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Abbreviations

[Ca2+]; intracellular Ca2* concentration

ADP adenosine 5’ -diphosphate

APC antigen presenting cell

BAL broncho-alveolar lavage

BHR broncho hyperresponsiveness

CR3 complement receptor 3

DAG diacylglycerol

EAR early asthmatic response

ECM extracellular matrix

ECP eosinophil cationic protein

EDN eosinophil-derived neurotoxin

EGF epidermal growth factor

EPO eosinophil peroxidase

Erk extracellular regulated kinase

ESL-1 endothelial selectin ligand-1

FACS fluorescence activated cell scan

FEV1 forced expired volume in one second
fMLP N formylmethionine leucyl phenylalanine
FN fibronectin

FucT fucosyl transferase

GAP GTP-ase activating proteins

GDI guanine nucleotide dissociation inhibitors
GDP guanosine diphosphate

GEF guanine nucleotide exchange factors
GlyCAM-1 glycosylation-dependent cell adhesion molecule-1
GM-CSF granulocyte/macrophage colony stimulating factor
G-protein guanosine phosphate binding protein
GRO-a growth related oncogene-a

GTP guanosine triphosphate

HIV human immunodeficiency virus

HSA human serum albumin

HUVEC human umbilical vein endothelial cells
ICAM-1 intercellular adhesion molecule-1

IL-.. interleukin-..

IPg inositol 1,4,5-trisphosphate

LAD leukocyte adhesion deficiency
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LAR
LPA

LPS
MadCAM-1
MBP
MCP
MLC
MoAb
PAF
PAK
PECAM-1
PIP,
PKA
PKB
PKC
PLC
PMA
PMN
PNAd
PSGL-1
PTX
RACK
RANTES
ROCK
SCR
SLC
TNF
VCAM-1
VLA-4
Zap70

late asthmatic response

lysophophatidic acid

lipopoly saccharide

mucosal addressin cell adhesion molecule-1
major basic protein

monocyte chemoattractant protein

myosin light chain

monoclonal antibody

platelet activating factor

p2l-activated kinase

platelet endothelial cellular adhesion molecule-1
phosphatidylinositol (4,5) bisphosphate

protein kinase A

protein kinase B

protein kinase C

phospholipase C

phorbol myristate acetate

polymorphonuclear cells

peripheral node addressin

P-selectin glycoprotein ligand-1

pertussis toxin

receptor for activated C-kinase

regulated on activation normal T-cell expressed and secreted
Rho-associated coiled-coil forming protein kinase
short consensus repeat

secondary lymphoid-tissue chemokine

tumor necrosis factor

vascular cell adhesion molecule-1

very late antigen-4

zeta chain-associated protein 70
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Multistep paradigm of
leukocyte extravasation

For a leukocyte to leave the blood stream and to enter an organ a general model
has been described, often referred to as the multistep model (figure 1) (1;3). The first
step involves tethering and rolling of leukocytes along the endothelial cell layer.
The second step is the exposure of chemoattractants in soluble form and/or presented
by endothelial cells to the leukocytes. The third step is the activation of the leukocytes
resulting in firm adhesion and spreading. And the fourth step implies the migration of the
leukocytes through the endothelial layer to the inflammatory site. These four steps are
described in detail in the following paragraphs.

e o e R .

POSTCAPLLARY VENULE

LELIKOCYTE
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Figure 1. Multi step model for leukocyte extravasation. Cells roll on the activated endothelial
cells. Leukocyte activation by encountered chemoattractants results in firm adhesive interactions
to the endothelium. Finally, the cells migrate through the endothelial lining to the site of
inflammation.
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Tethering and Rolling

Leukocyte migration to inflammatory sites occurs mainly in the postcapillary
venules. The blood flow at these sites roughly varies between 3-6 cm/sec. Cells flowing
with these velocities can tether (=a short transient interaction) on the endothelium that
lines the vessel walls. Subsequently, they roll with a speed that is around a thousand
times lower than the speed of free flowing leukocytes in the venule. The moment a cell
is rolling it endures a force of the blood stream called “shear stress”. A certain minimal
shear stress is required for rolling interactions to occur (4;5). As the first interaction
between leukocytes and endothelial cells preceding the rolling phase is called “primary
tethering”, additional recruitment of cells to the surface involves the tethering of fast
flowing leukocyte to an already bound leukocyte. These homotypic interactions or
“secondary tethering” facilitate the subsequent formation of clusters (6) or strings (7)
of cells on the vessel wall. The molecules involved in tether and rolling interactions are
the selectins and their ligands (figure 2), which are mucin-like carbohydrate structures
that are sialylated, fucosylated and/or sulfated.

Selectins

The selectins consist of an N-terminal Ca2* dependent lectin-like domain (8),
a single epidermal growth factor (EGF)-like domain, from two to nine short consensus
repeats (SCR), a single membrane-spanning region and a cytoplasmic tail. Three types
of selectins are known, L(eukocyte)-, E(ndothelium)- and P(latelet)- selectin. L-selectin
(CD62L) is present on almost all leukocytes and is located on the tips of the microvilli (9).
This extended cellular distribution is ideal for capturing and rolling of cells on the
endothelium (10;11). Upon leukocyte activation L-selectin is shed from the surface (12).
Although healthy individuals have already soluble L-selectin in their blood, increases in
plasma levels of soluble L-selectin is associated with disease status and might be used
for monitoring diseases (13-15). E-selectin (CD62E) is expressed on activated endothelial
cells. Inflammatory mediators such as TNFa, IL-1 and bacterial lipopolysaccharide
(LPS), control the expression at the level of transcription. Typically, E-selectin is expres-
sed 2-3 hours after stimulation, peaks around 4-6 hours and returns to basal levels after
10 to 12 hours on human umbilical endothelial cells (HUVEC), that are commonly used
as an in vitro model for endothelial cell monolayers. Besides its upregulation in inflam-
mation it is known that E-selectin is constitutively expressed on skin venules mediating
rolling of leukocytes, thereby increasing the immune-surveillance (16). P-selectin
(CD62P) is pre-stored in Weibel-Palade bodies and a-granules present in endothelial
cells and platelets, respectively. Upon activation by inflammatory mediators such as
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histamine, thrombin or complement factors (17) the granules fuse with the plasma
membrane ensuring a fast expression of P-selectin on the cell surface. Besides this direct
expression, P-selectin can also be induced at the transcriptional level by inflammatory
mediators. E- and P-selectin have overlapping functions in vivo. Knock-out models have
shown that E-selectin and P-selectin double knock-out mice are susceptible for sponta-
neous cutaneous infections whereas their single deficient counterparts are not (18).

slLe® Le* sle*Le*
PSGL-1 ESL1 L-selectin

i 1% a3

IRt
sl .

P-selectin E-selectin CD34,MadCAM
GlyCAM,PNAd sLe”

Figure 2. Selectins and selectin ligands are presented by eosinophils and endothelial cells.
PSGL-1 binds to P-selectin but can also bind to E- and L-selectin. ESL-1 is a specific ligand for
E-selectin. L-selectin has many specific ligands: CD34, MadCAM, GlyCAM and PNAD.
Further ligands for E-,P- and L-selectin are discussed in the text.

Selectin ligands

The counter ligands of the selectins form a diverse group of carbohydrate
structures attached to a core of specific glycoproteins (figure 2). Fucose-, sialic acid- and
sulfate residues on the carbohydrates largely determine the functionality of the ligand
(19). This is illustrated by the fact that removal of sialic acid from leukocytes or cell lines
by neuraminidase treatment results in reduced binding to selectins (20;21). Furthermore,
sulfotransferases have been shown to add a sulfate to a glycan chain, leading to specific
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structures (22). Also, much research has been done on the enzymes that decorate
glycoproteins with fucose, of which fucosyltransferases (FucT) IV and VII are the most
important in leukocytes (23;24). A study on skin venules in FucT-VII and -IV knock-out
mice has established that FucT-VII is most important for decoration of P-selectin ligands
and subsequent tethering to the endothelium, whereas both FucT- VII and -IV are
needed for efficient E-selectin ligands and subsequent slow rolling (16). The need for
fucose residues is further illustrated by the rare genetic human disease leukocyte
adhesion deficiency type II (LADII) (25). The deficient fucose metabolism in these
patients results in afunctional selectin epitopes, leading to decreased leukocyte
adhesion to the endothelium and therefore recurrent episodes of bacterial infection.
Thus far, oral fucose therapy has been shown to be a succesful therapy in one patient
because it induced the expression of fucosylated selectin ligands and as a consequence
the infections disappeared (26).

All three selectins can recognize the sialyl Lewis* and sialyl Lewis? tetrasaccharides
(27;28) and their sulfated equivalents, as suggested from adhesion studies. However,
Slex has a very low affinity for selectins ranging from micro- to milli-molars (29;30).
Therefore, the recognition of these structures in vitro does not automatically imply that
these interactions occur in vivo. The context in which the residues are presented seems
more important for the functionality of the ligand. In this respect high affinity ligands have
been described for each selectin. L-selectin has four specific high affinity ligands, PNAd
(Peripheral Node Addressin) (31), GlyCAM-1 (Glycosylation-Dependent Cell Adhesion
Molecule-1) (32), CD34 (33) and MadCAM-1 (Mucosal Addressin Cell Adhesion
Molecule-1) (34). E-selectin binds with high affinity to ESL-1 (E-selectin ligand-1) (35).
PSGL-1 was originally described as a specific ligand for P-selectin (36) but it can also
bind E-selectin (37) and L-selectin (38). The presence of SleX moieties in P-selectin
glycoprotein ligand-1 (PSGL-1) is not enough for the high affinity binding to selectins.
Binding of PSGL-1 to P-selectin requires a1,3 fucosylation by FucT-IV and/or -VII and 02,3
sialylation. Also, the location of Slex on O-branched glycans and sulfation of tyrosine
residues within the N-terminal of the polypeptide makes PSGL-1 a specific ligand for the
selectins (39). A recent paper demonstrated an additional complexity; the presence of
the O-linked branching enzyme core 2 1,6-N-glucosaminyltransferase (C2GIcNacT-1)
adds an additional O-linked glycan chain on an existing one and creates an epitope for
high affinity binding to P-selectin, which is not required for binding to E-selectin (40).
It is thought that what a selectin actually recognizes is a clustered saccharide patch
(reviewed in (27)). Treatment of cells with the enzyme O-sialoglycoprotease (41) that
recognizes and cleaves large numbers of closely spaced O-linked oligosaccharides
abrogates the binding to selectins (42). Overall, the presence of specific enzymes in a
cell determines the decoration of the selectin ligands, thereby controlling the
interactions with the different selectins.
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Chemoattractants and their receptors

Binding of chemoattractant to receptors on the rolling leukocyte induces firm
adhesion of the cell to the endothelial lining and subsequent migration. It is thought
that an important part of the chemoattractants are presented by glycoproteins on the
endothelium and this has been shown for IL-8 (43). Chemoattractants can be divided in
classical chemoattractants that have been described decades ago and chemokines that
have been described more recently. Both groups bind to GTP-binding protein
(G-protein)-coupled seven spanning transmembrane receptors (or serpentine
receptors). These receptors are characterized by the presence of a G-protein that
consists of an a and a By subunit. Upon receptor activation the G-protein exchanges GDP
for GTP resulting in dissociation of the a from the Py subunit. This process leads to
activation of phospholipase C (PLC) and this enzyme hydrolyses its substrate
phosphatidylinositol (4,5)- bisphosphate (PIP,) into inositol (1,4,5) trisphosphate (IP3)
and diacylglycerol (DAG). IP; binds to its receptor on intracellular CaZ+t storage
organelles with subsequent release of Ca2t in the cytosol, whereas DAG activates
protein kinase C (PKC) (44). Ca2*, PKC and other intracellular messengers that are
activated control a broad array of cellular processes such as chemotaxis, differentiation,
proliferation and survival (45).

Classical chemoattractants

The classical chemoattractants activate most leukocyte subsets. These chemo-
attractants can be divided in at least 3 different groups; bacterial peptides such as fMLP,
serum factors such as C5a and C3a, and bioactive lipids such as LTB4 and PAF.

Chemokines

The chemokine family can be divided in four groups, the CCL, CXCL, CX3CL and
CL chemokines that bind to their receptors CCR, CXCR, CX5CR and CR, respectively (46).
All chemokines share structural elements including conserved cysteine residues that
form disulfide bonds in the tertiary structure. The CCL, CXCL and CX3CL have four
cysteines that form disulfide bonds with no, one or three amininoacids (X) in between
the cysteines, respectively. The C group only has one disulfide bond. Of each of the
subgroups CL and CXC3L only one member is known today, lymphotactin (47) and
fractalkine/neurotactin (48), respectively. The number of chemokines in the CCL (28
members) and CXCL (16 members) groups has grown extensively in the last decade,
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and they have overlapping functions, although some specificity is present (49). Besides
the structural classification of chemokines a classification according to function can also
be made. Part of the chemokines are continuously expressed in the body for direct
homing of leukocytes, thereby securing immuno-surveillance. An example is the stromal
cell derived factor (SDF-1, CXC chemokine), which plays a major role in homing of stem
cells to the bone marrow (50). Furthermore, secondary lymphoid-tissue chemokine
(SLC) is expressed by lymph nodes and spleen and attracts lymphocytes to these sites
(51). Other chemokines are expressed upon an inflammatory reaction, and might
therefore be called inflammatory chemokines. Generally, it is thought that CCL
chemoattractants are more chemotactic for monocytes, eosinophils, lymphocytes and
basophils whereas the CXCL chemoattractants are probably more specific for
neutrophils and to a lesser extent for basophils and T-cells (52). One reason why
chemokines have overlapping functions is that different chemoattractants can bind to
the same receptor and that one chemokine can bind to distinct chemokine receptors.
In this respect RANTES, eotaxin and MCP2 and MCP3 can all bind to CCR3 (53;54) and
RANTES binds to CCR1, CCR3 and CCR5 (55).

Firm adhesion and spreading

Activation of the rolling cell by chemoattractants induces firm adhesion and
subsequent spreading of the cell. Firm adhesion is mediated by integrins on the
leukocytes that bind to their counter ligands on the endothelium belonging to
the immunoglobulin superfamily (figure 3).

MAC-1 LFA-1 VLA-4

ICAM-1 ICAM-2 VCAM-1

Figure 3. Integrins are expressed by leukocytes and their ligands of the IgS are expressed
on endothelial cells. For eosinophils the integrins VLA-4 and MAC-1 are important for firm
adhesion to VCAM-1 and ICAM-1, respectively. LFA-1 is less abundant on eosinophils.
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Integrins

Integrins are heterodimeric proteins that consist of an o subunit that is

non-covalently bound to a 3 subunit. At least 8 different  subunits (B;_g) and 18 different
a subunits (ap yxp, @111, O Opp, Oy) have been described on human cells that
combine to form 24 known adhesion receptors (56) (Hemler Keystone 2001) (Table 1).
The integrins that are important for leukocyte adhesion to endothelium are all four
members of the B, integrin family; a;f3; (CD11a/CDI18, LFA-1), ayB, (CD11b/CD18,
Mac-1, CR3), axf, (CD11c/CD18, p150,95) and apB,(CD11d/CD18) and two members of
the B; and [; integrin family, a4f; (VLA-4) and a,B;, respectively. a; 3, is expressed on all
leukocytes although the highest expression is found on lymphocytes. oy 3, and axf, are
predominantly expressed on granulocytes, monocytes and macrophages. dapf3; was
characterized as an integrin present on foam cells (57) but also appears to be present on
a subset of leukocyte populations (58). o3, binds to ICAM-1,-2 and -3, whereas a3,
binds to ICAM-1 (59), C3bi (60), fibrinogen (61), heparin (62), LPS (63), factor X (64) and
an unknown molecule (65). apBy and ayP; integrins both bind to VCAM-1 (66;67).
The importance of functional (3, integrins in host defense mechanisms is illustrated by
the rare genetic disease LAD I (Leukocyte adhesion deficiency I) (68;69). These patients
have no expression of 3, integrins on their leukocytes and suffer from recurrent bacterial
infections. The only permanent therapy for this disorder is allogeneic bone marrow
transplantation of which graft verus host disease is the major drawback (70).
On non-activated, resting cells integrins maintain a conformationally inactive state.
An exception of this characteristic accounts for the a,f3; integrin that is present on
resting cells and is able to bind to its ligand VCAM-1 (71-73). Upon stimulation by
chemoattractants or other stimuli integrins change their conformation leading to
increased affinity and/or avidity. This process is called “inside-out” signaling (74-76).
The binding, however, of integrins to their ligands in itself may lead to activation of
intracellular signaling pathways; this process is called “outside-in” signaling.
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Table I The integrin receptor family. Table is a modified form of Hynes (56) with additives from

(77,78, 74).
Subunits  Alternative Ligands Bindi
a ng
names counter receptors sites
By oy WLA-1 collagens, laminin
o VLA-2, gplafia collagans, laminin DGEA
i Y WLA-3, VCA fibranacting laminin, collagens RGD
0y WLA-4 fibromecting YCAM-1 EILDY
Oty VLA-5.FNR fibranaectin RGD
g WLA-E, gplcilia lamimin
Dy WLA-T larninin
g VLA-8 lenascin, imbronactin,vitronactin RGD
0ty WLA-9 tenascin
{1 VLA-10 collagen I
oy VLA-11 collagen
0x, vitronectin, fibronectin
[‘I-z i COD1aCD18, LFA-1 1CAR-1 -2,-3
iy CONMBCD18 Mac-1 [CAM-1,-2, C3hi, fibrimogen,
CR3 factor X, HMWE, LPS, [i-glucam,
haparin, NIF, elastasa, gplb
fx CD11/CD18, fibrinogen, C3bi, LPS GPRP
p150/95
L1 CD11dCD18 ICAK-3, VCAM-1
ﬁ3 £ apl Edila fibrinogan,won Willebrand Factor RGD
fibranacting vitronectin HKQAGDY
thrombospondin
o, VR vitronectin, fibrinogen, vWF
thrombospondin, FN osteopontin
collagen, tenascin, PECAM-1
By g gplccBP larmninin-5
Bs @, vitronectin RGD
Bs o, fibranactin RGD
B, a, fibranectin, VCAM-1 MadCAM-1  EILDV
gy ol E-cadharin
By o, vitronectin
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Adhesion counter-receptors belonging to
the Ig superfamily members

Immunoglobulins are plasma proteins including all antibody molecules and
are characterized by an immunoglobulin domain. Members of the immunoglobulin
superfamily share structural and genetic features with immunoglobulin molecules and
contain at least one immunoglobulin domain. The vascular endothelium expresses
molecules of the immunoglobulin superfamily, which act as counter-receptors for
leukocyte integrins. Three immunoglobulin type ligands are present on the endothelium,
of which ICAM-2 is constitutively present and ICAM-1 and VCAM-1 are induced by
cytokine stimulation. ICAM-1 is also expressed on activated epithelial cells, mediating
eosinophil adhesion and activation in patients with allergic asthma (79;80). VCAM-1 is
constitutively expressed on bone marrow endothelium and is thought to play a role in
homing to this site (81).

Migration

Chemoattractant-induced activation of leukocytes leads to firm adhesion and
spreading on the endothelium. Subsequently, cells crawl to the site where endothelial
cells connect to each other and migrate in between them to the inflammatory site. It was
shown that outside-in signaling by adhesion of neutrophils to endothelial receptors
increased the endothelial permeability by disorganizing endothelial cell-to-cell adherent
junctions and thus facilitating migration (82). Another mechanism for passing the
endothelial layer is the observation that neutrophils do not crawl in between endothelial
cells but migrate through an endothelial cell (83). When cells have passed the
endothelium they interact with the extracellular matrix (ECM) (84). For neutrophils
B1- and Bs- but to a lesser extent [3,-integrins are essential for adhesion to ECM proteins
such as fibronectin, collagen I and IV, laminin, vitronectin and tenascin (85). Finally, cells
enter the site of inflammation.

The process of migration

The spread cell has a typical tear-drop resembling shape (figure 4). The broad and
flat edge is the leading front of the cell also called the lamellipodium, while the narrow
end at the rear of the cell is called uropod (86). Signals both from chemoattractants and
from integrin crosslinking lead to extension of the lamellipodium membrane, a process
called protrusion. Filopodia are other protrusions and resemble thin cylindrical
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needle-like projections. Protrusion is associated with an increased polarization of
filamentous actin (F-actin), and in fibroblasts it has been shown that in the protruding
lamellipodium focal adhesion formation takes place. Focal adhesions are structures of
clustered integrins associated intracellularly with structural and signaling molecules
(87). In fibroblasts, focal adhesions were shown to increase in size as the cell moves over
them, and when they reach the rear of the cell, they are left behind (88;89) and/or are
recycled (90). In leukocytes smaller structures than focal adhesions are present that
are called focal complexes or adhesisomes, and these appear to have the same
characteristics (91). In neutrophils, a5f3; integrins are translocated from the uropod to the
leading edge via endosomes (92). This might be a Ca2* dependent process since
buffering of Ca2* transients was shown to inhibit the recycling of integrins. Moreover,
eosinophils showed low Ca2* concentration in the leading edge and a high CaZ+t
concentration in the uropod (93). However, in neutrophils this could not be shown (94).
Such Ca2* distribution might enable release of cell-substratum attachments in the
uropod without also contracting the leading edge, since the myosin based contraction is

a Ca2* dependent process.

Figure 4. Specific characteristics of a
migrating eosinophil. Clearly visible
are the bilobed nucleus (1) and the
granules (2). The leading lamellipodium
(3) protrudes on the albumin coated
surface in the direction of migration (4).
The rear of the cell is called the uropod (5)
and release of this part allows movement
of the cell.

Role of Rho GTP-ases in migrating cells

The most important molecules regulating cell migration are the members of
the Rho GTP-ase family including Rac, Cdc42 and RhoA (95). Rho GTP-ases are low
molecular weight molecules that switch between an inactive GDP bound state and an
active GTP bound state (96). Racl is implicated in lamellipodium formation (97), Cdc42
mediates filopodia formation (98) and RhoA controls actomyosin mediated contraction
and focal adhesion formation (99). In general, the adhesion sites in fibroblasts induced
by Rac activation are smaller than those induced by RhoA and are called focal
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complexes. Adhesion sites induced by RhoA are large arrow-shaped complexes and are
called the focal adhesions. The latter are connected to the RhoA-induced stress fibers in
the cell which in this way can generate traction force in the cell leading to migration.
As discussed before, focal adhesions and stress fibers are not present in leukocytes;
however, RhoA is implicated in generating traction force and therefore could be
important for retraction of the uropod.

The role of the multistep model in chronic
inflammatory diseases

The multistep paradigm is a valid model for leukocyte homing to different organs.
For immunological homeostasis it is important that leukocytes travel back and forth
between the blood, the lymphoid tissue and the peripheral tissues. The adhesion
molecules and cytokines needed for this leukocyte extravasation are continuously
present. This is in clear contrast to inflammatory situations in the tissues. Pathogens
present at a specific site of the body should be eliminated. At that site an inflammatory
response is evoked and characterized by de novo cytokine production and adhesion
molecule upregulation. This leads to the extravasation of leukocytes that clear the
pathogens from the body. However, when the immune system cannot control this
response properly, a chronic inflammatory response may be evoked. A typical example
of this situation is the disease allergic asthma that is characterized by a sustained
leukocyte infiltration and inflammation in the bronchial tissue. However, one important
difference with a pathogen-driven inflammatory reaction is that in asthma the response

is directed to non-hazardous allergens (see below).

