eosinophilia in guinea pigs,‘08 and a 
recent report demonstrated that treatment with a 
soluble form of the IL-l receptor impressively 
blocks the cutaneous late-phase response in hu- 
man volunteers.lo9 On the basis of these and other 
studies, many n.ovel pharmaceutical approaches 
are being tried in an attempt to prevent cell 
recruitment responses, and results from addi- 
tional studies in. human beings should be forth- 
coming.11o Only then will we truly be able to 
functionally define the role of adhesion molecules 
and cytokines in human allergic diseases, includ- 
ing rhinitis and ,asthma. 

CONCLUSIONS 

Largely on the basis of in vitro studies, several 
distinct but interrelated hypothetical mechanisms 
have been developed, which provide a basis for 
the selective recruitment and accumulation of 
eosinophils and basophils observed during allergic 
reactions. Such selectivity may be explained in 
part by: (1) endothelial expression of VCAM-1 
induced by IL-l, TNF, or IL-4, which induces 
adherence of VLA-Q-positive cells (i.e., eosino- 
phils, basophils, monocytes, lymphocytes) but not 
VLA-4-negative cells (neutrophils); (2) priming 
of circulating leukocytes by IL-3, IL-5, or GM- 
CSF, which promotes adhesion and transendothe- 
lial migration of eosinophils and basophils but not 
neutrophils; (3) generation of chemotactic pep- 
tides such as ANTES, MIPlol, and others, which 
stimulate migration of eosinophils and basophils 
but not neutrophils; (4) interactions of recruited 
eosinophils and basophils, but not neutrophils, 
with specific extracellular matrix proteins found 
within tissues; and (5) prolongation of the survival 
of eosinophils (and perhaps basophils), but not 
neutrophils, by IL-3 or IL-S. Although the relative 
importance of these processes remains unclear, in 
vivo data are now available to document the 
existence of some of these mechanisms. It there- 
fore seems likely that a complex combination of 
these and additional, as yet undescribed, mecha- 
nisms is responsi.ble for the selective accumula- 
tion of eosinophils and basophils in allergic dis- 
eases. 

We thank Bonnie Hebden for assistance in the 
preparation of this manuscript and Jacqueline Schaffer 
for artistic contribu.tions. 
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