Facts and clinical aspects of asthma

Over the last decades the prevalence of asthma has dramatically increased
(100-102). The incidence of asthma is up to 30% of certain populations in the Western
civilization (103, 104). The clinical symptoms of this disease, like wheezing, dyspnoea
and cough, are due to reversible airway obstruction and hyperresponsiveness of the
airways (105). Airway obstruction is caused by contraction of smooth muscle cells,
secretion of mucus, oedema due to enhanced vascular permeability and cellular
infiltration of the airway wall. Hyperresponsiveness is an exaggerated bronchoconstric-
tive response to a variety of non-specific stimuli, which under healthy conditions do not
evoke an airway obstruction. Pharmacological agents like histamine and methacholine
can also induce this hyperresponsiveness and are used in the clinic to determine the
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severity of the disease. An asthmatic reaction can be divided in an early and a late
asthmatic response (EAR and LAR respectively) (106). In general, the onset of the EAR is
immediately after allergen challenge; it peaks around 15 minutes and resolves within
1 to 3 hours. In approximately 50% of the patients the EAR is followed by a LAR that starts
around 4-6 hours after allergen challenge and can last for 12 hours or even longer.
Both EAR and LAR are associated with decreased but reversible changes in lung
function, as expressed by forced expired volume in one second (FEV1), but the
underlying mechanisms causing the shortness of breath are different. The main event
evoking the early asthmatic response is the IgE-dependent release of histamine and
other mediators from the mast cell. Histamine is a potent bronchoconstrictor and
can also induce mucus secretion and microvascular leakage. Besides mast cells,
macrophages and epithelial cells are also activated and release acute-phase and
chemotactic factors like leukotrienes, thromboxanes and platelet activating factor (PAF)
and cytokines. The development of the LAR is characterized by a mobilization of
inflammatory cells. Several leukocyte subtypes, of which eosinophils are the most
dominant, migrate into the mucosa of the bronchi upon locally produced chemoattrac-
tants (107). The number of eosinophils present in bronchial biopsies and broncho-
alveolar lavage (BAL) fluid are associated with the severity of the disease (108).

Immunological processes in asthma

It is well accepted that the clinical features of allergic asthma are caused by a
chronic inflammation of the airways (109-110) (figure 5). However, the exact mechanism
of the onset of the disease is not known. Genetic and environmental factors are thought
to play a role in creating the conditions in which the immune system is triggered to react
on non-hazardous antigens (allergens). Allergens can be divided in two catagories:
indoor allergens (like house-dust mite, cat and cockroach) and outdoor allergens (like
birch pollen and hay). Indoor allergens are believed to account for the increase in
asthmatic patients seen in the last decades (112). Antigen-presenting cells (APC) take up
allergens from the environment on a daily basis in any individual. The immune system of
part of the population sees these allergens as hazardous. In these people the induction
of atopy starts. Atopic individuals have allergen-specific IgE in their serum and show
positive reactions to extracts of common allergens on skin prick tests. However, the
presence of atopy does not necessarily mean that a person develops an allergic disease
like asthma. Also, the moment of production of allergen-specific IgE and the moment of
an asthmatic response can be years apart. The allergens are presented by APCs in a MHC
class Il restricted way to CD4+ T-cells that become activated and subsequently start
secreting cytokines like IL-4, IL-13, IL-5, GM-CSF and IL-3 (113). IL-4 induces isotype
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switching of B cells that start to produce allergen-specific IgE (114). This IgE binds to
high-affinity IgE receptors on mast cells.

An early asthmatic response can be initiated when an allergen crosslinks the IgE
molecules on a mast cell. This induces a direct release of histamine, cytokines and other
mediators from pre-stored granules. Subsequently, these compounds mediate the
recruitment and survival of leukocytes and induce a shift of T cells to a Thy like subtype
(113;115). At this point the late response leads to chronic inflammation. Additionally,
on top of the chronically inflamed bronchial tissue in allergic asthmatics, an additional
allergen challenge can induce an early and a late response and an exacerbation of the
disease.

Eosinophils are one of the main leukocyte subtypes present in allergic asthmatic airway

tissue. They are thought to contribute to the severity of the disease. Therefore, this
thesis focuses on eosinophils and how they extravasate to bronchial tissue.
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Figure 5. The onset of an immune response against allergens involves the uptake of the
allergen by the antigen presenting cell (APC). Environmental and genetic factors are thought to
contribute to the decision of the immune system to respond to “non-hazardous” allergens.
The allergen is processed by the APC and presented in a MHC class Il restricted way to a T-cell
in a draining lymph node (LN). The Th, cell produces IL-4 and IL-13 and activates a B-cell, and
the latter starts producing allergen-specific IgE. At this stage atopy is induced. This stage can be
maintained for years without developing allergic symptoms. The IgE present in the blood and
tissues can bind to IgE receptors on mast cells. The early reaction starts when an allergen
crosslinks IgE bound to the mast cell, which leads to activation and degranulation of the mast
cell. Secretion of histamine, PAF and other cytokines leads to several effects: bronchoconstriction
(BC), vasodilatation (VD), nerve stimulation (NS), mucus secretion (MS). The late response starts
when inflammatory cells, such as eosinophils, enter the lung. The cascade triggered by mast cells
eventually leads to activation of endothelial cells and subsequently, T cells and eosinophils (eos)
enter the lung. IL-5, secreted by Thy-cells, is a potent priming agent for eosinophils. The grey
rectangle depicts the working field of this thesis.
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Eosinophils

Eosinophil structure and function

Eosinophils were already recognized in 1880 (116;117). They contain a bilobed
nucleus and many granules. These granules, that could be stained by the acidic dye
eosin, gave eosinophils their name. The granules contain many cationic proteins, of
which eosinophil peroxidase (EPO), eosinophil-derived neurotoxin (EDN), eosinophil
cationic protein (ECP) and major basic protein (MBP) are most abundant (118). These
basic proteins are thought to play an important role in eosinophil associated diseases
such as parasitic infections and allergic asthma. In parasitic infections, eosinophils are
thought to play a positive role. Indeed, it has been shown that the basic proteins can kill
helminths (119). In allergic asthma eosinophils are thought to play a negative role.
The basic proteins secreted by eosinophils might be responsible for remodeling the
bronchial epithelial layer, resulting in an increase in bronchial hyperreactivity (120).
Eosinophils of asthmatic patients have been found in close contact with the epithelium
and filled the holes of desquamated epithelial cells (109). Also, bronchoalveolar lavage
fluid of hyperreactive compared to normoreactive mild atopic asthma patients has been
shown to contain more eosinophils, MBP and epithelial cells (121). In addition, IL-5
activated eosinophils have been shown to degranulate and secrete eosinophil cationic
protein when bound to activated epithelial cells in a 3, integrin-dependent way (122).
Thus, eosinophils that appear in the lung during the late asthmatic response contribute
to the damage of functional structures, leading to impairment of the disease.

Priming of eosinophils

A characteristic of allergic asthma is not only the elevated number of eosinophils
in the bronchial mucosa, but also in the peripheral blood. Normally 1-3% of the white
blood cell population are eosinophils, whereas in allergic asthmatics this is generally
between 3-6% and it can even be higher. Many data suggest that the presence of the
eosinophilotrophic factor IL-5 causes elevated levels of eosinophils. A correlation
between elevated eosinophil counts in peripheral blood and tissues and an increase in
IL-5 was found in asthmatic patients (123;124) but also in other diseases such as a
parasite infection (125) and some forms of hypereosinophilia (126). In accordance, it is
well established that IL-5 is important for the differentiation of a pluripotent stem cell
towards the eosinophilic lineage (127;128) and the survival (129) of mature eosinophils.
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Since eosinophils are thought to be the major effector cells in chronic asthma, many
studies have addressed the role of IL-5 in the development of this disease. It has been
shown that IL-5 inhalation by asthmatics induces an increase in eosinophils in the
peripheral blood and an increase in BHR (130;131). Also, many animal models of
asthma show correlations between IL-5, pulmonary eosinophilia and airway
hyperresponsiveness (132-135). Furthermore, anti-IL-5 treatment abolished pulmonary
eosinophilia and bronchohyperresponsiveness in animal models (132;133). Together,
these studies suggest that antagonism of IL-5 might be an attractive anti-asthma therapy.
Leckie et al. (136) studied the effect of a humanized anti-IL-5 antibody in allergic
asthmatics and showed a reduction in blood eosinophils, but not a change in airway
hyperresponsiveness and LAR. These first results seem to be disappointing but some
critical points can be raised regarding this study: 1) the investigated group was very small
and 2) the mild asthmatics did not have a clear induction of BHR upon allergen
provocation at the start of the study, making it difficult to see an effect of therapy (137).
Although the role of IL-5 in allergic asthma has not crystalized yet, the role of IL-5 on
eosinophil function is much more clear.

An important effect of IL-5 and also of the related cytokines IL-3 and GM-CSF on the
eosinophil is preactivation or priming of the cell (138). Priming by itself does not induce
effector responses of leukocytes but instead elevates the (pre)activation status of the
cell. Upon addition of a second stimulus the cellular responses are much stronger than
those induced by the stimulus alone. For example, eosinophils of healthy subjects when
primed with IL-5, IL-3 or GM-CSF have an enhanced respiratory burst in response to
opsonized particles (139) and migration in response to PAF (140) compared to the
addition of these activators alone. Eosinophils from allergic asthmatic patients show
similar responses in the absence of a priming cytokine, indicating that a primed
phenotype is already induced in vivo in these patients (140;141). Priming of the cells is a
potent mechanism that is likely to contribute to the severity of the disease. Especially
adhesion processes of eosinophils are increased by priming of the cells (140;142-149).
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Eosinophil rolling, adhesion and migration
to allergic inflammatory sites

The observation that eosinophils are specifically recruited to the bronchial
mucosa in allergic asthmatic patients suggests the existence of specific adhesion
pathways. However, common pathways are used by different cells and probably only the
combination of molecules used in each step might give a specificity in recruitment
(146;150). Eosinophils roll on activated endothelial cells, using all three selectins, E-,
P- and L-selectin. L-selectin has been shown to mediate eosinophil adhesion to
activated endothelium in a rotation assay (151) and also in vivo (152). The observation
that a specific antibody against L-selectin (LAM1-11) can block eosinophil-, but not
neutrophil-dependent L-selectin interactions with the endothelium suggests that the
recognition site on L-selectin differs between neutrophils and eosinophils (151). This
might contribute to specificity. Many studies suggest that P-selectin/PSGL-1 interaction
contributes to specific eosinophil recruitment. A role for P-selectin was found in binding
of eosinophils to nasal polyp endothelium (153), under flow conditions (154-156) and in
animal models for allergy (157-159). Eosinophils bind with greater affinity to P-selectin
than neutrophils. However, it is not known whether this is due to the increased
expression of PSGL-1 on eosinophils compared to neutrophils (153), a difference in
structure of PSGL-1, or the presence of other P-selectin ligands on eosinophils. Although
P-selectin seems important in eosinophil recruitment to allergic inflammatory sites,
E-selectin is likely to play a role too. E-selectin, ICAM-1 and VCAM-1 expressions are
increased on venules in bronchial mucosa of allergic asthmatics compared to controls
(160-163), whereas no immunohistochemical studies have reported the presence of
P-selectin. Although eosinophils cannot roll as efficiently as neutrophils on E-selectin
(164;165), eosinophil recruitment in a murine model of allergic skin was dependent both
on P-selectin as well as on E-selectin (166). Also, in P-selectin-deficient mice the
eosinophil recruitment to the lung after ovalbumin challenge was only reduced by 50%
compared to wild-type mice, suggesting that additional pathways such as E-selectin
and VCAM-1/VLA-4 can occur (159). The versatile 0o4B; integrin behaves not only as an
integrin but can also mediate tethering and rolling (167;168). Eosinophils, like
lymphocytes, use a4 integrins for initial attachment to VCAM-1-expressing endothelial
cells, and subsequently it is used for firm adhesion (154). Although VLA-4 has been
shown to be present on neutrophils (169;170), many studies have shown that
eosinophils but not neutrophils adhere to VCAM-1-expressing endothelium in an oyf3;
integrin dependent way (71-73;171). Many in vivo (172-176) studies suggest that the
04 integrin/VCAM-1 interaction is important for eosinophil recruitment to allergic
inflammatory sites. Of the B, integrin members the a3, (Mac-1) integrin is most highly
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expressed on granulocytes whereas o; 35 integrin is most prominent on lymphocytes.
Upon stimulation, the ay,B integrin on eosinophils is activated (177) and binds to its
diverse ligands, including ICAM-1. This interaction is a prerequisite for firm adhesion and
migration of eosinophils, as determined by in vitro (178;179) and in vivo data (180-183).
Another level of controlling specific recruitment is the presence of cytokines and
chemoattractants. The cytokines IL-13 and IL-4 specifically upregulate VCAM-1 and
P-selectin on endothelial cells (184), whereas IL-1B and TNFa induce E-selectin,
VCAM-1 and ICAM-1. Adhesion and migration studies have shown that C5a (185),
PAF (186;187), RANTES (188) and eotaxin-1, -2 and -3 (181;189;190) are potent
chemoattractants for eosinophils, of which the eotaxins are most specific. However,
the eotaxins also induce migration of basophils (191) and under specific conditions
of T-cells (192), since the eotaxin receptor (CCR3) is present on these cells. The
mechanism by which eosinophils pass the endothelial layer is not known. PECAM-1 has
been shown to be involved in migration for different leukocyte subtypes (193-195)
however not for eosinophils (196;197). Finally, eosinophils enter the bronchial tissue by
directed migration through the ECM proteins. Since asthma is characterized by airway
remodeling (198), the composition of the ECM in asthmatic patients (199) might finally
also give specificity to the migration of the eosinophils.

Aim of the study

This study focuses on the different mechanisms by which eosinophils interact with
the vasculature. A prerequisite for studying these interactions is that experiments are
performed under flow conditions. Only under flow conditions the different steps
described in the multistep model (tethering, secondary tethering, rolling and firm
adhesion) can be studied. Figure 6 depicts the model system used to answer
the research questions 1-3, as described below. Migration processes have been studied
with a time-lapse microscopy technique on 2D substrates, and this was used to answer
the fourth research question.
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Figure 6. In vitro flow chamber model. Coverslips with a layer of confluent TNFa-activated
endothelial cells are placed in the in vitro flow chamber (1). Eosinophils are put in a reservoir (2)
and a pump (3) pulls the eosinophils through the flow chamber over the endothelial cells.
On the microscope (4) a video camera (5) is mounted and with the video recorder (6) video
sequences of rolling and adhering cells (7) are recorded. Experiments are performed at 37°C.
A heater (8) regulates the temperature in the incubation box (9).
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2)

3)

4)

Research questions:

Which adhesion molecules mediate the recruitment of eosinophils on activated
endothelium?
In chapter 2, the adhesion molecules involved in the rolling and adhesion events of

eosinophils to TNFa-activated HUVEC are characterized under flow conditions.

Do eosinophils of allergic asthmatic patients differ from eosinophils of healthy
controls in adhesive behaviour on activated endothelial cells under flow
conditions?

In chapter 3, the adhesive behaviour of eosinophils of healthy individuals and

allergic asthmatic patients on activated HUVEC is compared.

Which effects do different chemoattractants have on the transition of rolling to
firm adhesion of eosinophils and how is this regulated?

In chapter 4 and 5, the effects of IL-8, eotaxin and C5a are examined on the
transition from a rolling to a (firm) adhesive state. Furthermore, the effects of IL-8,

eotaxin and C5a on integrin-mediated inside-out control are investigated.

Which mechanisms are used by granulocytes to migrate in response to
chemoattractants?

In chapter 6, the role of the GTP-ase RhoA in the detachment process of
granulocytes on 2D surfaces is investigated.

!;EQERAL INTRODUCTION



References

Springer, T.A. 1994. Traffic signals for lymphocyte recirculation and leukocyte emigration:

The multistep paradigm. Cell 76:301.

Butcher, E.C. 1991. Leukocyte-endothelial cell recognition: three (or more) steps to specificity and
diversity. Cell 67:1033.

Ley, K 2001, Multi step model. http://www.med.virginia.edu/medicine/basic-sci/biomed/ley/index.html.
Internet Communication

Finger, E.B., K.D. Puri, R. Alon, M.B. Lawrence, U.H. von Andrian, and T.A. Springer. 1996. Adhesion through
L-selectin requires a threshold hydrodynamic shear. Nature 379:266.

Lawrence, M.B., G.S. Kansas, E.J. Kunkel, and K. Ley. 1997. Threshold levels of fluid shear promote
leukocyte adhesion through selectins (CD62L,PE) [published erratum appears in J Cell Biol 1997
Apr 7;137(1):261]. J Cell Biol 136:717.

Kuijper, PH., T.H. Gallardo, J. van der Linden, J.-W.J. Lammers, J.J. Sixma, J.J. Zwaginga, and
L. Koenderman. 1997. Neutrophil adhesion to fibrinogen and fibrin under flow conditions is diminished by
activation and L-selectin shedding. Blood 89:2131.

Walcheck, B., K.L. Moore, R.P. McEver, and T.K. Kishimoto. 1996. Neutrophil-neutrophil interactions under
hydrodynamic shear stress involve L-selectin and PSGL-1. A mechanism that amplifies initial leukocyte
accumulation of P-selectin in vitro. J Clin Invest 98:1081.

Drickamer, K. 1988. Two distinct classes of carbohydrate-recognition domains in animal lectins.
J.Biol.Chem. 263:9557.

Erlandsen, S.L., S.R. Hasslen, and R.D. Nelson. 1993. Detection and spatial distribution of the beta 2
integrin (Mac-1) and L-selectin (LECAM-1) adherence receptors on human neutrophils by high-resolution
field emission SEM. J.Histochem.Cytochem. 41:327.

von Andrian, U.H., S.R. Hasslen, R.D. Nelson, S.L. Erlandsen, and E.C. Butcher. 1995. A central role for
microvillous receptor presentation in leukocyte adhesion under flow. Cell 82:989.

Stein, J.V,, G. Cheng, B.M. Stockton, B.P. Fors, E.C. Butcher, and U.H. von Andrian. 1999. L-selectin-
mediated leukocyte adhesion in vivo: microvillous distribution determines tethering efficiency, but not
rolling velocity. J Exp Med 189:37.

Kishimoto, T.K., M.A. Jutila, E.L. Berg, and E.C. Butcher. 1989. Neutrophil Mac-1 and MEL-14 adhesion
proteins inversely regulated by chemotactic factors. Science 245:1238.

Buhrer, C., K. Beyer, and B. Niggemann. 1999. Circulating soluble L-selectin in atopic dermatitis.
Allergy 54:1328.

Font, J., P. Pizcueta, M. Ramos-Casals, R. Cervera, M. Garcia-Carrasco, M. Navarro, M. Ingelmo, and P. Engel.
Increased serum levels of soluble L-selectin (CD62L) in patients with active systemic lupus erythematosus
(SLE). Clin.Exp.Immunol.2000.Jan.;119.(1.):169.-74. 119:169.

Kretowski, A., K.M. Gillespie, PJ. Bingley, and I. Kinalska. Soluble L-selectin levels in type I diabetes
mellitus: a surrogate marker for disease activity? Immunology 2000.Feb.;99.(2.):320.-5. 99:320.

Weninger, W,, L.H. Ulfman, G. Cheng, N. Souchkova, E.J. Quackenbush, J.B. Lowe, and U.H. von Andrian.

EEENERAL INTRODUCTION



17.

18.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31

32.

Specialized contributions by alpha(1,3)-fucosyltransferase-IV and FucT-VII during leukocyte rolling in
dermal microvessels. 2000.Immunity.12:665.

Foreman, K.E., A.A. Vaporciyan, B.K. Bonish, M.L. Jones, K.J. Johnson, M.M. Glovsky, S.M. Eddy, and
PA. Ward. 1994. C5a-induced expression of P-selectin in endothelial cells. J.Clin.Invest. 94:1147.

Frenette, PS., T.N. Mayadas, H. Rayburn, R.O. Hynes, and D.D. Wagner. 1996. Susceptibility to infection and
altered hematopoiesis in mice deficient in both P- and E-selectins. Cell 84:563.

Brandley, B.K., M. Kiso, S. Abbas, P. Nikrad, O. Srivasatava, C. Foxall, Y. Oda, and A. Hasegawa. 1993.
Structure-function studies on selectin carbohydrate ligands. Modifications to fucose, sialic acid and
sulphate as a sialic acid replacement. Glycobiology. 3:633.

Larsen, G.R., D. Sako, T.J. Ahern, M. Shaffer, J. Erban, S.A. Sajer, R.M. Gibson, D.D. Wagner, B.C. Furie, and
B. Furie. 1992. P-selectin and E-selectin. Distinct but overlapping leukocyte ligand specificities. J Biol Chem
267:11104.

Imai, Y., L.A. Lasky, and S.D. Rosen. 1993. Sulphation requirement for GlyCAM-1, an endothelial ligand for
L-selectin. Nature 361:555.

Bistrup, A., S. Bhakta, J.K. Lee, Y.Y. Belov, M.D. Gunn, F.R. Zuo, C.C. Huang, R. Kannagi, S.D. Rosen, and
S. Hemmerich. 1999. Sulfotransferases of two specificities function in the reconstitution of high endothelial
cell ligands for L-selectin. J.Cell Biol. 145:899.

Lowe, J.B. 1997. Selectin ligands, leukocyte trafficking, and fucosyltransferase genes. Kidney Int. 51:1418.
Maly, P, A. Thall, B. Petryniak, C.E. Rogers, PL. Smith, R.M. Marks, R.J. Kelly, KM. Gersten, G. Cheng,
T.L. Saunders, S.A. Camper, R.T. Camphausen, F.X. Sullivan, Y. Isogai, O. Hindsgaul, U.H. von Andrian,
and J.B. Lowe. 1996. The alpha(1,3)fucosyltransferase Fuc-TVII controls leukocyte trafficking through an
essential role in L-, E-, and P-selectin ligand biosynthesis. Cell 86 :643.

Etzioni, A., J.M. Harlan, S. Pollack, L.M. Phillips, R. Gershoni-Baruch, and J.C. Paulson. 1993. Leukocyte
adhesion deficiency (LAD) II: a new adhesion defect due to absence of sialyl Lewis X, the ligand for
selectins. Immunodeficiency. 4:307.

Marquardt, T., K. Luhn, G. Srikrishna, H.H. Freeze, E. Harms, and D. Vestweber. 1999. Correction of
leukocyte adhesion deficiency type II with oral fucose. Blood 94:3976.

Varki, A. 1994. Selectin ligands. Proc.Natl.Acad.Sci.USA 91:7390.

Polley, M.J., M.L. Phillips, E. Wayner, E. Nudelman, A.K. Singhal, S. Hakomori, and J.C. Paulson. 1991. CD62
and endothelial cell-leukocyte adhesion molecule 1 (ELAM-1) recognize the same carbohydrate ligand,
sialyl-Lewis x. Proc.Natl.Acad.Sci.USA 88:6224.

Nelson, R.M., O. Cecconi, W.G. Roberts, A. Aruffo, R.J. Linhardt, and M.P. Bevilacqua. 1993. Heparin
oligosaccharides bind L- and P-selectin and inhibit acute inflammation. Blood 82:3253.

Nelson, R.M., S. Dolich, A. Aruffo, O. Cecconi, and M.P. Bevilacqua. 1993. Higher-affinity oligosaccharide
ligands for E-selectin. J.Clin.Invest. 91:1157.

Berg, E.L., M.K. Robinson, R.A. Warnock, and E.C. Butcher. 1991. The human peripheral lymph node
vascular addressin is a ligand for LECAM-1, the peripheral lymph node homing receptor. J Cell Biol 114:343.
Lasky, L.A., M.S. Singer, D. Dowbenko, Y. Imai, W.J. Henzel, C. Grimley, C. Fennie, N. Gillett, S.R. Watson,

and S.D. Rosen. 1992. An endothelial ligand for L-selectin is a novel mucin-like molecule. Cell 69:927.

EEENERAL INTRODUCTION




33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Baumbheter, S., M.S. Singer, W. Henzel, S. Hemmerich, M. Renz, S.D. Rosen, and L.A. Lasky. 1993. Binding of
L-selectin to the vascular sialomucin CD34. Science 262:436.

Berg, E.L., L.M. McEvoy, C. Berlin, R.F. Bargatze, and E.C. Butcher. 1993. L-selectin-mediated lymphocyte
rolling on MAdCAM-1. Nature 366:695.

Steegmaier, M., A. Levinovitz, S. Isenmann, E. Borges, M. Lenter, H.P. Kocher, B. Kleuser, and D. Vestweber.
1995. The E-selectin-ligand ESL-1 is a variant of a receptor for fibroblast growth factor. Nature 373:615.
Sako, D., X.J. Chang, K.M. Barone, G. Vachino, H.M. White, G. Shaw, G.M. Veldman, K.M. Bean, T.J. Ahern,
and B. Furie. 1993. Expression cloning of a functional glycoprotein ligand for P-selectin. Cell 75:1179.
McEver, R.P. and R.D. Cummings. 1997. Role of PSGL-1 binding to selectins in leukocyte recruitment.
J.Clin.Invest. 100:S97.

Yang, J., B.C. Furie, and B. Furie. 1999. The biology of P-selectin glycoprotein ligand-1: its role as a selectin
counterreceptor in leukocyte-endothelial and leukocyte-platelet interaction. Thromb.Haemost. 81:1.
Pouyani, T. and B. Seed. 1995. PSGL-1 recognition of P-selectin is controlled by a tyrosine sulfation
consensus at the PSGL-1 amino terminus. Cell 83:333.

Snapp, K.R., C.E. Heitzig, L.G. Ellies, J.D. Marth, and G.S. Kansas. Differential requirements for the O-linked
branching enzyme core 2 betal-6-N-glucosaminyltransferase in biosynthesis of ligands for E-selectin and
P-selectin. Blood 2001.Jun.15.;97.(12.):3806.-11. 97:3806.

Sutherland, D.R., K.M. Abdullah, P. Cyopick, and A. Mellors. 1992. Cleavage of the cell-surface
O-sialoglycoproteins CD34, CD43, CD44, and CD45 by a novel glycoprotease from Pasteurella haemolytica.
J.Immunol. 148:1458.

Norgard, K.E., K.L. Moore, S. Diaz, N.L. Stults, S. Ushiyama, R.P. McEver, R.D. Cummings, and A. Varki. 1993.
Characterization of a specific ligand for P-selection on myeloid cells. A minor glycoprotein with sialylated
O-linked oligosaccharides. J.Biol.Chem. 268:12764.

Middleton, J., S. Neil, J. Wintle, 1. Clark-Lewis, H. Moore, C. Lam, M. Auer, E. Hub, and A. Rot. 1997.
Transcytosis and surface presentation of IL-8 by venular endothelial cells. Cell 91:385.

Snyderman, R. and R.J. Uhing. 1992. Chemoattractant Stimulus-Response Coupling. In Inflammation:
Basic Principles and Clinical Correlations. second ed. J.I. Gallin, .M. Goldstein and R. Snyderman, eds.
Raven Press Ltd., New York, p. 421.

Mandeville, J.T. and F.R. Maxfield. 1996. Calcium and signal transduction in granulocytes. Curr Opin
Hematol 3:63.

Kumamoto 2001 Chemokine classification. http:/www.medic.kumamoto-u.ac.jp/CFC/CK/Chemokine.
html. Internet Communication

Kelner, G.S., J. Kennedy, K.B. Bacon, S. Kleyensteuber, D.A. Largaespada, N.A. Jenkins, N.G. Copeland,
J.F. Bazan, KW. Moore, and T.J. Schall. 1994. Lymphotactin: a cytokine that represents a new class of
chemokine. Science 266:1395.

Bazan, J.F.,, K.B. Bacon, G. Hardiman, W. Wang, K. Soo, D. Rossi, D.R. Greaves, A. Zlotnik, and T.J. Schall.
1997. A new class of membrane-bound chemokine with a CX3C motif. Nature 385:640.

Baggiolini, M., B. Dewald, and B. Moser. 1997. Human chemokines: an update. Annu Rev Immunol 15:675.

Lapidot, T. 2001. Mechanism of human stem cell migration and repopulation of NOD/SCID and B2m null

gEENERAL INTRODUCTION



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

NOD/SCID mice. The role of SDF-1/CXCR4 interactions. Ann N'Y Acad Sci 938:83.

Nagira, M., T. Imai, K. Hieshima, J. Kusuda, M. Ridanpaa, S. Takagi, M. Nishimura, M. Kakizaki,
H. Nomiyama, and O. Yoshie. 1997. Molecular cloning of a novel human CC chemokine secondary
lymphoid-tissue chemokine that is a potent chemoattractant for lymphocytes and mapped to
chromosome 9p13. J Biol Chem 272:19518.

Mantovani, A. 1999. The chemokine system: redundancy for robust outputs. Immunol.Today 20:254.
Ponath, PD., S. Qin, T.W. Post, J. Wang, L. Wu, N.P. Gerard, W. Newman, C. Gerard, and C.R. Mackay. 1996.
Molecular cloning and characterization of a human eotaxin receptor expressed selectively on eosinophils.
J.Exp.Med. 183:2437.

Daugherty, B.L., S.J. Siciliano, J.A. DeMartino, L. Malkowitz, A. Sirotina, and M.S. Springer. 1996. Cloning,
expression, and characterization of the human eosinophil eotaxin receptor. J.Exp.Med. 183:2349.
Pakianathan, D.R., E.G. Kuta, D.R. Artis, N.J. Skelton, and C.A. Hebert. 1997. Distinct but overlapping
epitopes for the interaction of a CC-chemokine with CCR1, CCR3 and CCR5. Biochemistry 36:9642.
Hynes, R.O. 1992. Integrins: versatility, modulation, and signaling in cell adhesion. Cell 69:11.

Danilenko, D.M., PV. Rossitto, M. Van der Vieren, H. Le Trong, S.P. McDonough, V.K. Affolter, and PF. Moore.
1995. A novel canine leukointegrin, alpha d beta 2, is expressed by specific macrophage subpopulations in
tissue and a minor CD8+ lymphocyte subpopulation in peripheral blood. J.Immunol. 155:35.

Van der Vieren, M., H. Le Trong, C.L. Wood, PF. Moore, T. St John, D.E. Staunton, and W.M. Gallatin. 1995.
A novel leukointegrin, alpha d beta 2, binds preferentially to ICAM-3. Immunity. 3:683.

Diamond, M.S., D.E. Staunton, A.R. de Fougerolles, S.A. Stacker, J. Garcia-Aguilar, M.L. Hibbs, and
T.A. Springer. 1990. ICAM-1 (CD54): a counter-receptor for Mac-1 (CD11b/CD18). J.Cell Biol. 111:3129.
Beller, D.I., TA. Springer, and R.D. Schreiber. 1982. Anti-Mac-1 selectively inhibits the mouse and human
type three complement receptor. J.Exp.Med. 156:1000.

Wright, S.D., J.I. Weitz, A.J. Huang, S.M. Levin, S.C. Silverstein, and J.D. Loike. 1988. Complement receptor
type three (CD11b/CD18) of human polymorphonuclear leukocytes recognizes fibrinogen.
Proc.Natl.Acad.Sci.USA 85:7734.

Diamond, M.S., R. Alon, C.A. Parkos, M.T. Quinn, and T.A. Springer. 1995. Heparin is an adhesive ligand for
the leukocyte integrin Mac-1 (CD11b/CD1). J.Cell Biol. 130:1473.

Wright, S.D. and M.T. Jong. 1986. Adhesion-promoting receptors on human macrophages recognize
Escherichia coli by binding to lipopolysaccharide. J.Exp.Med. 164:1876.

Altieri, D.C. and T.S. Edgington. 1988. The saturable high affinity association of factor X to ADP-stimulated
monocytes defines a novel function of the Mac-1 receptor. J.Biol.Chem. 263:7007.

Issekutz, A.C., D. Rowter, and T.A. Springer. 1999. Role of ICAM-1 and ICAM-2 and alternate CD11/CD18
ligands in neutrophil transendothelial migration. J.Leukoc.Biol. 65:117.

Van der Vieren, M., D.T. Crowe, D. Hoekstra, R. Vazeux, PA. Hoffman, M.H. Grayson, B.S. Bochner,
W.M. Gallatin, and D.E. Staunton. 1999. The leukocyte integrin alpha D beta 2 binds VCAM-1: evidence for
a binding interface between I domain and VCAM-1. J Immunol 163:1984.

Elices, M.J., L. Osborn, Y. Takada, C. Crouse, S. Luhowskyj, M.E. Hemler, and R.R. Lobb. 1990. VCAM-1
on activated endothelium interacts with the leukocyte integrin VLA-4 at a site distinct from the VLA-4/

fibronectin binding site. Cell 60:577.

;EENERAL INTRODUCTION



68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Lipnick, R.N., A. Iliopoulos, K. Salata, J. Hershey, D. Melnick, and G.C. Tsokos. 1996. Leukocyte adhesion
deficiency: report of a case and review of the literature. Clin Exp Rheumatol 14:95.

Hogg, N. and PA. Bates. Genetic analysis of integrin function in man: LAD-1 and other syndromes.
Matrix Biol.2000.Jul.;19.(3.):211.-22. 19:211.

Thomas, C., F. Le Deist, M. Cavazzana-Calvo, M. Benkerrou, E. Haddad, S. Blanche, W. Hartmann,
W. Friedrich, and A. Fischer. 1995. Results of allogeneic bone marrow transplantation in patients with
leukocyte adhesion deficiency. Blood 86:1629.

Bochner, B.S., FW. Luscinskas, M.A. Gimbrone, Jr., W. Newman, S.A. Sterbinsky, C.P. Derse Anthony,
D. Klunk, and R.P. Schleimer. 1991. Adhesion of human basophils, eosinophils, and neutrophils to
interleukin 1-activated human vascular endothelial cells: contributions of endothelial cell adhesion
molecules. J.Exp.Med. 173:1553.

Dobrina, A., R. Menegazzi, T.M. Carlos, E. Nardon, R. Cramer, T. Zacchi, J.M. Harlan, and P. Patriarca. 1991.
Mechanisms of eosinophil adherence to cultured vascular endothelial cells. Eosinophils bind to the
cytokine-induced ligand vascular cell adhesion molecule-1 via the very late activation antigen-4 integrin
receptor. J.Clin.Invest. 88:20.

Walsh, G.M., J.J. Mermod, A. Hartnell, A.B. Kay, and A.J. Wardlaw. 1991. Human eosinophil, but not
neutrophil, adherence to IL-1- stimulated human umbilical vascular endothelial cells is alpha 4 beta 1
(very late antigen-4) dependent. J.Immunol. 146:3419.

Williams, M.A. and J.S. Solomkin. 1999. Integrin-mediated signaling in human neutrophil functioning.
J.Leukoc.Biol. 65:725.

Humphries, M.J. 1996. Integrin activation: the link between ligand binding and signal transduction.
Curr.Opin.Cell Biol. 8:632.

Ginsberg, M.H., X. Du, and E.F. Plow. 1992. Inside-out integrin signaling. Curr.Opin.Cell Biol. 4:766.

Lowell, C.A. and G. Berton. 1999. Integrin signal transduction in myeloid leukocytes. J.Leukoc.Biol. 65:313.
Beauvais-Jouneau, A. and J.P. Thiery. 1997. Multiple roles for integrins during development. Biol.Cell 89:5.
Jagels, M.A., PJ. Daffern, B.L. Zuraw, and T.E. Hugli. 1999. Mechanisms and regulation of
polymorphonuclear leukocyte and eosinophil adherence to human airway epithelial cells. Am.J.Respir.
Cell Mol.Biol. 21:418.

Burke-Gaffney, A. and PG. Hellewell. 1998. A CD18/ICAM-1-dependent pathway mediates eosinophil
adhesion to human bronchial epithelial cells. Am.J.Respir.Cell Mol.Biol. 19:408.

Mazo, LB., J.C., PS. Frenette, R.O. Hynes, D.D. Wagner, and U.H. von Andrian. 1998. Hematopoietic
progenitor cell rolling in bone marrow microvessels: parallel contributions by endothelial selectins and
vascular cell adhesion molecule 1. J Exp Med 188:465.

Del Maschio, A., A. Zanetti, M. Corada, Y. Rival, L. Ruco, M.G. Lampugnani, and E. Dejana. 1996.
Polymorphonuclear leukocyte adhesion triggers the disorganization of endothelial cell-to-cell adherens
junctions. J.Cell Biol. 135:497.

Feng, D., J.A. Nagy, K. Pyne, H.F. Dvorak, and A.M. Dvorak. 1998. Neutrophils emigrate from venules by a
transendothelial cell pathway in response to FMLP. J Exp Med 187:903.

Ratner, S. 1992. Lymphocyte migration through extracellular matrix. Invasion Metastasis 12:82.

EEENERAL INTRODUCTION



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

Sixt, M., R. Hallmann, O. Wendler, K. Scharffetter-Kochanek, and L.M. Sorokin. Cell adhesion and migration
properties of beta 2-integrin negative polymorphonuclear granulocytes on defined extracellular matrix
molecules. Relevance for leukocyte extravasation. J.Biol.Chem.2001.Jun.1.;276.(22.):18878.-87. 276:18878.
Lauffenburger, D.A. and A.F. Horwitz. 1996. Cell migration: a physically integrated molecular process.
Cell 84:359.

Jockusch, B.M., P. Bubeck, K. Giehl, M. Kroemker, J. Moschner, M. Rothkegel, M. Rudiger, K. Schluter,
G. Stanke, and J. Winkler. 1995. The molecular architecture of focal adhesions. Annu Rev Cell Dev Biol
11:379.

Chen, W.T. 1981. Mechanism of retraction of the trailing edge during fibroblast movement. J.Cell
Biol. 90:187.

Palecek, S.P, C.E. Schmidt, D.A. Lauffenburger, and A.F. Horwitz. 1996. Integrin dynamics on the tail region
of migrating fibroblasts. J.Cell Sci. 109:941.

Regen, C.M. and A.F. Horwitz. 1992. Dynamics of beta 1 integrin-mediated adhesive contacts in motile
fibroblasts. J.Cell Biol. 119:1347.

Lawson, M.A. and F.R. Maxfield. 1995. Ca(2+)- and calcineurin-dependent recycling of an integrin to the
front of migrating neutrophils. Nature 377:75.

Pierini, L.M., M.A. Lawson, R.J. Eddy, B. Hendey, and F.R. Maxfield. Oriented endocytic recycling of
alpha5betal in motile neutrophils. Blood 2000.Apr.15.;95.(8.):2471.-80. 95:2471.

Brundage, R.A., K.E. Fogarty, R.A. Tuft, and F.S. Fay. 1991. Calcium gradients underlying polarization and
chemotaxis of eosinophils. Science 254:703.

Marks, PW. and F.R. Maxfield. 1990. Local and global changes in cytosolic free calcium in neutrophils
during chemotaxis and phagocytosis. Cell Calcium 11:181.

Kaibuchi, K., S. Kuroda, and M. Amano. 1999. Regulation of the cytoskeleton and cell adhesion by the
Rho family GTPases in mammalian cells. Annu.Rev.Biochem. 68:459.

Bokoch, G.M. 1995. Chemoattractant signaling and leukocyte activation. Blood 86:1649.

Ridley, A.J., H.F. Paterson, C.L. Johnston, D. Diekmann, and A. Hall. 1992. The small GTP-binding protein rac
regulates growth factor-induced membrane ruffling. Cell 70:401.

Kozma, R., S. Ahmed, A. Best, and L. Lim. 1995. The Ras-related protein Cdc42Hs and bradykinin promote
formation of peripheral actin microspikes and filopodia in Swiss 3T3 fibroblasts. Mol.Cell Biol. 15:1942.
Ridley, A.J. and A. Hall. 1992. The small GTP-binding protein rho regulates the assembly of focal adhesions
and actin stress fibers in response to growth factors. Cell 70:389.

Tirimanna, PR., C.P. van Schayck, J.J. den Otter, C. van Weel, C.L. van Herwaarden, G. van den Boom,
PM. van Grunsven, and W.J. van den Bosch. 1996. Prevalence of asthma and COPD in general practice
in 1992: has it changed since 1977? Br.J.Gen.Pract. 46:277.

Anderson, H.R., B.K. Butland, and D.P. Strachan. 1994. Trends in prevalence and severity of childhood
asthma. BMJ. 308:1600.

Burr, M.L., B.K. Butland, S. King, and E. Vaughan-Williams. 1989. Changes in asthma prevalence: two
surveys 15 years apart. Arch.Dis.Child 64:1452.

Anonymous. 1998. Worldwide variations in the prevalence of asthma symptoms: the International Study of

Asthma and Allergies in Childhood (ISAAC). Eur Respir J 12:315.

!;ENERAL INTRODUCTION




104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

Anonymous. 2001 Asthma insights and reality in europe (AIRE). http://www.srbi.com/asthmae.htm Internet
Communication

Anonymous. 1992. International consensus report on diagnosis and treatment of asthma. National Heart,
Lung, and Blood Institute, National Institutes of Health. Bethesda, Maryland 20892. Publication no. 92-3091,
March 1992. Eur.Respir.J. 5:601.

Weersink, E.J., D.S. Postma, R. Aalbers, and J.G. de Monchy. 1994. Early and late asthmatic reaction after
allergen challenge. Respir.Med. 88:103.

Barnes, PJ. 1989. New concepts in the pathogenesis of bronchial hyperresponsiveness and asthma.
J.Allergy Clin.Immunol. 83:1013.

Cho, S.H., J.Y. Seo, D.C. Choi, HJ. Yoon, Y.J. Cho, K.U. Min, G.K. Lee, JJW. Seo, and Y.Y. Kim. 1996.
Pathological changes according to the severity of asthma. Clin.Exp.Allergy 26:1210.

Erjefalt, J.S., M. Korsgren, M.C. Nilsson, F. Sundler, and C.G. Persson. 1997. Association between
inflammation and epithelial damage-restitution processes in allergic airways in vivo. Clin.Exp.
Allergy 27:1344.

Kay, A.B. Allergy and allergic diseases. First of two parts. N.Engl.J.Med.2001.Jan.4.;344.(1.):30.-7. 344:30.
Kay, A.B. Allergy and allergic diseases. Second of two parts. N.Engl.J.Med.2001.Jan.11.;344.(2.):
109.-13. 344:109.

Platts-Mills, T.A., J.A. Woodfolk, M.D. Chapman, and PW. Heymann. 1996. Changing concepts of allergic
disease: the attempt to keep up with real changes in lifestyles. J.Allergy Clin.Immunol. 98:5297.
Mosmann, T.R. and R.L. Coffman. 1989. TH1 and THj cells: different patterns of lymphokine secretion lead
to different functional properties. Annu.Rev.Immunol. 7:145.

Pene, J., F. Rousset, F. Briere, I. Chretien, J.Y. Bonnefoy, H. Spits, T. Yokota, N. Arai, K. Arai, and
J. Banchereau. 1988. IgE production by normal human lymphocytes is induced by interleukin 4 and
suppressed by interferons gamma and alpha and prostaglandin E2. Proc.Natl.Acad.Sci.USA 85:6880.

Ricci, M., O. Rossi, M. Bertoni, and A. Matucci. 1993. The importance of THo-like cells in the pathogenesis
of airway allergic inflammation. Clin.Exp.Allergy 23:360.

Ehrlich P. 1880. Methodologische Beitrage zur Physiologie und Pathologie der verscheidenen Formen der
Leukozyten. Z.Klin.Med. 1:553.

Hirsch, J.G. and B.I. Hirsch. 1980. Paul Ehrlich and the discovery of the eosinophil. In The Eosinophil in
Health and Disease. Mahmoud A.A.F. and K.F. Austen, eds. Grune & Stratton, New York, p. 3.

Gleich, G.J. and C.R. adolphson. 1986. The eosinophilic leukocyte: structure and function. Adv.Immunol.
39:177.

Butterworth, A.E. 1984. Cell-mediated damage to helminths. Adv.Parasitol. 23:143.

Gleich, G.J., N.A. Flavahan, T. Fujisawa, and PM. Vanhoutte. 1988. The eosinophil as a mediator of damage
to respiratory epithelium: a model for bronchial hyperreactivity. J.Allergy Clin.Immunol. 81:776.

Wardlaw, A.J., S. Dunnette, G.J. Gleich, J.V. Collins, and A.B. Kay. 1988. Eosinophils and mast cells in
bronchoalveolar lavage in subjects with mild asthma. Relationship to bronchial hyperreactivity.
Am.Rev.Respir.Dis. 137 :62.

Takafuji, S., T. Ohtoshi, H. Takizawa, K. Tadokoro, and K. Ito. 1996. Eosinophil degranulation in the

presence of bronchial epithelial cells. Effect of cytokines and role of adhesion. J.Immunol. 156:3980.

E!ENERAL INTRODUCTION



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Hamid, Q., M. Azzawi, S. Ying, R. Mogbel, A.J. Wardlaw, C.J. Corrigan, B. Bradley, S.R. Durham, J.V. Collins,
and PK. Jeffery. 1991. Expression of mRNA for interleukin-5 in mucosal bronchial biopsies from asthma.
J.Clin.Invest. 87:1541.

Hamid, Q., M. Azzawi, S. Ying, R. Mogbel, A.J. Wardlaw, C.J. Corrigan, B. Bradley, S.R. Durham, J.V. Collins,
and PK. Jeffery. 1991. Interleukin-5 mRNA in mucosal bronchial biopsies from asthmatic subjects.
Int.Arch.Allergy Appl.Immunol. 94:169.

Limaye, A.P, E.A. Ottesen, V. Kumaraswami, J.S. Abrams, J. Regunathan, V. Vijayasekaran, K. Jayaraman,
and T.B. Nutman. 1993. Kinetics of serum and cellular interleukin-5 in posttreatment eosinophilia
of patients with lymphatic filariasis. J.Infect.Dis. 167:1396.

Owen, W.F,, M.E. Rothenberg, J. Petersen, PF. Weller, D. Silberstein, A.L. Sheffer, R.L. Stevens,
R.J. Soberman, and K.F. Austen. 1989. Interleukin 5 and phenotypically altered eosinophils in the blood
of patients with the idiopathic hypereosinophilic syndrome. J.Exp.Med. 170:343.

Lopez, A.F.,, C.J. Sanderson, J.R. Gamble, H.D. Campbell, I.G. Young, and M.A. Vadas. 1988. Recombinant
human interleukin 5 is a selective activator of human eosinophil function. J Exp Med 167:219.

Campbell, H.D., W.Q. Tucker, Y. Hort, M.E. Martinson, G. Mayo, E.J. Clutterbuck, C.J. Sanderson, and
I.G. Young. 1987. Molecular cloning, nucleotide sequence, and expression of the gene encoding human
eosinophil differentiation factor (interleukin 5). Proc Natl Acad Sci U S A 84:6629.

Yamaguchi, Y., T. Suda, S. Ohta, K. Tominaga, Y. Miura, and T. Kasahara. 1991. Analysis of the survival
of mature human eosinophils: interleukin-5 prevents apoptosis in mature human eosinophils. Blood
78:2542.

Shi, H.Z., C.Q. Xiao, D. Zhong, S.M. Qin, Y. Liu, G.R. Liang, H. Xu, Y.Q. Chen, X.M. Long, and Z.F. Xie. 1998.
Effect of inhaled interleukin-5 on airway hyperreactivity and eosinophilia in asthmatics. Am J Respir
Crit Care Med 157:204.

Shi, H.Z., C.Q. Li, S.M. Qin, Z.F. Xie, and Y. Liu. 1999. Effect of inhaled interleukin-5 on number and activity
of eosinophils in circulation from asthmatics. Clin Immunol 91:163.

Van Oosterhout, A.J., A.R. Ladenius, H.F. Savelkoul, I. van Ark, K.C. Delsman, and F.P. Nijkamp. 1993. Effect
of anti-IL-5 and IL-5 on airway hyperreactivity and eosinophils in guinea pigs. Am Rev Respir Dis 147:548.
Mauser, PJ., AM. Pitman, X. Fernandez, S.K. Foran, G.K. Adams, W. Kreutner, R.W. Egan, and
R.W. Chapman. 1995. Effects of an antibody to interleukin-5 in a monkey model of asthma. Am J Respir
Crit Care Med 152:467.

Foster, PS., S.P. Hogan, A.J. Ramsay, K.I. Matthaei, and 1.G. Young. 1996. Interleukin 5 deficiency abolishes
eosinophilia, airways hyperreactivity, and lung damage in a mouse asthma model. J.Exp.Med. 183:195.
Cieslewicz, G., A. Tomkinson, A. Adler, C. Duez, J. Schwarze, K. Takeda, K.A. Larson, J.J. Lee, C.G. Irvin,
and E.W. Gelfand. 1999. The late, but not early, asthmatic response is dependent on IL-5 and correlates
with eosinophil infiltration. J.Clin.Invest. 104:301.

Leckie, M.J., A. ten Brinke, J. Khan, Z. Diamant, B.J. O’Connor, C.M. Walls, A K. Mathur, H.C. Cowley,
K.F. Chung, R. Djukanovic, T.T. Hansel, S.T. Holgate, PJ. Sterk, and PJ. Barnes. 2000. Effects of an
interleukin-5 blocking monoclonal antibody on eosinophils, airway hyper-responsiveness, and the late

asthmatic response. Lancet 356:2144.

E;ENERAL INTRODUCTION




137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

PM.O’Byrne. 2001. Anti IL-5 treatment in alergic asthmatics, Oral communication at the eosinophil 2001
meeting, Banf Canada. (UnPub)

Koenderman, L., T. van der Bruggen, R.C. Schweizer, R.A. Warringa, P. Coffer, E. Caldenhoven,
J.-W.J. Lammers, and J.A. Raaijmakers. 1996. Eosinophil priming by cytokines: from cellular signal
to in vivo modulation. Eur.Respir.J.Suppl. 22:119s.

van der Bruggen, T., PT. Kok, J.A. Raaijmakers, A.J. Verhoeven, R.G. Kessels, J.-W.J. Lammers, and

L. Koenderman. 1993. Cytokine priming of the respiratory burst in human eosinophils is Ca2*t

independent
and accompanied by induction of tyrosine kinase activity. J Leukoc Biol 53:347.

Warringa, R.A., H.J. Mengelers, PH. Kuijper, J.A. Raaijmakers, PL. Bruijnzeel, and L. Koenderman. 1992.
In vivo priming of platelet-activating factor-induced eosinophil chemotaxis in allergic asthmatic
individuals. Blood 79:1836.

Moser, R., J. Fehr, L. Olgiati, and PL. Bruijnzeel. 1992. Migration of primed human eosinophils across
cytokine-activated endothelial cell monolayers. Blood 79:2937.

Mengelers, H.J., T. Maikoe, L. Brinkman, B. Hooibrink, J.-W.J. Lammers, and L. Koenderman. 1994.
Immunophenotyping of eosinophils recovered from blood and BAL of allergic asthmatics. Am J Respir
Crit Care Med 149:345.

Hakansson, L., E. Bjornsson, C. Janson, and B. Schmekel. 1995. Increased adhesion to vascular cell
adhesion molecule-1 and intercellular adhesion molecule-1 of eosinophils from patients with asthma.
J Allergy Clin Immunol 96:941.

Okada, S., H. Kita, T.J. George, G.J. Gleich, and K.M. Leiferman. 1997. Transmigration of eosinophils through
basement membrane components in vitro: synergistic effects of platelet-activating factor and
eosinophil-active cytokines. Am J Respir Cell Mol Biol 16:455.

Walsh, G.M., A. Hartnell, A.J. Wardlaw, K. Kurihara, C.J. Sanderson, and A.B. Kay. 1990. IL-5 enhances
the in vitro adhesion of human eosinophils, but not neutrophils, in a leucocyte integrin (CD11/18)-
dependent manner. Immunology 71:258.

Wardlaw, A.J. 1999. Molecular basis for selective eosinophil trafficking in asthma: A multistep paradigm.
J Allergy Clin Immunol 104:917.

Warringa, R.A., H.J. Mengelers, J.A. Raaijmakers, PL. Bruijnzeel, and L. Koenderman. 1993. Upregulation
of formyl-peptide and interleukin-8-induced eosinophil chemotaxis in patients with allergic asthma.
J Allergy Clin Immunol 91:1198.

Warringa, R.A., L. Koenderman, PT. Kok, J. Kreukniet, and PL. Bruijnzeel. 1991. Modulation and induction
of eosinophil chemotaxis by granulocyte-macrophage colony-stimulating factor and interleukin-3.
Blood 77:2694.

Mengelers, H.J., T. Maikoe, B. Hooibrink, T.W. Kuypers, J. Kreukniet, J.-W.J. Lammers, and L. Koenderman.
1993. Down modulation of L-Selectin expression on eosinophils recovered from bronchoalveolar lavage
fluid after allergen provocation. Clin Exp Allergy 23:196.

Wardlaw, A.J., FS. Symon, and G.M. Walsh. 1994. Eosinophil adhesion in allergic inflammation.
J.Allergy Clin.Immunol. 94:1163.

E!ENERAL INTRODUCTION



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Knol, E.F., F. Tackey, TF. Tedder, D.A. Klunk, C.A. Bickel, S.A. Sterbinsky, and B.S. Bochner. 1994.
Comparison of human eosinophil and neutrophil adhesion to endothelial cells under nonstatic conditions.
Role of L-selectin. J.Immunol. 153:2161.

Sriramarao, P, U.H. von Andrian, E.C. Butcher, M.A. Bourdon, and D.H. Broide. 1994. L-selectin and very
late antigen-4 integrin promote eosinophil rolling at physiological shear rates in vivo. J.Immunol. 153:4238.
Symon, F.A., M.B. Lawrence, M.L. Williamson, G.M. Walsh, S.R. Watson, and A.J. Wardlaw. 1996. Functional
and structural characterization of the eosinophil P- selectin ligand. J.Immunol. 157:1711.

Kitayama, J., R.C. Fuhlbrigge, K.D. Puri, and T.A. Springer. 1997. P-selectin, L-selectin, and alpha 4 integrin
have distinct roles in eosinophil tethering and arrest on vascular endothelial cells under physiological
flow conditions. J Immunol 159:3929.

Woltmann, G., C.A. McNulty, G. Dewson, FA. Symon, and A.J. Wardlaw. 2000. Interleukin-13 induces
PSGL-1/P-selectin-dependent adhesion of eosinophils, but not neutrophils, to human umbilical vein
endothelial cells under flow. Blood 95:3146.

Edwards, B.S., M.S. Curry, H. Tsuji, D. Brown, R.S. Larson, and L.A. Sklar. 2000. Expression of P-selectin
at low site density promotes selective attachment of eosinophils over neutrophils. J Immunol 165:404.
Broide, D.H., D. Humber, and P. Sriramarao. 1998. Inhibition of eosinophil rolling and recruitment in
P-selectin- and intracellular adhesion molecule-1-deficient mice. Blood 91:2847.

Broide, D.H., S. Sullivan, T. Gifford, and P. Sriramarao. 1998. Inhibition of pulmonary eosinophilia in
P-selectin- and ICAM-1-deficient mice. Am J Respir Cell Mol.Biol 18:218.

De Sanctis, G.T., W.W. Wolyniec, F.H. Green, S. Qin, A. Jiao, PW. Finn, T. Noonan, A.A. Joetham, E. Gelfand,
C.M. Doerschuk, and J.M. Drazen. 1997. Reduction of allergic airway responses in P-selectin-deficient mice.
J.Appl.Physiol. 83:681.

Ohkawara, Y., K. Yamauchi, N. Maruyama, H. Hoshi, I. Ohno, M. Honma, Y. Tanno, G. Tamura, K. Shirato,
and H. Ohtani. 1995. In situ expression of the cell adhesion molecules in bronchial tissues from asthmatics
with air flow limitation: in vivo evidence of VCAM-1/VLA-4 interaction in selective eosinophil infiltration.
Am.J.Respir.Cell Mol.Biol. 12:4.

Bentley, A.M., S.R. Durham, D.S. Robinson, G. Menz, C. Storz, O. Cromwell, A.B. Kay, and A.J. Wardlaw.
1993. Expression of endothelial and leukocyte adhesion molecules interacellular adhesion molecule-1,
E-selectin, and vascular cell adhesion molecule-1 in the bronchial mucosa in steady-state and
allergen-induced asthma. J Allergy Clin Immunol 92:857.

Gosset, P, L.L Tillie, A. Janin, C.H. Marquette, M.C. Copin, B. Wallaert, and A.B. Tonnel. 1995. Expression of
E-selectin, ICAM-1 and VCAM-1 on bronchial biopsies from allergic and non-allergic asthmatic patients.
Int.Arch Allergy Immunol 106:69.

Hirata, N., H. Kohrogi, H. Iwagoe, E. Goto, J. Hamamoto, K. Fujii, T. Yamaguchi, O. Kawano, and M. Ando.
1998. Allergen exposure induces the expression of endothelial adhesion molecules in passively sensitized
human bronchus: time course and the role of cytokines. Am J Respir Cell Mol Biol 18:12.

Sriramarao, P, C.R. Norton, P. Borgstrom, R.G. DiScipio, B.A. Wolitzky, and D.H. Broide. 1996. E-selectin
preferentially supports neutrophil but not eosinophil rolling under conditions of flow in vitro and in vivo.

J.Immunol. 157:4672.

!;ENERAL INTRODUCTION



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Patel, K.D. and R.P. McEver. 1997. Comparison of tethering and rolling of eosinophils and neutrophils
through selectins and P-selectin glycoprotein ligand-1. J Immunol 159:4555.

Teixeira, M.M. and PG. Hellewell. 1998. Contribution of endothelial selectins and alpha 4 integrins to
eosinophil trafficking in allergic and nonallergic inflammatory reactions in skin. J Immunol 161:2516.
Berlin, C., R.F. Bargatze, J.J. Campbell, U.H. von Andrian, M.C. Szabo, S.R. Hasslen, R.D. Nelson, E.L. Berg,
S.L. Erlandsen, and E.C. Butcher. 1995. alpha 4 integrins mediate lymphocyte attachment and rolling
under physiologic flow. Cell 80:413.

Alon, R., PD. Kassner, M.W. Carr, E.B. Finger, M.E. Hemler, and T.A. Springer. 1995. The integrin VLA-4
supports tethering and rolling in flow on VCAM-1. J.Cell Biol. 128:1243.

van den Berg, J.M., F.P. Mul, E. Schippers, J.J. Weening, D. Roos, and T.W. Kuijpers. Betal integrin activation
on human neutrophils promotes beta2 integrin-mediated adhesion to fibronectin.
Eur.J.Immunol.2001.Jan.;31.(1.):276.-84. 31:276.

Kubes, P, X.F. Niu, C.W. Smith, M.E.J. Kehrli, PH. Reinhardt, and R.C. Woodman. 1995. A novel beta 1-
dependent adhesion pathway on neutrophils: a mechanism invoked by dihydrocytochalasin B or
endothelial transmigration. FASEB J. 9:1103.

Weller, PF., TH. Rand, S.E. Goelz, G. Chi Rosso, and R.R. Lobb. 1991. Human eosinophil adherence to
vascular endothelium mediated by binding to vascular cell adhesion molecule 1 and endothelial
leukocyte adhesion molecule 1. Proc.Natl.Acad.Sci.USA 88:7430.

Richards, .M., K.P. Kolbasa, C.A. Hatfield, G.E. Winterrowd, S.L. Vonderfecht, S.F. Fidler, R.L. Griffin,
J.R. Brashler, R.F. Krzesicki, L.M. Sly, K.A. Ready, N.D. Staite, and J.E. Chin. 1996. Role of very late activation
antigen-4 in the antigen-induced accumulation of eosinophils and lymphocytes in the lungs and airway
lumen of sensitized brown Norway rats. Am.J.Respir.Cell Mol.Biol. 15:172.

Sagara, H., H. Matsuda, N. Wada, H. Yagita, T. Fukuda, K. Okumura, S. Makino, and C. Ra. 1997.
A monoclonal antibody against very late activation antigen-4 inhibits eosinophil accumulation and late
asthmatic response in a guinea pig model of asthma. Int.Arch.Allergy Immunol. 112:287.

Weg, V.B., T.J. Williams, R.R. Lobb, and S. Nourshargh. 1993. A monoclonal antibody recognizing very late
activation antigen-4 inhibits eosinophil accumulation in vivo. J.Exp.Med. 177:561.

Kraneveld, A.D., I. van Ark, H.J. Van Der Linde, D. Fattah, F.P. Nijkamp, and A.J. Van Oosterhout. 1997.
Antibody to very late activation antigen 4 prevents interleukin-5-induced airway hyperresponsiveness and
eosinophil infiltration in the airways of guinea pigs. J.Allergy Clin.Immunol. 100:242.

Gonzalo, J.A., C.M. Lloyd, L. Kremer, E. Finger, A.C. Martinez, M.H. Siegelman, M. Cybulsky, and
R.J. Gutierrez. 1996. Eosinophil recruitment to the lung in a murine model of allergic inflammation.
The role of T cells, chemokines, and adhesion receptors. J Clin Invest 98:2332.

Weber, C., J. Katayama, and T.A. Springer. 1996. Differential regulation of beta 1 and beta 2 integrin
avidity by chemoattractants in eosinophils. Proc.Natl.Acad.Sci.USA 93:10939.

Yamamoto, H., J.B. Sedgwick, and W.W. Busse. 1998. Differential regulation of eosinophil adhesion
and transmigration by pulmonary microvascular endothelial cells. J Immunol 161:971.

Yamamoto, H. and M. Nagata. 1999. Regulatory mechanisms of eosinophil adhesion to and transmigration

across endothelial cells by alpha4 and beta2 integrins. Int.Arch.Allergy Immunol. 120 Suppl 1:24.

EEENERAL INTRODUCTION



180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Wolyniec, WW,, G.T. De Sanctis, G. Nabozny, C. Torcellini, N. Haynes, A. Joetham, E.W. Gelfand,
J.M. Drazen, and T.C. Noonan. 1998. Reduction of antigen-induced airway hyperreactivity and eosinophilia
in ICAM-1-deficient mice. Am J Respir Cell Mol Biol 18:777.

Cara, D.C., D. Negrao-Correa, and M.M. Teixeira. 2000. Mechanisms underlying eosinophil trafficking
and their relevance in vivo. Histol Histopathol 15:899.

Chin, J.E., G.E. Winterrowd, C.A. Hatfield, J.R. Brashler, R.L. Griffin, S.L. Vonderfecht, K.P. Kolbasa,
S.F. Fidler, K.L. Shull, R.F. Krzesicki, K.A. Ready, C.J. Dunn, L.M. Sly, N.D. Staite, and .M. Richards. 1998.
Involvement of intercellular adhesion molecule-1 in the antigen-induced infiltration of eosinophils and
lymphocytes into the airways in a murine model of pulmonary inflammation. Am.J.Respir.Cell Mol.Biol.
18:158.

Wegner, C.D., R.H. Gundel, P. Reilly, N. Haynes, L.G. Letts, and R. Rothlein. 1990. Intercellular adhesion
molecule-1 (ICAM-1) in the pathogenesis of asthma. Science 247:456.

Bochner, B.S., D.A. Klunk, S.A. Sterbinsky, R.L. Coffman, and R.P. Schleimer. 1995. IL-13 selectively induces
vascular cell adhesion molecule-1 expression in human endothelial cells. J.Immunol. 154:799.

DiScipio, R.G., PJ. Daffern, M.A. Jagels, D.H. Broide, and P. Sriramarao. 1999. A comparison of C3a and
C5a-mediated stable adhesion of rolling eosinophils in postcapillary venules and transendothelial
migration in vitro and in vivo. J Immunol 162:1127.

Schweizer, R.C., B. van Kessel-Welmers, R.A. Warringa, T. Maikoe, J.A. Raaijmakers, J.-W.J. Lammers,
and L. Koenderman. 1996. Mechanisms involved in eosinophil migration. Platelet-activating factor-induced
chemotaxis and interleukin-5-induced chemokinesis are mediated by different signals. J Leukoc
Biol 59:347.

Kimani, G., M.G. Tonnesen, and PM. Henson. 1988. Stimulation of eosinophil adherence to human
vascular endothelial cells in vitro by platelet-activating factor. J.Immunol. 140:3161.

Alam, R., S. Stafford, P. Forsythe, R. Harrison, D. Faubion, M.A. Lett-Brown, and J.A. Grant. 1993. RANTES
is a chemotactic and activating factor for human eosinophils. J.Immunol. 150:3442.

Griffiths-Johnson, D.A., PD. Collins, A.G. Rossi, PJ. Jose, and T.J. Williams. 1993. The chemokine, eotaxin,
activates guinea-pig eosinophils in vitro and causes their accumulation into the lung in vivo.
Biochem.Biophys.Res.Commun. 197:1167.

Shinkai, A., H. Yoshisue, M. Koike, E. Shoji, S. Nakagawa, A. Saito, T. Takeda, S. Imabeppu, Y. Kato, N. Hanai,
H. Anazawa, T. Kuga, and T. Nishi. 1999. A novel human CC chemokine, eotaxin-3, which is expressed
in IL-4-stimulated vascular endothelial cells, exhibits potent activity toward eosinophils. J.Immunol.
163:1602.

Yamada, H., K. Hirai, M. Miyamasu, M. likura, Y. Misaki, S. Shoji, T. Takaishi, T. Kasahara, Y. Morita,
and K. Ito. 1997. Eotaxin is a potent chemotaxin for human basophils. Biochem.Biophys.Res.Commun.
231:365.

Jinquan, T., S. Quan, G. Feili, C.G. Larsen, and K. Thestrup-Pedersen. 1999. Eotaxin activates T cells to
chemotaxis and adhesion only if induced to express CCR3 by IL-2 together with IL-4. J.Immunol. 162:4285.
Berman, M.E., Y. Xie, and W.A. Muller. 1996. Roles of platelet/endothelial cell adhesion molecule-1
(PECAM-1, CD31) in natural killer cell transendothelial migration and beta 2 integrin activation. J Immunol

156:1515.

EEENERAL INTRODUCTION




194.

195.

196.

197.

198.

199.

Liao, F., HK. Huynh, A. Eiroa, T. Greene, E. Polizzi, and W.A. Muller. 1995. Migration of monocytes across
endothelium and passage through extracellular matrix involve separate molecular domains of PECAM-1.
J Exp Med 182:1337.

Yong, K.L., M. Watts, T.N. Shaun, A. Sullivan, S. Ings, and D.C. Linch. 1998. Transmigration of CD34+ cells
across specialized and nonspecialized endothelium requires prior activation by growth factors and
is mediated by PECAM-1 (CD31). Blood 91:1196.

Zuurbier, E.MM., FPJ. Mul, D. Roos, and PL. Hordijk. 2001. PECAM-1 is implicated in transendothelial
migration of neutrophils but not of eosinophils. In The border-crossing behaviour of eosinophils and
neutrophil in the lung. (thesis). 93-102.

Miller, M., K.L. Sung, WA. Muller, J.Y. Cho, M. Roman, D. Castaneda, J. Nayar, T. Condon, J. Kim,
P. Sriramarao, and D.H. Broide. Eosinophil tissue recruitment to sites of allergic inflammation in the lung
is platelet endothelial cell adhesion molecule independent. J.Immunol.2001.Aug.15.;167.(4.):2292.-7.
167:2292.

Wilson, J.W. and T.L. Bamford. Assessing the evidence for remodelling of the airway in asthma.
Pulm.Pharmacol.Ther.2001.;14.(3.):229.-47. 14:229.

Laitinen, A., A. Altraja, M. Kampe, M. Linden, 1. Virtanen, and L.A. Laitinen. 1997. Tenascin is increased in
airway basement membrane of asthmatics and decreased by an inhaled steroid. Am.J.Respir.Crit.

Care Med. 156:951.

J%‘W’FRAL INTRODUCTION



CHAPTER [2]

Characterization of eosinophil adhesion
to TNFa-activated endothelium under flow
conditions: O, integrins mediate initial

attachment and E-selectin mediates rolling

Laurien H. Ulfman, Philip H. Kuijper, Jan A.M. van der Linden,
Jan-Willem J. Lammers, Jaap Jan Zwaginga*, Leo Koenderman

Dept. of Pulmonary Diseases, University Medical Center, Utrecht,

The Netherlands

*Present address: Central Laboratory for Blood Transfusion, Amsterdam,
The Netherlands

; HARACTERIZATION OF EOSINOPHIL ADHESION TO TNFa-ACTIVATED
ENDOTHELIUM UNDER FLOW CONDITIONS: a4 INTEGRINS MEDIATE
INITIAL ATTACHMENT AND E-SELECTIN MEDIATES ROLLING



Abstract

The multistep model of leukocyte adhesion reveals that selectins mediate rolling
interactions and integrins mediate firm adhesion processes. In this study the interaction
between eosinophils and TNFa-activated HUVEC (second or third passage) was studied
under flow conditions (0.8 and 3.2 dyn/cm?). Especially the role of o, integrins on
eosinophils and E-selectin on HUVEC was studied. Inhibition of the integrin a, chain
on eosinophils reduced the number of firmly adhered resting eosinophils to
TNFa-stimulated endothelium by 43 %, whereas the percentage of rolling cells increased
2.2-fold compared to untreated control eosinophils. Blocking of E-selectin on the
endothelium reduced the number of adherent eosinophils only by 23 % and 16 %. In this
situation however, hardly any rolling adhesion was observed, and the few rolling cells
showed a low rolling velocity. Blocking both oy integrin on eosinophils and E-selectin
on HUVEC reduced the number of adhered eosinophils by 95 %. P-selectin did not
significantly participate in eosinophil adhesion to TNFa-activated HUVEC. Inhibition of
both a, integrins and 3, integrins on eosinophils resulted in a reduction of adhered cells
by 65 % and a 3-fold increase in percentage of rolling cells. Taken together, these results
clearly show that resting eosinophils preferentially use constitutively active a, integrins
(04B1, 04PB7) for the first attachment to TNFa-activated HUVEC. In addition, a, integrins
and E-selectin work synergistically in eosinophil adherence to TNFa-activated HUVEC.
While E-selectin is important for eosinophil rolling under these conditions, P-selectin
plays only a minor role.

Introduction

Eosinophils play an important role in allergic inflammatory diseases such as
allergic asthma. Infiltrates of these cells are present in the interstitium and the lumen of
the bronchi of asthmatic patients (1). Eosinophils must pass the endothelium to enter
this site of inflammation. A widely accepted paradigm for leukocyte extravasation is
the multistep model. In this model selectins mediate rolling interactions between
leukocytes and endothelium and subsequently, activated integrins facilitate firm
adhesion and extravasation of the cells (2). For eosinophils these specific interactions
with the endothelium have not been fully elucidated and are subject of this study.

In marked contrast to neutrophils, eosinophils constitutively express the (3; integrin oyf3;
(very late antigen 4, VLA-4, CD49dCD29) (3-6). VLA-4 is also present on monocytes,
lymphocytes and basophils, while its counter structure VCAM-1 is present on activated
endothelium (7;8). Although selectins primarily mediate rolling interactions, it has
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been suggested that VLA-4 on lymphocytes (9;10) and cell lines (11) can play a role in
this process as well. For eosinophils, discrepancies exist on the role of oy integrin in
mediating initial attachment to the endothelium. A study in postcapillary venules of
IL-1B-activated rabbit mesentery showed that eosinophils utilize VL.A-4 and L-selectin for
rolling interactions. However, still 50 % of the rolling interactions persisted even though
VLA-4 and L-selectin were blocked (12). Very recently, Patel et al. (13) showed that
eosinophils use a4 integrins in tethering to IL-4-stimulated endothelial cells under
flow conditions. In contrast, Kitayama et al. showed in a flow chamber model that ay,
integrins did not mediate initial attachment nor constitutive rolling interactions of
eosinophils on TNFa-activated HUVEC but only mediated immediate arrest after

P-selectin-dependent initial attachment (14).

In contrast to a, integrins, E-, P- and L-selectin are generally agreed upon as very
important molecules in initial tethering and rolling adhesion of leukocytes to
endothelium, including eosinophils. Under static conditions eosinophils can adhere both
to P- and E-selectin (4;15). Under flow conditions eosinophils have been reported to
accumulate more avidly on P-selectin compared to neutrophils (16). On the other hand,
neutrophils adhere more efficiently to E-selectin-coated surfaces under flow conditions
(17). In concordance with these findings, Kitayama et al. showed a role for P-selectin in
the first attachment of eosinophils to TNFa-stimulated first passage HUVEC and did not
see an effect on primary tethering when E-selectin was blocked (14). Taken together,
eosinophils seem to be less E-selectin-dependent for rolling interactions with activated
endothelium when compared to neutrophils. The role of L-selectin in rolling of
eosinophils is thought to be of less importance than E- and P-selectin. However,
L-selectin has been shown to mediate adhesion of eosinophils to HUVEC under
conditions of shear, although experiments were performed at 4°C and no controlled

shear stress was used (18).

Increased expression of VCAM-1, E-selectin and ICAM-1 is associated with pulmonary
allergic inflammation (19-22). Therefore, these molecules and their ligands might be
adhesion receptors for eosinophils to adhere to postcapillary venules present in the
bronchial mucosa. However, many animal models do not lead to a consensus regarding
this issue. An interesting primate model for asthma showed that anti-ICAM-1 therapy
reduces lung eosinophilia and hyperreactivity (23). In addition, the latter study showed
that after single antigen exposure anti-E-selectin treatment reduces lung neutrophilia in
primates. In rats, anti-VLA-4 treatment did not have an effect on neutrophilia (24) nor on
eosinophilia (25). In contrast, the combination treatment of anti-o, integrins and anti-
VCAM-1 showed a reduction in eosinophil and lymphocyte infiltration in the lung of mice
(26). in vivo studies in mice showed that recruitment of eosinophils (27;28) and other
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leukocytes (29) at inflammatory sites is mainly mediated by P-selectin. However, these

studies also suggest a role for E-selectin in this process (28;29).

In the current study the interactions between eosinophils and TNFa-activated HUVEC
were investigated in an in vifro flow chamber model. Special emphasis was given to a,
integrins on the eosinophils and E-selectin on the endothelium.

Materials and Methods
Reagents

Percoll was obtained from Pharmacia (Uppsala, Sweden). N-formyl-methionyl-
leucyl-phenylalanine (fMLP) was purchased from Sigma Chemicals (St. Louis, MO).
Human serum albumin (HSA) was purchased from the Central Laboratory of
The Netherlands Red Cross Blood Transfusion Service (Amsterdam, The Netherlands).
Recombinant human TNFa was purchased from Boehringer Mannheim (Germany).
HEPES incubation buffer contained 20 mM HEPES, 132 mM NaCl, 6 mM KCI, 1 mM
MgSO,, 1.2 mM KHyPO,, supplemented with 5 mM glucose, 1.0 mM CaCl,, and 0.5 %

(w/v) HSA. All other materials were reagent grade.

Antibodies

The MoAb HP2/1 (anti VLA-4, CD49d) was purchased from Immunotech (Marseille,
France). Two blocking anti E-selectin (CD62e) MoAbs were used; ENA, was kindly
provided by Dr. W.A. Buurman (University Hospital, Maastricht) (30) and BBIG-E4 (5D11)
was purchased from R&D systems ( Abingdon, UK). MoAb IB4 and MoAb DREG56 were
isolated from the supernatant of a hybridoma obtained from the American Type Culture
Collection (Rockville, MD, USA). The MoAb WASP12.2 (anti P-selectin, CD62p) (31) was
purchased from Endogen (Boston, MA, USA). The MoAb PL-1 (anti PSGL-1, anti CD 162)
was purchased from Immunotech (Marseille, France). All MoAbs mentioned above are
functionally blocking antibodies. Control antibody W6/32 (anti HLA-A,B,C) was isolated
from the supernatant of a hybridoma obtained from the American Type Culture
Collection (Rockville, MD, USA). MoAbs were incubated with eosinophils (4x106
cells/ml) or with confluent HUVEC layers on cover slips at 10 pg/ml during 15 minutes
before the experiments. The cell suspensions were diluted once with incubation buffer
(final concentration of 5 pg/ml MoAb at 2x106 cells/ml in HEPES incubation buffer),

and the coverslips were placed directly in the system.
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Isolation of eosinophils

Blood was obtained from healthy volunteers from the Red Cross Blood Bank,

Utrecht, The Netherlands. Mixed granulocytes were isolated from the buffy-coat of
500 ml blood anti-coagulated with 0.4 % (w/v) trisodium citrate (pH 7.4) as previously
described (32). Mononuclear cells were removed by centrifugation over isotonic Ficoll
(1.077 g/ml). After lysis of the erythrocytes with an isotonic ice-cold NH,Cl solution, the
granulocytes were washed and resuspended in RPMI 1640 (Gibco, Paisley, UK) with
0.5 % (w/v) human serum albumin (HSA).
Granulocytes were incubated for 30 min at 37°C to restore the initial density of the cells.
Thereafter, the cells were washed and resuspended in phosphate-buffered saline (PBS)
supplemented with 0.5 % HSA and 13 mM trisodium citrate, and incubated with fMLP
(10 nM) for 10 min at 37°C, to decrease the specific gravity of the neutrophils, but not that
of the eosinophils. Subsequently, eosinophils were obtained by centrifugation (20 min,
1000 g) over isotonic Percoll (density 1.082 g/ml, layered on Percoll with a density of
1.1 g/ml), washed and resuspended in HEPES incubation buffer. Purity of eosinophils
was >95 %, (and recovery was usually 80-90 %). This procedure leads to the isolation of
relatively unprimed eosinophils compared to conventionally used isolation procedures
with immunomagnetic beads (33).

Endothelial cells

Human umbilical vein endothelial cells (HUVEC) were isolated from human
umbilical cord veins according to Jaffe ef al. (34), with some minor modifications (35).
The cells were cultured in RPMI 1640 containing 20 % (vol./vol.) heat-inactivated human
serum, 200 pg/ml penicilin/streptomycin (GIBCO, Life Technologies, Breda,
The Netherlands) and fungizone (GIBCO, Life Technologies, Breda, The Netherlands).
Cell monolayers were grown to confluence in 5-7 days. Endothelial cells of the second
passage or third passage were used in perfusion assays. HUVEC was activated by TNFa
(100 U/ml, 7 hours, 37°C) prior to the perfusion experiments.

Perfusion chamber

Perfusions under steady flow were performed in a modified form of transparent
parallel plate perfusion chamber (36) as previously described by Van Zanten ef al. (35).
This micro-chamber has a slit height of 0.2 mm and width of 2 mm. The chamber
contains a circular plug on which a coverslip (18 mm x 18 mm) with confluent HUVEC
was mounted.
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Fosinophil perfusion and evaluation

Eosinophils in suspension (2x106 cells/ml in HEPES incubation buffer) were
aspirated from a reservoir through plastic tubing and the perfusion chamber with a
Harvard syringe pump (Harvard Apparatus, South Natic, MA). In this way, the flow
rate through the chamber could be precisely controlled. The wall shear stress (t)
was calculated according to the Navier Stokes equation: t = (6Q ¢ n)/(w ¢ h2). In this
equation Q is the volumetric flow rate, n is the suspending medium coefficient of
viscosity (assumed to be equal to water at 0.01 poise), w the slit width and h is the slit
height. The shear stress is proportional to the rate of flow of the cells and can be
calculated as dyn/cm?2.

Eosinophil perfusions were performed as individual runs under specific shear conditions
all in a 37°C temperature box. During the perfusion, the flow chamber was mounted on
a microscope stage (DM RXE, Leica, Weitzlar, Germany) which was equipped with a
B/W CCD-video-camera (Sanyo, Osaka, Japan), coupled to a VHS video recorder.
Perfusion experiments were recorded on video tape. Video images were evaluated for
the number of adhered cells, the rolling velocity per cell and the cluster index, using
dedicated routines made in the image-analysis software Optimas 6.1 (Media Cybernetics
systems, Silverspring, MD, USA). The eosinophils which were in contact with the surface,
appeared as bright white-centered cells after proper adjustment of the microscope
during recording. The adhering cells on the HUVEC were detected by the image-
analyzer. The number of surface-adhered eosinophils was measured after 5 minutes
perfusion at a minimum of 25 randomized high power fields (total surface of at least
1 mm?2). Then buffer was perfused and shear rates were increased from 0.8 to 2, 3.2
and 6.4 dyn/cm? each for 1 minute during which high power fields were recorded to
determine rolling velocities at these shear rates. To automatically determine the velocity
of rolling cells custom-made software was developed in Optimas 6.1. A sequence of
50 frames representing an adjustable time interval (&, with a minimal interval of 80
milliseconds) was digitally captured. At each frame, the position of every cell was
detected and for all subsequent frames the distance travelled by each cell and the num-
ber of images in which a cell appears in focus was measured. The velocity of a cell (v)
in micrometers per sec was calculated from the equation: v = L/dt(x-1) in which L is the
covered distance (um), ot is the time interval between images (seconds), and x the
number of images in which a cell appears. The cut-off value to distinguish between
rolling and static adherent cells was set at 1 pm/sec. Rolling velocity classes were
depicted which is defined as the fraction of the total number of rolling cells in each group
exhibiting a rolling velocity corresponding to the velocity classes as indicated (figure 3).
With this method, static adherent, rolling and freely flowing cells (which were not
in focus) could be clearly distinguished. Cluster index was measured as previously
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described (37). The number of surface adhered eosinophils per mm?2 was measured
after 5 minutes of perfusion at a minimum of 20 randomized fields. For each adherent
cell the number of cells in the surrounding area of approximately 1750 pm?2 was
measured. In the case of a random distribution, the expected number of cells inside this
area was calculated based upon the mean number of surface-adherent cells per mm?.
The cluster index was set to be the difference between the measured and the expected
number of cells inside an arbitrary area around the cell. In equation: Cluster index per
cell = |m-(X*a/A-1)|, in which m is the measured number of cells in the rectangle area,
X is the total number of cells in the image, A is the size of the total image and a is the
size of a rectangular cell-surrounding area. For each experiment the mean cluster index
of a minimum of 500 cells was calculated.

Statistical Analysis. Results are expressed as mean =+ standard error of the mean (SEM).
Statistical analysis of the data was performed using a one-way ANOVA against fixed value
with Bonferroni correction, one-way ANOVA with Bonferroni correction or paired
Student T test as indicated in the figures. P values < 0.05 were considered to be
significant.

Results

E-selectin and 0, integrins are important adhesion molecules in initial
attachment to TNFa-stimulated HUVEC

The role of different adhesion molecules in eosinophil-endothelium interactions
was examined using blocking antibodies. Figure 1 shows the number of adherent cells
per mm? (= total number of firmly adhered and rolling cells) to activated HUVEC
(TNFa, 100 U/ml, 7h) under flow conditions (0.8 dyn/cm?) as a percentage of control
(untreated) eosinophils. Panel A focuses on the adhesion molecules mediating rolling
and panel B focuses on those mediating adhesion interactions. Treatment of eosinophils
with the anti-PSGL-1 antibody PL-1 or treatment of HUVEC with anti-P-selectin WASP12.2
did not significantly decrease the number of adherent cells, showing the minor
importance of these adhesion molecules under these conditions. HUVEC incubated with
anti-E-selectin antibodies (ENA-2 or 5D11) showed a slight decrease in adherent cells.
However, this did not reach significance. When eosinophils were incubated with the
anti-integrin o4 chain antibody HP2/1, only 58 = 7 % of the eosinophils were able to
adhere. Interestingly, a combination of anti-a, MoAb with anti-E-selectin MoAbs ENA-2 or
BBA2 almost completely abolished adhesion. The percentage of binding eosinophils was

!:HFRKCTERIZATION OF EOSINOPHIL ADHESION TO TNFa-ACTIVATED

ENDOTHELIUM UNDER FLOW CONDITIONS: a4 INTEGRINS MEDIATE
INITIAL ATTACHMENT AND E-SELECTIN MEDIATES ROLLING



only 4.3 = 1.6 % and 5.9 = 1.7 %, respectively. This additive effect was not observed for
anti-P-selectin treatment in combination with HP2/1 (46 + 16 % adhesion, figure 1A).
In panel 1B the treatment of eosinophils with the anti-integrin a4 chain antibody HP2/1
is shown again. Furthermore, the combination of blocking a, integrins and 3, integrins
resulted in an additive effect whereby 35 = 9 % of the cells remained adherent.
This effect was significant (paired Student T test; p=0.002). The combination of blocking
E-selectin and a4 integrins is significantly different from blocking oy integrins alone
(ANOVA with Bonferroni correction: p<0.005). Treatment of (3, integrins by MoAb IB4
resulted in 89 = 7 % of adherent eosinophils compared to control. Also, blocking both
B, integrins on the eosinophils and E-selectin on the endothelium did not result in
a change in percentage adherent cells (89 = 12 %). Treatment of eosinophils with the
antibody W6/32 (anti HLA-A,B,C) compared to control eosinophils (no MoAb) showed
no difference in adhesion, 1169 = 233 and 1292 + 134, respectively (p=0.362 paired
Student T test).
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Figure 1. Effect of inhibition of selectins and integrins (int.) with blocking antibodies on the
interaction of eosinophils to TNFa-activated endothelium. Panel A shows the effect of blocking
rolling receptors and panel B shows the effect of blocking firm adhesion receptors (except the
combination in which E-selectin is blocked). Cells (2x106/ml) preincubated in the presence or
absence of blocking monoclonal antibodies (10 pg/ml, 15 minutes, 37°C) were perfused at a
shear stress of 0.8 dyn/cm? during 5 minutes, and images were recorded on video. At least
30 images were counted off line by image analysis (see Materials and Methods section). Number
of adherent eosinophils (rolling and firm adherent cells) was determined as a percentage of
control values (resting, non treated eosinophils on 7h TNFa-stimulated HUVEC). The absolute
number of adherent cells in the control situation was 1142 + 167 eosinophils/mm?2. Percentages
are shown = SEM of 3 to 5 different experiments. The statistically significant effects of the
blocking antibodies were determined by ANOVA against fixed value with Bonferroni correction
for non-paired data (* p<0.001) or by paired Student T test for paired data (** p=0.002).
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E-selectin, a4 integrins and B, integrins function differently in the rolling
behaviour of eosinophils

The role of different adhesion molecules in rolling processes of eosinophils on
activated endothelium was examined using blocking antibodies. Percentage of rolling
cells was determined by image analysis of video images (see Materials and Methods
section, figure 2). Panel 2a focuses on adhesion molecules mediating rolling interactions.
On activated HUVEC (TNFaq, 7h, 37°C), 21 + 4.4 % of the surface-interacting eosinophils
were rolling. Blocking PSGL-1 or P-selectin did not affect percentage rolling compared to
the control situation. By blocking E-selectin the percentage rolling cells decreased by
more then 50 % compared to control (ENA-2: 4.2 + 1.8 %, BBA2: 8.0 = 2.0). A significant
increase in the percentage rolling cells was observed when o, integrins were blocked
(44 = 5.9 %). However, blocking both a, integrins and P-selectin did not significantly
differ from blocking o, integrins alone (54 + 7.5 %). Panel 2b focuses on adhesion
molecules mediating firm adhesion. The control situation and treatment of eosinophils
by anti 04 integrins are depicted as in figure la. Blocking [, integrins did not have
a significant effect on percentage of rolling cells. By blocking both (3, and ay4, again a
significant increase in the percentage of rolling cells was observed (61 + 8.1 %). Blocking
04 integrins and E-selectin simultaneously resulted in an amount of cells too low to
evaluate percentage of rolling cells.
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Figure 2. Effect of inhibition of selectins and integrins (int.) with blocking antibodies on the
percentage of rolling eosinophils on TNFa-activated endothelium. A) shows the effect of blocking
rolling receptors and B) shows the effect of blocking firm adhesion receptors. Cells (2x106/ml)
preincubated in the presence or absence of blocking monoclonal antibodies (10 pg/ml,
15 minutes, 37°C) were perfused at shear stress 0.8 dyn/cm? and during the second and third
minute of perfusion at least three areas were recorded on video for a period of at least
5 seconds. At least 100 cells were studied per perfusion and data were analyzed off line by
image analysis (see Materials and Methods section). Percentage of rolling cells (>1 pum/sec)
of the total amount of adhering cells was calculated. Means are plotted for 3 to 4 experiments
+ SEM. The statistically significant effects of the blocking antibodies against control situation
or between different treatments (as indicated in figure) were determined by paired Student T-test
(*: p<0.05) or One Way ANOVA with Bonferroni correction (**: p< 0.005, ***: p<0.001).

Rolling velocities are shown in figure 3. The percentage cells in each velocity class is
plotted against the different velocity classes. Rolling velocity classes are defined as the
fraction of the total number of rolling cells in each group exhibiting a rolling velocity
corresponding to the velocity classes as indicated. The median and mean rolling
velocities are shown in table I. The mean rolling velocity of control eosinophils to
activated endothelium was 4.8 pm/sec (median; 2.6 pm/sec). Eosinophils treated with
anti PSGL-1 (PL-1, median; 2.8 pm/sec), anti By (IB4, median; 3.1 pm/sec) and HUVEC
treated with WASP12.2 (anti-P-selectin, median; 3.6 um/sec) showed the same profile in
frequency distribution as control cells (data not shown). However, when E-selectin was
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blocked, the mean rolling velocity decreased to 4.3 pm/sec and the median rolling
velocity was shifted to 1.7 um/sec, although this was not significantly different from the
control situation. By blocking o4 integrins it was shown that besides the significant
increase in percentage of rolling cells, the mean rolling velocity of the cells increased to
12.2 ym/sec (median; 9.4 pm/sec). Blocking both a, integrins and P-selectin or both ay
integrins and 3, integrins resulted in similar velocity profiles compared to blocking of oy

integrins alone (data not shown, medians; 12.2 pum/sec and 10.0 pm/sec, respectively).
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Figure 3. Effect of inhibition of selectins and integrins with blocking antibodies on the rolling
velocity of eosinophils on TNFa-activated endothelium. Frequency distribution of rolling cells at
shear stress 0.8 dyn/cm?2. Percentage of rolling cells of the total number of cells (= rolling and
firmly adhering to the endothelium) in each velocity class is plotted. The sum of the percentages
per group equals the percentages shown in figure 2. First point represents velocity class of
1 to 2 microns/sec, following points represent velocity class of 2 to 4, 4 to 6 microns/sec etc.
Cells rolling faster than 1 pm/sec were considered as rolling cells. Data represent mean
percentages + SEM of indicated number of experiments.
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Table I. Effect of inhibition of selectins and integrins with blocking antibodies on the median
rolling velocity of eosinophils on TNFa-activated endothelium.

Blocking: Median rolling Mean rolling p value

velocity (um/sec)  velocity (um/sec)

- (control) 2.6 4.8 -
P-selectin 3.6 5.2 n.s.
PSGL-1 28 6.1 n.s.
E-selectin 1.7 4.3 n.s.
VLA-4 (o4 integrin) 9.4 12.2 < 0.001
VLA-4 and P-selectin  12.2 14.4 < 0.001
VLA-4 and B2 integrins  10.0 12.7 < 0.001
B2 integrins 3.1 5.5 n.s.

Eosinophils were incubated with indicated MoAbs (10 pg/ml) for 15 minutes and flow
experiments on 7h TNFa-activated HUVEC at 0.8 dyn/cm? were performed. The rolling
velocities of at least 100 cells per experiment out of at least 3 experiments were determined
(see Materials and Methods) and the median and mean rolling velocities (um/sec) were
calculated. The statistically significant effects (p) of the blocking antibodies against control
situation were determined by one-way ANOVA with Bonferroni correction.

Effect of different shear rates on rolling velocities and

behaviour of eosinophils

The effects of different shear rates on median rolling velocities of resting untreated
eosinophils and HP2/1-treated eosinophils were examined. Eosinophils were allowed to
interact with the endothelial surface for 5 minutes (0.8 dyn/cm2). Then buffer was
perfused with increasing shear stresses of 2, 3.2 and 6.4 dyn/cm? each for 1 minute.
Rolling velocities of at least 100 cells were measured at these time intervals and the
median rolling velocity of the total amount of rolling cells is shown in table II. Increasing
shear forces of 0.8, 2, 3.2 and 6.4 dyn/cm? had a slight increasing effect on median
rolling velocity of resting eosinophils on TNFa-activated HUVEC. The mean rolling
velocity of control eosinophils at a shear rate of 3.2 and 6.4 dyn/cm? was significantly
different (p<0.05) from the rolling velocity at shear rate 0.8 dyn/cmZ2. The median rolling
velocity of eosinophils treated with HP2/1 increased from 8.6 pm/sec at 0.8 dyn/cm?
to 19.5 um/sec at 6.4 dyn/cm?. These cells increased their mean rolling velocity with
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increasing shear stresses of 2, 3.2 and 6.4 dyn/cm? significantly (p<0.001) compared
to a shear stress of 0.8 dyn/cm2. The mean rolling velocity of control eosinophils versus
HP2/1-treated eosinophils was significantly lower at all four different shear rates
(p<0.001, table II).

Table I1. Median rolling velocities and mean rolling velocities (= SEM) of total amount of
rolling cells at different shear rates for resting control eosinophils and anti-a, integrin-treated
eosinophils on 7h TNFa-stimulated HUVEC.

Median (um/s) Mean (um/s £ SD) p value

dynes/cm? - HP2/1 - HP2/1
0.8 3.2 8.6 47+034 109+054 < 0.001
2.0 3.8 12.8% 551024 136x041°% <0.001
3.2 4.3 15.0 58+027* 16.3+041% < 0.001
6.4 58 19.5 8.0+0.30* 21.0+x043* < 0.001

Effect of different shear stresses on the rolling velocity of eosinophils on TNFa-activated HUVEC
in the presence or absence of an anti-a, integrin MoAb (HP2/1). After 5 minutes of perfusion
at a shear stress of 0.8 dyn/cm? the shear was increased to 2.0, 3.2 and 6.4 dyn/cm? during
1 minute, respectively. Median and mean rolling velocities (im/sec) = SEM were calculated from
at least 100 cells (see Materials and Methods section) out of three experiments (except #: n=2).
The statistically significant effects (p) of anti-a4 integrin treatment (HP2/1) versus control situation
were determined for each velocity class by one way ANOVA. The asterisk (*) indicates the
significant effects (p<0.05) of the mean rolling velocity in the shear class 2, 3.2 and 6.4 dyn/cm?2
versus the 0.8 dyn/cm? value in each group (control- and HP2/1-treatment) determined by
one-way ANOVA.

Effect of high shear stress on adhesion and rolling of eosinophils

When resting, untreated eosinophils were perfused at a shear stress of 3.2 dyn/cm?
during 5 minutes, the total number of adherent cells was 1089 + 167, which was not
significantly different from experiments performed at a shear stress of 0.8 dyn/cm?
(p=0.72 paired Student T test). At a shear stress of 3.2 dyn/cm?, strings (cell clusters in
the direction of the flow) were visible. This suggests a role for L-selectin (19;38).
To address the role of L-selectin in this situation, blocking studies were performed.
In the control situation strings were observed (figure 4a) and the cluster index was
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1.5 = 0.2. Inhibition of L-selectin by blocking MoAb DREG-56 (10 pg/ml) resulted in a
cluster index of 0.85 = 0.2 (p=0.05 Paired Student T-test) and less strings were observed
compared to the control situation as shown in figure 4b. Incubation of eosinophils with
control antibody W6/32 (anti HLA-A,B,C) did not affect percentage of adherent cells
(103 = 14 %). Also, blocking E-selectin did not significantly influence the number of
adherent cells (102 + 14 %) while blocking a4-integrins did (39 = 8 %). When both
L-selectin and E-selectin were blocked still 30 = 8 % of the eosinophils remained
adherent (table III). No cells were attached to the surface when both E-selectin and
a4 integrins were blocked, which is similar to the situation at a shear stress of
0.8 dyn/cm? (n=1). The percentage rolling cells at a shear stress of 3.2 dyn/cm?
increased 1.5-fold compared to 0.8 dyn/cm2. When a, integrins were blocked at a shear
stress of 3.2 dyn/cm2, 67.5 + 14 % of the cells were rolling. In contrast, when E-selectin
was blocked only 13.6 = 6 % of the cells showed a rolling interaction, which did not
decrease further when L-selectin was blocked in addition to E-selectin. The mean rolling
velocity in the control situation was 7 + 0.5 pm/sec, which is 1.5 times higher than at
a shear stress of 0.8 dyn/cm?. Inhibition of a,-integrin increased the rolling velocity to
18 = 0.6 um/sec which is 1.6 times as high as at a shear stress of 0.8 dyn/cm? (table II).
However, blocking E-selectin did not significantly reduce the rolling velocity compared
to the control situation. Also, inhibition of both L-selectin and E-selectin did not

significantly differ from the control situation.
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Figure 4. Effect of inhibition of L selectin with blocking antibody DREG56 (10 pg/ml) on the
distribution pattern of eosinophils on TNFa-activated endothelium. Cells were perfused in
the presence or absence of anti-L-selectin over 7h TNFa-activated HUVEC at a shear stress of
3.2 dyn/cm?. Images were recorded on video during 5 minutes, and cluster indexes were
determined subsequently (see Materials and Methods): A;1.8 and B;1.1. The images depicted
above were taken after 30 seconds of cell perfusion in a time frame as indicated.
The experiment shown is representative of 2 experiments.

E HARACTERIZATION OF EOSINOPHIL ADHESION TO TNFa-ACTIVATED
ENDOTHELIUM UNDER FLOW CONDITIONS: a4 INTEGRINS MEDIATE
INITIAL ATTACHMENT AND E-SELECTIN MEDIATES ROLLING



Table Ill. Effect of inhibition adhesion molecules with blocking antibodies on adhesion,
percentage rolling cells and the mean rolling velocity of eosinophils on TNFa-activated
endothelium at a shear rate of 3.2 dyn/cm?2.

Adherent cells Mean rolling
Blocking: (% of control) % rolling cells velocity (um/s)
- 100 326+85 7.1+0.48
VLA-4 (x4 integrin) 389+7.7" 67.5+14.2* 18.2 £ 0.64**
E-selectin 1016 £13.6 13.6 £ 6.0* 731084
E-selectin and L-selectin 29876 14.2 £ 3.4** 4.6+ 0.69

Eosinophils were incubated in the presence or absence of indicated MoAbs (10 pg/ml)
for 15 minutes, and flow experiments on 7h TNFa-activated HUVEC at 3.2 dyn/cm? were
performed. Images were recorded on video. Data are plotted for 3 to 7 experiments = SEM.
At least 30 images were counted off line by image analysis and number of adherent
eosinophils (rolling and firm adherent cells) was determined as a percentage of control values
(resting, non treated eosinophils on 7h TNFa-stimulated HUVEC). The statistically significant
effects of the blocking antibodies were determined by ANOVA against fixed value with
Bonferroni correction (*: p<0.005). Percentage rolling cells (>1um/sec) of the total amount of
adherent cells was calculated. The statistically significant effects of antibody-treated eosinophils
in contrast to control cells on percentage rolling cells were determined by a paired Student T-test
(**: p<0.05). The rolling velocities of at least 40 cells per experiment were determined
(see Materials and Methods). The statistically significant effects of antibody treated eosinophils
in contrast to control cells on mean rolling velocity were determined by one-way ANOVA with
Bonferroni correction (***: p<0.001).
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Discussion

In this study, the interactions between resting human eosinophils and
TNFa-stimulated HUVEC were evaluated using a flow chamber model. TNFa-stimulated
HUVEC (7 hours) was used to induce increased VCAM-1, E-selectin and ICAM-1
expression, simulating the vasculature in allergic inflammation. The influence of
inhibition of different adhesion molecules with blocking monoclonal antibodies was
evaluated with real-time video-assisted image analysis. By determination of the number
of adherent cells, percentage rolling cells and rolling velocity distributions, we showed
that eosinophils preferentially use constitutively active o, integrins for mediating the first
attachment to activated HUVEC. Also, E-selectin on the activated endothelium is used
for initial attachment, and it mediates rolling interactions even at high shear stress.
Most strikingly, blocking a4 integrins and E-selectin together totally abolished adhesion,
indicating the strong cooperation of these two molecules in eosinophil adhesion,
to activated HUVEC and the minor importance of 3, integrins under these conditions.

The well-established multistep paradigm for leukocyte-endothelium interactions
describes rolling adhesion mediated by selectins and firm adhesion mediated by
integrins. These processes are divided in time and place. However, the situation is more
complex, since several recent studies described a situation in which both tethering and
firm adhesion are mediated by the same adhesion receptors. A clear example for this
overlapping behaviour are the ay integrins (a4B;, 04B7), which have been described as
rolling receptors (9-12) besides their role in firm adhesion (5;14;39). The a, integrins are
present on lymphocytes, monocytes, basophils and eosinophils but are not expressed on
neutrophils. Berlin et al. (9) were the first to show a,-dependent rolling of mouse lymph
node cells on VCAM-1- and MADCAM-1-coated surfaces. Later studies also showed
initial tethering and rolling interactions by a, integrins of human T lymphocytes (11) and
B lymphocytes (40) in a VCAM-1-dependent way. For monocytes some studies showed
that a4 integrins play a role in stabilizing initial tethering on activated endothelium
(39;41) and another study showed that monocytes can tether on VCAM-1 (42). For
eosinophils little is known about the role of o4 integrins in attachment to inflamed
endothelium. Alpha 4 integrins on resting, non activated eosinophils are functionally
active for adherence to VCAM-1-coated substrates or activated HUVEC under static
conditions (3;4;5;6;43). We confirmed this by performing experiments in which resting
eosinophils bound to VCAM-1-coated magnetic beads or VCAM-1-coated 96-well plates.
This interaction could be specifically blocked by MoAb HP2/1 (data not shown).
However, the question remained if a4 integrins on human eosinophils are functionally
active in mediating initial attachment to activated HUVEC under flow conditions.
Thus far, a few groups have investigated this in an in vitro flow system (13;14). We used
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an in vitro flow chamber assay to study the interactions of the 04 integrins on
eosinophils with activated endothelium under different shear forces. Also, the
importance of the rolling receptor E- and P-selectin were studied, under the same

conditions.

We found that inhibition of a, integrins (CD49d) by blocking anti-a, chain MoAb HP2/1
resulted in more than 40 % decrease in the total number of adherent eosinophils to
TNFa-activated HUVEC (7h, 100 U/ml), while blocking E-selectin or P-selectin did not
have a significant effect on adhesion. Remarkably, the percentage adherent eosinophils
decreased by more than 95 % by blocking both a, integrin and E-selectin (figure 1).
This was found for each of the two anti-E-selectin antibodies (ENA-2, 5D11) that were
tested. In contrast, no synergistic effect was observed when a4 integrin and P-selectin
were both blocked. We conclude that in our system o, integrin and E-selectin are both
important for the first attachment to activated HUVEC at a shear stress of 0.8 dyn/cm?.
In contrast with another report (14), P-selectin did not play a role under these
conditions (see below). Thus, a4 integrins and E-selectin together are responsible for
initial attachment and work synergistically in our model.

These results are in disagreement with the study of Kitayama et al. (14). These authors
concluded that oy integrins play a minor role in initial attachment, while we did find
a major role for ay in this process. They also showed that P-selectin and not E-selectin is
important in eosinophil rolling on TNFa-stimulated HUVEC (6h, 100 U/ml). These
differences are difficult to explain. However, two considerations must be taken in
account. (I) The (pre)activation status of eosinophils is of major importance in this type
of studies. Eosinophils from mild eosinophilic donors (44) or cells isolated via different
isolation procedures (33;44) might have been preactivated and have upregulated their
B, integrins and thereby have altered adhesion characteristics to endothelial cells
(see below). (I) We used second passage HUVEC, which did not express an
appreciable amount of P-selectin (data not shown), whereas Kitayama et al. used first
passage HUVEC possibly expressing sufficient amounts of P-selectin (39;42;45).
P-selectin can be expressed significantly on HUVEC in response to stimulation with
histamine (46) or thrombin (31;47). However, another important source for P-selectin are
platelets. In this respect it was shown that activated and P-selectin-expressing platelets
can bind leukocytes, thereby facilitating P-selectin-dependent secondary tethering to the
surface (48). Interestingly, platelets have been shown to adhere to eosinophils of allergic
donors and might contribute to P-selectin-mediated interactions between eosinophils
and endothelial cells (49). In our studies, eosinophils were carefully studied and no

attached platelets were present on the cell surface.
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Blocking the 5 integrins did not result in a significant decrease in adhesion, whereas the
combination of anti-a, integrin antibodies and anti-B, integrin antibodies resulted in a
percentage adherent cells of 35 + 9 % compared to the control situation (figure 1).
This 65 % reduction was significantly different from anti-a, treatment alone, suggesting
that B, integrins only play a minor role for resting eosinophil adherence to activated
HUVEC. In contrast, Kitayama et al. (14) and Patel (13) showed that the combination of
anti-B, integrins and anti 0y integrins totally abolished accumulation of eosinophils on
6h TNFa-activated HUVEC and 24 h IL-4-activated HUVEC, respectively. This suggests
differences in activating state of the 3, integrins of eosinophils isolated by different
methods (see above). The combination of blocking (3, integrins and E-selectin did not
have a significant effect on adhesion compared to control. This further suggests that
0y integrins are perfectly capable in mediating initial attachment to the endothelium
under these conditions.

Although eosinophils express less sialylated Lewis* (SleX) than neutrophils, causing
these cells to bind E-selectin less avidly (50), neutrophils as well as eosinophils are able
to roll on E-selectin (51). Figure 2 shows that eosinophils roll on E-selectin, because
inhibition of E-selectin resulted in an immediate arrest of more than 90 % of
surface-interacting cells. This o, integrin-dependent immediate arrest of eosinophils
was also shown by others (13;14) and it has also been shown for monoblastoid and
lymphoblastoid cells (52). When a, integrins were blocked however, eosinophils rolled
on the surface using E-selectin. The anti ag-treated cells rolled faster compared to
untreated control eosinophils. This suggests that the a, integrin/VCAM-1 interaction
decreases cell rolling velocity. Simultaneous inhibition of a4 and B integrins did not
result in higher rolling velocities (figure 3, table I), thereby confirming the unprimed
phenotype of eosinophils (53;54). Blocking E-selectin reduced the rolling velocity of the
eosinophils, whereas blocking PSGL-1 did not. This indicates that PSGL-1 is not the
ligand for E-selectin on eosinophils. Alternatively, one (or more) of the known E-selectin
ligands (cutaneous lymphocyte antigen (CLA) (55), E-selectin ligand 1 (ESL-1) (56)
and/or L-selectin (57)) might be involved.

Next, we wanted to test the resistance of the rolling interactions of eosinophils on
activated HUVEC. Therefore, the shear stress was increased at the end of 5 minutes cell
perfusion from 0.8 to 2, 3.2 and 6.4 dyn/cm? each for 1 minute (table II). Rolling
velocities of resting eosinophils increased with increasing shear stresses: 0.8 to 2, 3.2 and
6.4 dyn/cm? and a significant difference between mean rolling velocities was found
between 0.8 and 6.4 dyn/cm2. When these shear forces were applied to anti-0, integrin
treated eosinophils, cells rolled with velocities which were at least two times higher
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at all four different shear stresses. These results again show that oy integrins are also
active in reducing the rolling velocity at high shear stress.

At a shear stress of 0.8 dyn/cm?, L-selectin played a minor role in eosinophil recruitment
to the activated endothelium (data not shown). It is known that L-selectin is
functionally important above a certain shear rate threshold (39;42). To address the
importance of L-selectin on eosinophils, which had been shown to mediate adhesion to
activated endothelium under shear (18), we applied 3.2 dyn/cm? to the system during
5 minutes (figure 4). L-selectin-dependent tethering with formation of cell clusters
became important in the eosinophil recruitment to TNFa-activated HUVEC at this shear
stress. Inhibition of both o, integrin and E-selectin totally abolished adhesion of
eosinophils as was also observed at a shear stress of 0.8 dyn/cm2, suggesting that
L-selectin only mediates secondary tethering processes at high shear stresses.
Remarkably, inhibition of both L-selectin and E-selectin resulted in a residual binding of
30 + 8 % of the eosinophils compared to the control situation (table III). Thus, even at
high shear stress 0, integrins are functional in mediating initial attachment to activated
endothelium.

In conclusion, we showed that resting eosinophils use constitutively active a, integrins
and to a lesser extent E-selectin on TNFa-activated HUVEC for initial attachment under
flow conditions. Also, E-selectin can mediate stable rolling interactions even at
high shear stresses. These data provide new insights in the way eosinophils can get
recruited to inflamed endothelium, and emphasize the importance of E-selectin as
rolling receptor for eosinophils on TNFa-activated endothelium. The importance of
identification of the mechanisms involved in eosinophil extravasation is that it might lead
to development of specific antagonists of this process, which might be used as targets
for specific anti-allergic treatment.
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Abstract

During the late-phase asthmatic response eosinophils migrate to the bronchial
tissue and cause severe damage. In this study we compared in vivo primed eosinophils
from allergic asthmatics with eosinophils from healthy controls in their adhesion
behaviour to TNF-a-activated endothelium under flow conditions (0.8 dyn/cm?2).
More eosinophils from asthmatic patients compared to cells from healthy controls
adhered to activated endothelium (1240 + 130 vs. 890 + 90 cells/cm?2 respectively).
In the presence of blocking antibodies directed against VLA-4 and E-selectin the
residual binding of the cells of allergic asthmatic individuals was significantly higher
than that of the healthy controls (28 + 4 vs. 12 = 3 %, p<0.02, of control situation,
respectively). In addition, secondary tethering of the eosinophils of allergic asthmatic
patients was significantly increased compared to the healthy controls (cluster indices 1.8
+ 0.3 vs.0.8 = 0.2, respectively, p<0.05). Since patient cells showed an enhanced
interaction with platelets during the perfusions, the role of P-selectin on platelets was
investigated. Blocking antibodies directed against P-selectin reduced the enhanced
binding and clustering of eosinophils of allergic asthmatic patients. We conclude that
P-selectin-bearing platelets contribute to secondary tethering processes of eosinophils
to activated endothelium. Therefore, platelets might play an important role in chronic

inflammatory processes.

Introduction

Eosinophil accumulation is a hallmark of allergic inflammation, as found in the
airway mucosa of asthmatic patients. Adhesion of eosinophils to endothelial cells of
the blood vessel is one of the initial and crucial steps in the accumulation of eosinophils
to these allergic inflammatory sites. As all leukocytes, eosinophils use adhesion
molecules in a multistep mechanism to adhere to endothelial cells and migrate to the
inflammatory site (reviewed in (1;2)). First, specific carbohydrate structures interact with
selectins expressed by activated endothelium and allow them to slow down from the
circulation in a rolling interaction with the substrate. In vitro flow chamber studies have
addressed the relative importance for all three selectins, E-, P- and L-selectin (3-6) in
the rolling process of eosinophils to TNFa-activated endothelium. For eosinophils and
monocytes also the a,B; integrin (VLA-4) / VCAM-1 interaction plays a role in the initial
adhesion (3;7). Firm adhesion is subsequently mediated by chemokine-induced
activation of B; and By-integrins (8) that bind to their Ig-superfamily member counter
structures, VCAM-1 and ICAM-1, respectively, on the endothelium. Finally, the cells
spread and migrate to the site of inflammation.
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Studies with animal models have addressed the importance of different adhesion
molecules used by eosinophil to migrate to allergic inflammatory sites (reviewed in 9).
A role for P-selectin was found by using P-selectin knock-out mice in a ragweed
allergen-induced peritonitis. The percentage of rolling eosinophils decreased drastically
compared to control mice in the mesentery as determined by intravital microscopy (10).
In this study, eosinophil migration in the peritoneum was not only dependent on
P-selectin but also on ICAM-1 and VCAM-1. Remarkably, in a delayed-onset allergic
reaction in skin, both E-selectin and P-selectin were needed for eosinophils recruitment
(11). Furthermore, a, and B, integrins were found to play a role in eosinophil migration
(12;13). Also, a role for ICAM-1 was found: I) using ICAM-1 knockout mice in mice
models of allergen challenge (14;15) and II) using blocking antibodies in a monkey
model of asthma (16). Overall, the in vivo animal studies address the importance of the
selectins (E- and P-selectin), the integrins (a4 and B, integrins), and the Ig superfamily
members (VCAM-1 and ICAM-1) in homing of eosinophils to allergic inflammatory sites.
Studies showing that endothelial cells in biopsies of allergic asthmatic patients after
allergen challenge have increased expression of E-selectin, ICAM-1 (17) and VCAM-1
(18;19) confirm the importance of these molecules in eosinophils adhesion and
migration in humans. Static adhesion experiments showed that eosinophil from allergic
asthmatic patients have increased adhesion to and transmigration through IL-1-
stimulated HUVEC (20). Another study showed that eosinophils from asthma patients
had an increased adhesion to VCAM-1 and ICAM-1 compared to eosinophils from
healthy controls (21). Enhanced physiological functions of eosinophils of asthmatic
patients compared to healthy controls are known to be a result of priming of the cells
in vivo (22). Eosinophil priming in vivo can be mimicked in vitro by adding the cytokines
IL-3, GM-CSF and particularly IL-5 to eosinophils of healthy controls. In an in vitro Boyden
chamber assay it was shown that eosinophils from allergic asthmatic patients had an
enhanced migration towards a PAF gradient compared to healthy controls.
Subsequently, priming of eosinophils from healthy controls with IL-3, IL-5 or GM-CSF
induced comparable enhanced migration as was observed for the eosinophils from the
patients (23).

Although it is well established how eosinophils interact with inflamed endothelium
under static conditions, only few studies address the role of eosinophils from allergic
asthmatic patients under flow conditions. Sriramarao et al. (6) showed that eosinophils
of mild allergic asthmatic patients use L-selectin and VLA-4 for rolling interactions with
inflamed endothelium in a rabbit model. However, eosinophils from a non-asthmatic
control group were not included in the study.

Thus far, it is unclear whether the primed phenotype of eosinophils in the peripheral
blood from allergic asthmatic patients will influence adhesion to endothelial cells under
physiological flow conditions. Therefore, we investigated whether eosinophils from
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allergic asthmatic patients differ in rolling and adhesive behaviour on TNFa-activated
endothelial cells in comparison with eosinophils from healthy individuals in an in vitro
flow chamber model. We found an unexpected role for platelets contributing to the
adhesion of eosinophils of allergic asthmatics to inflamed endothelium.

Materials and Methods

Reagents

CD16, CD14 and CD3 beads and isolation tools were purchased from Miltenyi,
Biotec (Germany). Human serum albumin (HSA) was obtained from the Central
Laboratory of The Netherlands Red Cross Blood Transfusion Service (Amsterdam,
The Netherlands). Recombinant human TNFa was purchased from Boehringer
Mannheim (Germany). Incubation buffer contained 20 mM HEPES, 132 mM Na(l,
6 mM KCI, 1 mM MgSO,, 1.2 mM KH,PO,, supplemented with 5 mM glucose,
1.0 mM CaCl,, and 0.5 % (w/v) HSA. All other materials were reagent grade.

Antibodies

The MoAb HP2/1 (anti VLA-4, CD49d) was purchased from Immunotech (Marseille,
France). MoAb BBIG-E4 (5D11, anti E-selectin, anti CD62e) was purchased from R&D
systems ( Abingdon, UK). MoAb IB4 was isolated from the supernatant of a hybridoma
obtained from the American Type Culture Collection (Rockville, MD, USA). The MoAbs as
mentioned above are functionally blocking antibodies. Control antibody W6/32
(anti HLA-A,B,C) was isolated from the supernatant of a hybridoma obtained from the
American Type Culture Collection (Rockville, MD, USA). MoAbs were incubated with
eosinophils (4x106 cells/ml) at 10 pg/ml during 15 minutes before the experiments.
The cell suspensions were diluted once with incubation buffer (final concentration of
5 pg/ml MoAb at 2x106 cells/ml in incubation buffer), and the coverslips were placed
directly in the system.
Patients had documented allergy as shown by positive skin-test reactions to several
allergens (including inhalation allergens such as house dust mite, pollen and cat
allergens), correlated with raised levels of specific IgE antibodies (Rast>2). Patients had
respiratory complaints and were examined for asthmatic symptoms. For this study,
patients were included according to the criteria of the American Thoracic Society
(ATS, 1986). Briefly, patients were included who showed increased bronchial
hyperresponsiveness to histamine. These patients used inhaled bronchodilators when
needed (and some were receiving daily therapy with inhaled corticosteroids). The study
was approved by the hospital ethics committee, and all patients gave informed consent
before entering the study.
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Isolation of eosinophils

Blood was obtained from healthy volunteers from the Red Cross Blood Bank
(Utrecht, The Netherlands) anti-coagulated with 0.4 % (w/v) trisodium citrate (pH 7.4) or
by sodium heparine and from allergic asthmatic patients anti-coagulated by sodium
heparine. Mixed granulocytes were isolated as described previously (24). Mononuclear
cells were removed by centrifugation over isotonic Ficoll (1.077 g/ml). After lysis of the
erythrocytes with an isotonic ice-cold NH4CI solution, the granulocytes were washed and
resuspended in isolation buffer. Eosinophils were purified from granulocytes by negative
immunomagnetic selection using anti-CD16-conjugated microbeads (MACS;
Miltenyi Biotec) (25). To avoid mononuclear cell contamination also anti-CD3 and anti-
CD14- conjugated microbeads were added to the granulocyte suspension. Purity of
eosinophils was always >95 %.

Endothelial cells

Human umbilical vein endothelial cells (HUVEC) were isolated from human
umbilical cord veins according to Jaffe et al. (26), with some minor modifications (27).
The cells were cultured in RPMI 1640 containing 20 % (vol./vol.) heat-inactivated human
serum, 200 pg/ml penicilin/streptomycin (GIBCO, Life Technologies, Breda,
The Netherlands) and fungizone (GIBCO, Life Technologies, Breda, The Netherlands).
Cell monolayers were grown to confluence in 5-7 days. Endothelial cells of the second
passage or third passage were used in perfusion assays. HUVEC was activated by TNFa
(100 U/ml, 5-7 hours, 37°C) prior to the perfusion experiments.

Perfusion chamber

Perfusions under steady flow were performed in a modified form of transparent
parallel plate perfusion chamber as described previously by Van Zanten et al. (28).
This micro-chamber has a slit height of 0.2 mm and a width of 2 mm. The chamber
contains a circular plug on which a coverslip (18 mm x 18 mm) with confluent HUVEC
was mounted.
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Fosinophil perfusion and evaluation

Eosinophil adhesion under flow conditions was performed as described before
(3;8). In short, eosinophils were aspirated from a reservoir through the perfusion
chamber. Eosinophil perfusions were performed as individual runs under shear
conditions at 37°C. During the perfusion, the flow chamber was mounted on a
microscope stage (DM RXE, Leica, Weitzlar, Germany) which was equipped with a B/'W
CCD-video-camera (Sanyo, Osaka, Japan), coupled to a VHS video recorder. Perfusion
experiments were recorded on video tape. Video images were evaluated for the number
of adherent cells, cluster index and velocity of rolling cells using dedicated routines
made in the image-analysis software Optimas 6.1 (Media Cybernetics systems,
Silverspring, MD, USA). The eosinophils which were in contact with the surface appeared
as bright white-centered cells after proper adjustment of the microscope during
recording. The adherent cells on the HUVEC were detected by the
image-analyzer. The eosinophil suspension was perfused during 5 minutes at a shear
stress of 0.8 dyn/cm2. The number of surface-adherent eosinophils and the cluster index
(29) was measured after 5 minutes perfusion at a minimum of 25 randomized high-

power fields (total surface of at least 1 mm?2).

Statistical Analysis. Results are expressed as dot plots with mean values. Statistical
analysis of the data was performed using the Student’s T test and p values < 0.05 were
considered to be significant.

Results

Increased adhesion of eosinophils of allergic asthma patients compared
to healthy controls

To investigate whether eosinophils from allergic asthma patients showed
increased adhesion to activated HUVEC compared to cells from healthy individuals,
cells were perfused over activated HUVEC at a shear stress of 1 dyn/cm? for 5 minutes in
an in vitro flow chamber.

Figure la shows that 1240 += 130 patient cells adhered to the surface compared to
890 = 90 control cells, which did not reach significance (p=0.059). The adhesion
molecules responsible for capturing eosinophils from healthy individuals from the
flow stream are o4-integrins on the eosinophils and E-selectin on TNF-a-activated
endothelium, as determined by a study using blocking MoAbs (3). To investigate whether
these adhesion molecules mediated the increased adhesion of patient cells, blocking
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MoAbs against a4 integrins and E-selectin were used, and 28 = 4 % of the control W6/32
treated patient cells remained adhered. Blocking both a4 integrins on the healthy control
cells and E-selectin on the endothelium 12 = 3 % of the control W6/32 MoAb treated
healthy control cells remained adhered (p<0.02), which is comparable to previous data
(3). These results show that in addition to a, integrins and E-selectin, additional
adhesive interactions mediate the increased adhesion of eosinophils of allergic

asthmatic patients to activated endothelial cells.
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Figure 1. Adhesion of eosinophils of control donors vs. allergic asthmatic patients on
TNFa-activated HUVEC under flow conditions. Cells were perfused during 5 minutes at a shear
rate of 0.8 dyn/cm? and then the amount of cells and the cluster index were determined.
A) The amount of adherent cells of controls (887 + 94) vs. patients (1237 + 126). B) Eosinophils
incubated with anti-a4 integrin MoAb and HUVEC was incubated with anti-E-selectin MoAb and
% adhesion of control situation (control W6/32 MoAb-treated cells) is depicted.
Asterisk (*) indicates p<0.05.
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Figure 2. Cluster index of eosinophils of control
donors vs. allergic asthmatic patients on
TNFa-activated HUVEC under flow conditions.
When the adhesion molecules 0y integrins on
eosinophils and E-selectin on the endothelium
were blocked, cells of patients but not of healthy
controls clustered on the endothelium. In A) a
non random, clustered, distribution of
eosinophils of allergic asthmatic patients is
depicted, and in B) a random distribution of
eosinophils of control subjects. C) quantified
cluster index of control vs. asthmatic subjects.
Unpaired Students T-test, asterisk (*) indicates
p<0.05.
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Platelet-derived P-selectin and activated f3, integrins mediate residual
binding of eosinophils from allergic asthmatics

Remarkably, the residual adhesion of patient cells in the presence of blocking
MoAbs against a, integrins and E-selectin was characterized by clusters, in marked
contrast to healthy control cells (figure 2a and b respectively). Indeed, when this
clustering was expressed as an index for non-random adhesion (as described in (29)),
patient cells showed a significant increase in cluster index as compared to controls
(1.8 = 0.3 vs. 0.8 = 0.2 resp, p<0.05, figure 2c). Furthermore, it was clear that patient
cells interacted with platelets, forming clear eosinophil/platelet rosettes (figure 3a).
The eosinophil/platelet interactions participated in the formation of flow-orientated
strings of clustered cells, also known as secondary tethering. This was not observed with
control cells (figure 3b).
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Figure 3. A) Eosinophils of allergic asthmatic patients and B) eosinophils of healthy controls
were perfused on activated HUVEC cells. Platelets are present on the eosinophils of patients but
not of healthy controls. Platelets are indicated by arrows.

Platelets, when activated, express P-selectin. This adhesion molecule has been shown
to mediate initial tethering of leukocytes to platelets that are present and activated at
injured vessel wall models (30;31). Moreover, binding of platelets to monocytes in the
circulation has been shown to mediate rolling on activated HUVEC (32). The influence
of platelet-decorated leukocytes (in this case eosinophils) on adhesion in the context of
clustering behaviour has not been studied before. This secondary tethering process
results in cells that cluster on the endothelial surface. To investigate if increased
adhesion of eosinophils from patients is due to P-selectin that is expressed by adherent
platelets, cells were isolated and perfused in the presence of a blocking anti-P-selectin
monoclonal antibody (WASP12.2). Figure 4a depicts the total amount of adherent
eosinophils from patients and control individuals treated with anti-P-selectin MoAbs.

ON OF EOSINOPHILS OF ALLERGIC ASTHMATIC PATIENTS
TO ACTIVATED ENDOTHELIAL CELLS UNDER FLOW CONDITIONS:
ROLE OF PLATELETS



Where the anti-P-selectin treatment did not significantly effect eosinophil adhesion from
healthy controls (in the absence or presence of anti-P-selectin treatment the total
adhesion was 887 + 94 and 665 = 121, respectively), the treatment did inhibit the
adhesion of patient eosinophils by 50 % from 1237 + 126 to 627 * 166 ;the latter value
being comparable to adhesion of control eosinophils. Additionally, when combining anti-
P-selectin MoAbs, anti-a, integrin MoAbs and anti-E-selectin MoAbs, also the percentage
of residual adhesion became comparable between controls and patients (15 + 3 %
and 15 + 4 % respectively, figure 4b). The combination of anti-a, integrin MoAb, anti-
P-selectin MoAb and anti-E-selectin MoAb (figure 4c) in perfusions with patient
cells resulted in a cluster index of 0.24 = 0.07, which was significantly different from 1.8
+ 0.3 when no anti-P-selectin was added (figure 2c). However, the additional presence
of anti-P-selectin MoAb, besides blocking ay-integrins and E-selectin, in healthy
individuals did not result in a significant change in the cluster index (0.58 + 0.25 to 0.78
+ 0.2). These results show that P-selectin-expressing platelets on eosinophils of patients
are responsible for this phenomenon. Secondly, when the function of platelets is
inhibited by blocking anti-P-selectin antibodies, the phenotype of increased adhesion
and cluster index is abrogated.
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In the presence of blocking antibodies against o, integrins, E-selectin and P-selectin,
still 15 = 3 % of the cells from healthy controls and 15 = 4 % of the cells from patients
adhered to activated HUVEC (figure 4b). When in addition B, integrins were inhibited,
adhesion was abrogated both for cells of patients and of healthy controls to an average
of less than 5 % of the control situation (=control antibody W6/32-treated cells, figure 5).
When P-selectin was not inhibited but o4 integrins and E-selectin were inhibited,
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Figure 4. Adhesion behaviour of eosinophils
of control vs. allergic asthmatic subjects
when E-selectin on the endothelium and ay
integrins and P-selectin was blocked in the
eosinophil suspension. A) shows the amount
of adherent eosinophils when all three
adhesion molecules were blocked. B) shows
the % adhesion of control situation (control
MoAb-treated cells) and C) shows the
cluster index. No significant differences were
found between control vs. allergic asthmatic
subjects.
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we showed that 28 % of the cells of patients and 15 % of the cells of healthy controls
remained adhered (figure 1b). The question whether this residual binding was mediated
by B, integrins was addressed. Figure 5 shows that in the presence of blocking MoAbs
against (3, integrins in addition to blocking MoAbs against o, integrins and E-selectin the
residual binding of healthy controls and patients both decreased to less than 5 %. Thus,
to reduce virtual all adhesion in patient cells, we need blocking of at least E-selectin,
o4 and B, integrins. When [, integrins on patient cells are not blocked but a, and
E-selectin are blocked (figure 1b), then anti-P-selectin is needed to reduce the adhesion
values to healthy control values (figure 4b). Most likely, P-selectin mediates tethering
processes of eosinophil/platelet conjugates of patients to the endothelium and f3,
integrins mediate firm adhesion.
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Figure 5. Adhesion behaviour of eosinophils of control vs. allergic asthmatic subjects when
E-selectin on the endothelium and oy4- and Bg-integrins were blocked in the eosinophil
suspension in the presence or absence of anti P-selectin MoAbs. Percentage adhesion of control
situation (control MoAb-treated cells) is depicted.

Discussion

In this study we show that eosinophils of allergic asthmatic patients have an
augmented adhesion to TNFa-activated HUVEC under flow conditions compared to
eosinophils from healthy controls. Three observations suggest that platelets bound
to eosinophils of asthmatic patients are causing the increased adhesion compared to
eosinophils of healthy controls: I) eosinophils of patients but not of healthy individuals
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bear platelets on their surface II) increased adhesion of patient eosinophils to activated
HUVEC is prevented by treatment with anti P-selectin MoAbs III) cluster index of patient
eosinophils on activated HUVEC is blocked by anti-P-selectin treatment. Figure 3
(chapter 7) illustrates the consequences of the presence of platelets on eosinophils of
allergic asthmatics but not of healthy controls. It is known that eosinophils can bind
P-selectin very well, especially under flow conditions (33). Recently, Woltmann et al.
showed that eosinophils, but not neutrophils, rolled on P-selectin expressing HUVEC
cells (34). In that study the asthma-related Th, cytokines IL-13 and IL-4 induced the
P-selectin on the endothelium. We stimulated endothelial cells with TNFa, which is also
a cytokine made by inflammatory cells in allergic sites (35). TNFa-activated HUVEC
(passage 3) did not express P-selectin (data not shown, (34)). Therefore, we think that
in our study the effect of anti-P-selectin is caused by platelet-derived P-selectin and not
endothelial-derived P-selectin. Furthermore, only when the anti-P-selectin MoAbs were
incubated during isolation and preparation of eosinophils of patients it had its inhibiting
effect, suggesting that during isolation platelets already bound to eosinophils.

For leukocytes other than eosinophils an important role for platelets has already
been established. Neutrophils and monocytes are known to bind platelets on damaged
vessel wall models in a P-selectin-dependent manner. Moreover, circulating complexes
of leukocytes with platelets on their membrane play an important role in the
pathogenesis of atherosclerosis (30;31;36 and reviewed in 37). However, also in allergic
asthmatic diseases platelets may play an important role (reviewed in 38). Wardlaw et al.
showed that eosinophils of allergic asthmatic patients were positive for 3 integrins.
However, these were not (35 integrins expressed on the eosinophils itself but on platelets
that bound very tightly to the eosinophils. Electron microscopy studies demonstrated this
tight interaction (39). Also, platelets have been shown to be in contact with the
vasculature of the bronchi of asthmatic patients but not of healthy controls (40). Another
study showed that inhalation of PAF-acether in a baboon model of asthma increased the
amount of platelets in the pulmonary circulation in contrast to the periphery. This
increase in platelets was followed by an increase in eosinophils (41). Furthermore, in a
rabbit model of allergen-induced late asthmatic airway obstruction, Coyle et al. showed
that platelet depletion by injecting anti-platelet serum reduced the eosinophil infiltration
in the BAL 24 hours after allergen challenge and the bronchial hyperresponsiveness (42).
Also, the release of platelet derived factors in allergic asthmatics has been reported (43).
Although not consistently, platelet factor 4 (PF4) has been detected in the plasma of
allergic asthmatic patients but not in healthy control subjects (44). For secreting PF4,
platelets must be activated by stimuli like collagen, thrombin or ADP (adenosine
diphosphate). Thus, a correlation between activated platelets and eosinophil infiltration
exists. We suggest that P-selectin bearing platelets associated with eosinophils could be
a mechanism for an increased recruitment of these cells.
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Under physiological flow conditions anti-P-selectin MoAbs reduced the cluster index and
the total adhesion of eosinophils to activated endothelial cells. Cluster formation occurs
in several situations: I) already adhering eosinophil/platelet complexes serve as
secondary tethering platforms recruiting fast-flowing cells II) free flowing eosinophil/
platelet complexes get recruited to eosinophils already adhering to the endothelial
surface III) free flowing platelets adhere transiently to eosinophils, thereby recruiting
them to the surface. The mechanism by which platelets and eosinophils bind to each
other is partially clear. Since anti-P-selectin MoAbs blocked the enhanced adhesion
and clustering, we conclude that P-selectin mediates the interaction of eosinophils and
platelets. Indeed, it has been shown by FACS analyses that activated platelets bind to
eosinophils in a P-selectin-dependent way (45). It is very likely that PSGL-1 is the ligand
for P-selectin since it is expressed on eosinophils and has been shown to mediate
interactions with P-selectin (33). However, we can not exclude that the interaction
between eosinophils and platelets is mediated by other adhesion molecules as well.
It is known that platelet-bound fibrinogen can serve as a ligand for 3, integrins on
leukocytes (29). Furthermore, the platelet adhesion molecule GP1ba has been identified
as a counter receptor for Mac-1 (oyB, integrin, 46). Thus it seems possible that
B, integrins on the eosinophils are able to bind to ligands on platelets.

It seems that the (3, integrins in the patient group was slightly activated because the
additional inhibition of 3, integrins besides the inhibition of E-selectin and a4 integrins
reduced the adhesion to <5 % of the control situation (anti HLA MoAb), irrespectively of
the presence or absence of anti-P-selectin MoAbs (figure 5). These findings thus
suggest that the (3, integrins are slightly activated on eosinophils of allergic asthmatic
patients under resting, non-activating conditions. Studies (21) performed under static
conditions showed that eosinophils from patients that were symptomatic (with a peak
expiratory flow rate variability of >10 %) had an increased adhesion to the B, integrin
ligand ICAM-1 compared to non-symptomatic patients (with a PEF variability of <10 %).
The same group showed that eosinophils from patients allergic to birch pollen were
primed in the adhesion to VCAM-1 and ICAM-1 during birch pollen season but not
before season (47). This suggests that only in an active season, when these patients
have complaints, an increased adhesion is present. This is comparable with our study
because the allergic asthmatic patients all had complaints at the moment of drawing
blood. Thus, it seems that eosinophils of symptomatic allergic asthmatic patients have
increased adhesion to endothelial adhesion molecules.

The discrepancy in binding of platelets to eosinophils of allergic asthmatics but not of
healthy individuals is not known. Different hypotheses can be postulated: I) the platelets
of the allergic asthmatic patient are different or II) the eosinophils are different.
AdlI. Because the interaction between the platelet and eosinophil can be blocked by anti-
P-selectin, it might be that platelets of allergic asthmatic patients are activated in vivo
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therefore expressing P-selectin. Burgers ef al. (48) suggested that activation of platelets
can occur in asthmatics and that PAF is a candidate activator in mediating this
response. Also, they showed a slight decrease in platelet blood count after allergen
challenge in allergic asthmatic patients, which was also shown by others (49). This
suggests that activated platelets leave the bloodstream, possibly leading to the
persistence in airway inflammation.

AdIL It might be that the expression or functionality of PSGL-1 on the eosinophils of
allergic asthmatic patients is higher than on cells of control subjects. For neutrophils,
eosinophils and other leukocytes it is known that PSGL-1 on resting cells is located
randomly on the cell at the tips of the microvilli. Upon activation of neutrophils the
PSGL-1 molecules are redistributed to the uropod of the cell (50). Clustering of
adhesion molecules is known to induce changes in avidity, thereby increasing the
binding to their ligands. However, clustering of PSGL-1 leads to weakened interactions
with P-selectin and a concomitant shift to integrin-mediated adhesions on activated
neutrophils adhering to a surface. For eosinophils this has not been studied, but what
is known is that PSGL-1 of eosinophils adhere better to P-selectin than PSGL-1 of
neutrophils (33). Thus far, no differences have been described in PSGL-1 expression or
function between eosinophils of allergic asthmatic patients versus healthy controls.
Another mechanism for platelet binding to eosinophils of allergic asthmatics might be
due to the primed phenotype of these cells (22). Many effector functions of eosinophils,
like respiratory burst (51), production of lipid mediators (52), degranulation (53) and
migration (20) are sensitive for priming. The priming agents PAF (54) and IL-5 (55) can
increase the affinity of (3, integrins on eosinophils. This might subsequently lead to
the increased binding to platelets. In this study we found a minor role for activated
Bo-integrins that could be due to priming of the eosinophils in vivo.

In summary, platelets are prone to bind eosinophils of allergic asthmatic patients;
a phenomenon that might influence secondary tethering and thereby eosinophil
adhesion and migration to inflammatory sites. These processes can contribute to the
increased eosinophils found in bronchial tissue in allergic asthmatic patients.
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Abstract

Eosinophils exhibit a rolling interaction with E-selectin-expressing endothelium
and need to be activated by inflammatory mediators to firmly adhere to this surface.
This study shows that IL-8 induces a transient arrest of unprimed eosinophils that roll on
E-selectin present on tumor necrosis factor a-activated human umbilical vein
endothelial cells in an in vitro flow chamber. This process was antagonised by
neutralising antibodies directed against IL-8, showing the specificity of the IL-8 effect.
Furthermore, blocking antibodies against both a4- and Bo-integrins inhibited the IL-8-
induced transient arrest while these antibodies had no effect when they were added
separately. The IL-8-induced arrest was Pertussis Toxin (PTX) sensitive. Studying the
effect of IL-8 in more detail we evaluated putative changes in [Ca2*]; in eosinophils
induced by IL-8. We showed that IL-8 induces a transient increase in [Ca2*]; in ~40 %
of the cells, provided that the eosinophils are interacting with endothelial cells or
fibronectin-coated surfaces. Together these data show that resting eosinophils respond
to IL-8 provided that the cells adhere on physiological surfaces. The induction of a
transient arrest provides a new level of chemokine-induced regulation of leukocyte
adhesion under flow conditions.

Introduction

Eosinophils play an important role in allergic inflammatory diseases like asthma.
Infiltrates of these cells are present in the structures of the airway wall and the lumen of
the bronchi of allergic asthmatic patients (1). To enter the site of inflammation,
eosinophils must leave the bloodstream and pass the endothelium. A widely accepted
paradigm for leukocyte extravasation is referred to as the multistep model (2). In this
model selectins and their carbohydrate-bearing ligands mediate rolling interactions
between leukocytes and the endothelium. In this respect E-selectin, which is present
on activated endothelium, has been shown to mediate rolling of neutrophils (3)
and eosinophils (4). Subsequently, cells can be activated upon interaction with
inflammatory mediators, resulting in the activation of integrins which bind to their
ligands expressed on the endothelium. In this way, firm adhesion of the cells to the
endothelium is established (5;6).

An important class of inflammatory mediators involved in the arrest of inflammatory
cells are chemokines which are released at the site of inflammation. Chemokines can
be divided in 4 different groups: CL, CCL, CXCL, and CX3CL in which X is the number of
amino acids in between cysteine residues at the NHo-terminal site of the molecule.
Of the CL and CX3CL families, only one member of each group has been described,
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namely lymphotactin (7) and fraktalkine (8), respectively. CCL chemokines, including
eotaxin, RANTES and MCP-3 have been reported to be mainly chemotactic for
monocytes, lymphocytes and eosinophils. CXC chemokines, including IL-8 and GRO-q,
have been shown so far as more specific for neutrophils (see 9;10 for reviews).
However, several clinical studies indicate that expression of the CXCL chemokine IL-8 is
enhanced both at the level of mRNA and protein in pulmonary “eosinophilic” diseases
such as asthma (11-13). IL-8 has been shown to be produced by bronchial epithelium
cells of asthmatic patients (11). Other sources for IL-8 include endothelial cells,
fibroblasts, macrophages and mast cells (see 12 for review). These cells play a key role
in the pathogenesis of allergic asthma. Many studies have been designed to link
the production of different chemokines to the occurrence of inflammatory cells in the
tissues. As allergic asthma is characterized by a clear eosinophilic inflammation in
the bronchial tissue, several studies evaluated the role for IL-8 in eosinophil activation
and migration processes in vifro and in vivo. No clear consensus exists concerning this
issue. Some in vitro studies on IL-8 induced eosinophil chemotaxis failed to show an
IL-8 dependent effect on eosinophil migration (14), whereas other reports did: some
studies were performed with cytokine-activated or “primed” eosinophils (15;16) and
other studies were performed with cells from allergic asthmatic (17) or eosinophilic (18)
subjects. In most of these studies the effect of IL-8 on eosinophils have been determined
by the use of chemotaxis assays such as the Boyden chamber. Subtle differences in
experimental set up (e.g. choice of filters, medium etc.) might explain differences in
outcome between the different studies. In addition to these in vitro studies the effect of
IL-8 on eosinophils has also been suggested by an in vivo study that showed that
provocation with IL-8 induces eosinophilia in the nasal epithelium (19).

Chemokines are ligands for G-protein-coupled serpentine receptors. On neutrophils, two
high-affinity G-protein-coupled receptors for IL-8 have been described, CXCR1 and
CXCR2 (20;21). When chemokines bind to their receptor, an increase in intracellular free
Ca2* jons [Ca2t]; is elicited. Increased [CaZ+]; leads to multiple downstream signaling
events, and these have been correlated with a number of cellular functions (22).
It has been questioned whether eosinophils can increase [Ca2+]; upon IL-8 stimulation,
because these changes in [Ca2t]; were very small (15). Indeed, Petering et al.
contributed these small changes to contamination of neutrophils. Remarkably, all studies
that failed to show the effect of IL-8 on [CaZ*]; mobilization in eosinophils were
performed on cells in suspension. Migration studies, on the other hand, showed that
eosinophils can respond to IL-8, and in these experiments cells adhered to substrates.
We hypothesize that eosinophils that adhere to physiological substrates are more
susceptible for IL-8 stimulation compared to cells in suspension. Therefore, the effect of
IL-8 on eosinophils adherent to physiological relevant surfaces was evaluated.
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Materials and Methods

Reagents

Percoll was obtained from Pharmacia (Uppsala, Sweden). N-formyl-methionyl-
leucyl-phenylalanine (fMLP) was purchased from Sigma Chemicals (St. Louis, MO, USA).
Human serum albumin (HSA) was purchased from the Central Laboratory of
The Netherlands Red Cross Blood Transfusion Service (Amsterdam, The Netherlands).
Recombinant human TNFa was purchased from Boehringer Mannheim (Germany).
IL-8 was purchased from Peprotech (72aa, Rocky Hill, NJ, USA) and Eotaxin-1 was
purchased from R&D Systems (Minneapolis, MN, USA). Pertussis Toxin (50 pg/ml, Sigma,
St. Louis, Missouri, USA). Incubation buffer contained 20 mM HEPES, 132 mM NacCl,
6 mM KCl, 1 mM MgSO,, 1.2 mM KH,PO,, supplemented with 5 mM glucose,
1.0 mM CaCl,, and 0.5 % (w/v) HSA (Human Serum Albumin). All other materials were
reagent grade.

Antibodies

The MoAb HP2/1 (anti VLA-4, CD49d) was purchased from Immunotech (Marseille,
France). MoAb IB4 was isolated from the supernatant of a hybridoma obtained from the
American Type Culture Collection (Rockville, MD, USA). The antibodies we used against
o, integrins (HP2/1) and B, integrins (IB4) have been described as functional blocking
antibodies (23-25;26) Therefore, antibody-induced differences in function of
the eosinophils caused e.g. by crosslinking of integrins, seem to be unlikely. Control
antibody W6/32 (anti HLA-A,B,C) was isolated from the supernatant of a hybridoma
obtained from the American Type Culture Collection (Rockville, MD, USA). Activating
antibody 8A2 (26) was kindly provided by dr. JJM. Harlan (University of Washington,
Seattle, USA) and dr. TW Kuijpers (Central Laboratory for Blood Transfusion (CLB),
Amsterdam, The Netherlands). Anti-CXCR1 and anti-CXCR2 antibodies, 5A12 and 6C6
(Pharmingen, San Diego, USA), respectively, have been described as blocking MoAbs of
neutrophil migration (27). Anti-E-selectin MoAb BBIG-E4 (5D11) was purchased from
R&D systems (Abingdon, UK). MoAbs were incubated with eosinophils (4x106 cells/ml)
at 10 pg/ml during 15 minutes before the experiments. The cell suspensions were
diluted once with incubation buffer (final concentration of 5 pug/ml MoAb at 2x106
cells/ml in incubation buffer), and the coverslips were placed directly in the system.
Anti-IL-8 (clone B-K8, Biosource International, California, USA) was added to IL-8 10-8 M
in a final concentration of 20 pg/ml.
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Isolation of eosinophils

Blood was obtained from healthy volunteers from the Red Cross Blood Bank,

Utrecht, The Netherlands. Mixed granulocytes were isolated from the buffy-coat of 500
ml blood anti-coagulated with 0.4 % (w/v) trisodium citrate (pH 7.4), as previously
described (28). Mononuclear cells were removed by centrifugation over isotonic Ficoll
(1.077 g/ml). After lysis of the erythrocytes with an isotonic ice-cold NH4CI solution, the
granulocytes were washed and resuspended in RPMI 1640 (Gibco, Paisley, UK) with
0.5 % (w/v) HSA.
Granulocytes were incubated for 30 min at 37°C to restore the initial density of the cells.
Thereafter, the cells were washed and resuspended in phosphate-buffered saline (PBS)
supplemented with 0.5 % HSA and 13 mM trisodium citrate, and incubated with fMLP
(10 nM) for 10 min at 37°C, to decrease the specific gravity of the neutrophils, but not that
of the eosinophils. Subsequently, eosinophils were obtained by centrifugation (20 min,
1000 g) over isotonic Percoll (density 1.082 g/ml, layered on Percoll with a density of 1.1
g/ml), washed and resuspended in incubation buffer. Purity of eosinophils was >95 %.
This procedure leads to the isolation of relatively unprimed eosinophils compared to
conventionally used isolation procedures with immunomagnetic beads (29).

Endothelial cells

Human umbilical vein endothelial cells were isolated from human umbilical cord
veins according to Jaffe et al. (30), with some minor modifications (31). The cells were
cultured in RPMI 1640 containing 20 % (vol./vol.) heat-inactivated human serum, 200
pg/ml penicilin/streptomycin (GIBCO, Life Technologies, Breda, The Netherlands) and
fungizone (GIBCO, Life Technologies, Breda, The Netherlands). Cell monolayers were
grown to confluence in 5-7 days. Endothelial cells of the second passage or third
passage were used in perfusion assays. HUVEC was activated by TNFa (100 U/ml,
7 hours, 37°C) prior to the perfusion experiments.

Perfusion chamber

Perfusions under steady flow were performed in a modified form of transparent
parallel plate perfusion chamber (32) as previously described by Van Zanten et al. (31).
This micro-chamber has a slit height of 0.2 mm and width of 2 mm. The chamber
contains a circular plug on which a coverslip (18 mm x 18 mm) with confluent HUVEC
was mounted. Immediately after mounting the HUVEC, which were activated with
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TNFa for 7 hours, the flow chamber was flushed with HEPES buffer during 2 minutes to
wash out residual TNFa.

Fosinophil perfusion and evaluation

Eosinophil perfusions were performed as described (4). In short, eosinophils in

suspension (2x106 cells/ml in incubation buffer) were aspirated from a reservoir through
plastic tubing and the perfusion chamber with a Harvard syringe pump (Harvard
Apparatus, South Natic, MA). The individual runs all occurred under specific shear
conditions in a 37°C temperature box. Perfusion experiments were recorded on video
tape. The eosinophil suspension was perfused during 3 minutes at a shear stress of
0.8 dyn/cm? to obtain an endothelial surface with firmly adhering and rolling eosinophils
(4). After these 3 minutes buffer was added and the shear stress was increased to
2 dyn/cmZ. After 20 seconds at a shear stress of 2 dyn/cm?, recording of the images on
video was started. Subsequently, HEPES buffer containing IL-8 (108 M) or eotaxin
(108 M) was added to the flow chamber. During the whole perfusion experiment
antibodies (IB4; 10 pug/ml, HP2/1; 10 pg/ml, anti IL-8; 50 pg/ml or W6/32; 10 pg/ml) were
present. After ~30 seconds the cytokine buffer reached the cells and the cells arrested.
Subsequently it took 30 seconds to ~2 minutes for the cells to start rolling again.
Therefore the percentage rolling cells were determined at the following points: “before”
stimulation: this is at time point 30 sec before addition of the cytokine-containing buffer;
“during” stimulation: this is at the time point that cytokine-containing buffer has reached
the cells and the cells arrest; “after” stimulation: this is at time point 1 minute after
the cytokine-containing buffer reached the cells. One randomly chosen image per
experiment was recorded. Cells which started rolling again after the IL-8-induced arrest
rolled out of the recorded image, but also cells at the front of the image rolled into the
recorded image. Therefore we calculated the total amount of adherent cells present in
the field “before”, “during” and “after” stimulation which did not differ significantly in all
tested circumstances. More than 90 % of the firmly adherent cells under baseline condi-
tions were stable throughout the whole observation period when no cytokine was added
(results not shown). Also, of the stable stationary cells in the “before” period, less than
5 % of the cells started rolling again after addition of IL-8.
To automatically determine the percentage of rolling cells custom-made software
was developed in Optimas 6.1 (4). In short, a sequence of 50 frames, representing an
adjustable time interval, was digitally captured. The velocity of each cell was calculated.
The cut-off value to distinguish between rolling and static adherent cells was set at
1 um/sec. With this method, static adherent, rolling and freely flowing cells (which were
not in focus) could be clearly distinguished.
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Flow cytometry

Flow cytometry analysis was carried out as described before (33). As primary
MoAbs were used antibodies against B, integrins (IB4), CXCR1 (5A12), CXCR2 (6C6) or a
control antibody (5D11 anti-E-selectin). Granulocytes were analyzed with a FACSvantage

flowcytometer (Becton Dickinson immunocytometry systems, Mountain View, CA).

Imaging of intracellular free Ca?+

Imaging of intracellular free Ca2* was performed with a custom-built setup,
consisting of a computerized excitation filterswitcher (Lambda-10, Sutter Instrument
Company, Novato, California, USA) with excitation filters (D340/10 and D380/13, Chroma
Technology Corporation, McHenry, Illinois, USA) coupled to a Leica (Wetzlar Germany)
Leitz DMIL inverted microscope, which was equipped with light filters appropriate for
Fura-2 (D510/40 and 400 DCLP, Chroma Technology Corporation, McHenry Illinois, USA),
high n.A Immersion objective (UV-F 40x nA 1.30 Glycerol Imm., Nikon Corporation,
Tokyo, Japan) and a Xenon arc lamp (XBO 75 W/2, Osram, Berlin, Germany). Series of
50 image pairs (512 x 512, ~1 second apart) were sequentially grabbed with a black and
white framegrabber (Pulsar, Matrox Electronic Systems Ltd., Dorval, Quebec, Canada)
from an intensified video camera (LI-uCAM, Lambert Instruments, Leutingewolde, The
Netherlands) directly into computer memory. Ratios and calcium values were computed
off line with Image Analysis software (Optimas 6.1, Media Cybernetics, Silver Spring
Maryland, USA) and custom-made macros (A.L.L). Calcium levels were calculated
with the standard calibration formula of Grynkiewics et al. (34):

[Ca2+]; = K4 x B x ((R-Rmin)/(Rmax-R)) with parameters Ky=225 nM, B=2.4, and were
displayed in false colors (blue-red ramp). Cell calcium was separated from background
by calculating the threshold mask from the mean of the two ratio images for each of the
50 ratio images in the series. Threshold level was obtained by choosing the first and the
last level in the series, and then by linear interpolation for the rest of the series, thereby
counteracting the effect of bleaching over time. Intracellular [Ca2*] levels are
determined by calculating the mean [CaZ+]; of all pixels in a cell in each of the 50 ratios
taken. The cut-off value to distinguish between a responding and a non responding cell
was set at a mean value of 200 nM. Figure 4 and 6 show the mean [Ca2*]; of all cells
exceeding this cut-off value. In the experiments investigating the IL-8-induced increase
in [Ca2+]i, eotaxin was given after the IL-8. The cells which did not respond to eotaxin
(likely to be neutrophils) were excluded from analyses.

Freshly isolated eosinophils adhere strongly to some glass substrates. Under these
circumstances attachment induces cells to flatten out with activation and generation of
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calcium signals (unpublished observations). To circumvent these problems we let
eosinophils adhere to fibronectin-coated surfaces with the use of MoAb 8A2 or to 7h
TNF-a-activated HUVEC. Addition of this MoAb leads to freezing of 3; integrins in a
high-affinity state. By this procedure, the cells strongly attach to fibronectin, but
otherwise remain deactivated, keeping a round shape (35), thus allowing clear ratio
imaging. Eosinophils attached in this way display low intracellular free Ca2+ levels under
control conditions for long periods of time, up to 30 minutes. Hereby large numbers of
cells could be imaged while being treated with IL-8 and eotaxin.

All washing and incubation steps were performed in incubation buffer. Eosinophils
(5x106/ml) were loaded with 2.5 uM Fura-2 AM (Molecular Probes, Eugene, Oregon, USA)
for 15 minutes. Hereafter, the cells were incubated in the absence or presence of the
antibody 8A2 (10 pg/ml) for 15 minutes at 37°C in an agitated water bath. After washing,
8A2 treated cells (1 x106 to 2 x106) were plated onto fibronectin (0.1 mg/ml in Hepes,
15 min, 37°C) coated 24 mm cover slips. 7h TNF-a-activated HUVEC cultured on 24 mm
cover slips were extensively washed with PBS and non-treated, Fura-2 AM loaded
eosinophils were plated on the endothelium. The eosinophils were allowed to settle for
15 minutes on the substrate, and non-adherent cells were removed by washing the cover
slips. Cover slips were mounted in an open chamber and placed in a warmed (37°C)
metal ring for Calcium Imaging. Stimulants were added from the top after two
pre-stimulus image ratios had been obtained. Stimulants (37°C, at two times the
concentration) were added to an equal volume (250 pl) of incubation buffer already

present in the chamber to obtain a homogenous mixture at the start of the ratio imaging.

Measurement of oxygen consumption

Oxygen consumption was measured at 37°C with an oxygen electrode as
described previously (36). In short, eosinophils were resuspended in incubation buffer
(2x106 cells/ml). PMA (100 ng/ml) was added and oxygen consumption was measured

for 5 minutes.

Statistical Analysis. Results are expressed as mean * standard error of the mean (SEM).
Statistical analysis of the data was performed using a Student T test for paired data;
p values < 0.05 were considered to be significant.
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Results

Eosinophils exhibit a transient arrest upon IL-8 addition during rolling
adhesion along TNFa-activated endothelium.

To investigate the effect of IL-8 on rolling eosinophils, freshly isolated eosinophils
were perfused over 7h TNFa-activated confluent HUVEC at a shear stress of 2 dyn/cm?2.
When eosinophils were treated with a control anti-HLA-class-1 antibody (W6/32, figure
la, 2a) the percentage of rolling cells compared to the total number of adherent cells
(rolling and firmly adherent cells) was 48 + 3 %. Upon stimulation with IL-8 (10-8 M), the
percentage of rolling cells decreased to 12 = 3 %. After 1 minute, the percentage of
rolling cells increased to 28 = 5 % (movie of IL-8-induced transient arrest is available on
CD-ROM). Addition of anti-IL-8 antibody (10 pg/ml) to the IL-8 suspension prevented this
transition from rolling to a stationary arrest of W6/32 treated (control) eosinophils
(figure 1a). When eotaxin (10-8 M), a potent chemokine for eosinophils, was added to
the rolling, W6/32-treated eosinophils, the percentage rolling cells decreased from
56 = 3to 7 = 3 %. The cells now bound stably and longterm because after 1 minute the
percentage of rolling cells was still very low (8 = 3 %, figure 1a, 2b) (movie of eotaxin
induced firm arrest is available on CD-ROM). In addition, the eosinophils flattened upon
eotaxin treatment, while this was not observed upon addition of IL-8. We also tested
whether eotaxin could induce a stable and longterm arrest when applied to cells which
started rolling again after the IL-8-induced arrest. Indeed, more than 97 % of the cells
were longterm arrested after addition of eotaxin to W6/32-treated eosinophils which
were rolling after the IL-8-induced transient arrest.

- DUCES A TRANSIENT ARREST OF ROLLING EOSINOPHILS ON
HUMAN ENDOTHELIAL CELLS



ury

ee— I 1
wem L - eat D0 o I

| ] 5 1
W e [ - "

- = -

1] 10 20 = 4] L] EQ 0D 10 20 30 40 B &0 T0 &0 &0

e mlling cadls: e Ml % oG ool par Fald
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TNFa-stimulated HUVEC. The percentage of
rolling cells per field for W6/32-, HP2/1- and
HP2/1-, IB4-treated eosinophils are depicted. d
The percentage of rolling cells was determined

before (white bars ), during (black bars) and
1 minute after (grey bars) stimulation. The effect e, &
|

of A) IL-8 (10-8 M), IL-8 (10-8 M)/ anti-IL-8 and
eotaxin (108 M) on control MoAb W6/32- o
treated rolling eosinophils, B) IL-8 (10-8 M), IL-8 il ELF

(10-8 M)/ anti-IL-8 and eotaxin (10-8 M) on BEE R EE RN
MoAb HP2/1-treated rolling, C) IL-8 (10-8 M) e L
and eotaxin (108 M) on anti-B, integrin

integrin-treated and both anti ay4- and

Bo-integrin-treated eosinophils. Percentage rolling cells are plotted for 3 to 6 experiments
+ SEM, except for W6/32 / IL-8 (n=10) and HP2/1 / IL-8 (n=16). The statistically significant
effects of the different treatments against the situation before treatment were determined by
paired Student T test (*: p<0.05).

To investigate whether a, integrins played a role in this IL-8-induced arrest, eosinophils
were treated with anti-o, integrin antibody (HP2/1, figure 1b, 2c). The percentage of
rolling cells of HP2/1-treated eosinophils on TNFa-activated HUVEC was 52 = 5 % which
was significantly higher than W6/32-treated eosinophils, as shown in a previous study
(4). The rolling percentages of all groups are higher in this study compared to an earlier
study (4). This is caused by the increase in the shear stress used in this study
(2 dyn/cm?2 ) whereas the shear stress in the former study was 0.8 dyn/cm2. Upon sti-
mulation with IL-8 (10-® M) the percentage of rolling cells decreased to 14 + 3 %. After 1
minute, the percentage of rolling cells increased from 14 * 3 % to 33 = 5 %. Within 2
minutes almost all arrested cells (both W6/32- and HP2/1-treated) started rolling again.
Addition of anti-IL-8 antibody (10 pg/ml) prevented the IL-8-induced transition from
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Figure 2. Computerized analyses of the effect of perfusion with cytokines on the percentage of
rolling eosinophils on 7h TNFa-stimulated HUVEC. Eosinophils (2x106/ml) were incubated with
10 pg/ml of the indicated MoAbs before the assay. Lines indicate the rolling tracks of the cells in
one field during 2 seconds. Cells are positioned at the beginning of the track. Images depict
rolling tracks before, during and 1 minute after indicated cytokine stimulation. Data are
depicted as representative experiments (see also figure 1).

rolling to stationary arrest of HP2/1-treated eosinophils (figure 1b). When eotaxin
(10-® M) was added to the rolling HP2/1-treated eosinophils, all cells bound stably and
longterm (figure 1b). The experiment with the W6/32- and HP2/1-treated cells show that
the IL-8 effect on eosinophils can occur independently of the interaction between
0yP; integrin with its ligand VCAM-1 on activated endothelium.

To investigate whether 35 integrins are implicated in the IL-8-induced arrest, eosinophils
were incubated with an anti-B, integrin MoAb IB4. When (3, integrins were blocked,
the percentage of rolling cells per field was 66 * 6%. Upon IL-8 stimulation, the
percentage of rolling cells decreased to 28 + 6 % and after 1 minute increased to
40 = 6 % rolling cells again (figure 1c). When eotaxin was added to rolling IB4-treated
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eosinophils, the percentage of rolling cells decreased from 64 = 8 % to 9 = 3 %.
After 1 minute the cells were still firmly adhered to the endothelial cells.

Finally, we investigated the effect of blocking of B, integrins and a, integrins
simultaneously. When both (3, integrin and a4 integrins were blocked, the percentage
of rolling cells was 84 + 4 %. Upon additon of IL-8 all cells kept rolling (80 + 5 %). After
1 minute upon addition of IL-8 the percentage of rolling cells was still 85 = 5 %. When
eotaxin was added to IB4 and HP2/1 treated eosinophils, no significant changes in
the percentage of rolling cells were observed (figure 1¢). These data show that the IL-8-
induced transient arrest and the eotaxin induced stable arrest can be mediated by either
(3, integrins or a, integrins.

To investigate whether the known IL-8 receptors CXCR1 and CXCR2 mediated the IL-8-
induced response, eosinophils were incubated with antibodies against CXCR1 and
CXCR2 (6C6 and 5A12, respectively). IL-8-induced transient arrest was not inhibited
and the percentage of rolling cells decreased from 46 = 10 % to 16 = 5 % upon IL-8
stimulation (figure 3a). The IL-8 induced arrest was transient and the percentage rolling
cells increased from 16 * 5 to 27 * 11 %. The functionality of these antibodies on IL-8
(10-8 M)-induced neutrophil chemotaxis in a Boyden chamber assay was confirmed by
their ability to block the IL-8 induced migration by 74 %, as was also shown by others
(27). In figure 3b and 3c it is shown that CXCR1 and CXCR2 are not present on isolated
eosinophils whereas they are present on neutrophils (40). To address whether the IL-8-
induced arrest was mediated by G-protein-coupled receptors, eosinophils were
incubated with solvent (0,5 % glycerol), or PTX (100 or 500 ng/ml) for 2 hours. Control,
glycerol-treated eosinophils arrested transiently upon IL-8 perfusion, comparable to
W6/32- and HP2/1-treated eosinophils. In contrast, eosinophils treated with PTX showed
a dose-dependent inhibition of IL-8-induced arrest (figure 3a). To control for possible
negative effects of PTX on the normal physiology of the eosinophils, we performed
respiratory burst experiments. Eosinophils incubated with glycerol (0.5 %) or PTX
(500 ng/ml) for 2h at 37°C were tested for the induction of the respiratory burst upon
activation with PMA. No differences were found in the PMA-induced oxidative burst of
glycerol- vs. PTX-treated eosinophils (not shown).
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Figure 3. A) The effect of inhibition of serpentine receptors on the percentage of rolling
eosinophils on 7h TNFa-stimulated HUVEC. The effect of IL-8 on anti-CXCR1 and anti-CXCR2
antibodies (5A12 and 6Cé6, 15 min, 37°C), control solvent (glycerol 0.5 %, 2h, 37°C), and
Pertussis Toxin (100 and 500 ng/ml, 2h, 37°C)-treated eosinophils was determined before (white
bars), during (black bars) and 1 minute after (grey bars) stimulation. Percentages of rolling cells
are plotted for 3 to 6 experiments = SEM. The statistically significant effects of the different
treatments compared to the situation before treatment were determined by paired Student T test
(*: p<0.05). In B) and C) granulocytes were stained for B, integrins (IB4, blue line), CXCR1
(5A12, green line), CXCR2 (6C6, red line) or an irrelevant antibody (black line) by FACS. B) and
C) show the fluorescence for eosinophils and neutrophils, respectively. The experiment shown is
representative for 3 independent experiments.

Eosinophils bound to fibronectin and endothelium show significant calcium

responses upon IL-8 addition

To investigate the changes in intracellular free Ca2+ of adherent eosinophils upon
IL-8 and eotaxin stimulation, cells were incubated with 8A2 and loaded on fibronectin-
coated cover slips or non-treated cells were loaded on 7h TNFa-stimulated HUVEC
(see Materials and Methods 35). After stimulation with IL-8 (10-8 M) a clear increase in
[Ca2+]; (>200 nM) was observed in 42 + 7 % and 30 + 7 % of the cells adherent
to fibronectin and activated HUVEC, respectively (figure 4a and 4b showing a
representative experiment). The increase in [Ca2*]; of cells adherent to fibronectin is
depicted in figure 5a. When neutralizing antibodies for IL-8 (clone B-K8) were added
to the IL-8 solution before addition to the cells, the change in [Ca2+]i response was
blocked (figure 4a and 5b). A second IL-8 stimulation given did not elicit a [CaZt];
response, indicating homologous desensitization of the receptor (data not shown).
Upon eotaxin (10-® M) stimulation 97 = 0.5 % and 98 + 1.7 % of the cells adherent
to fibronectin and activated HUVEC, respectively, increased their intracellular free

Ca2+ concentration (figure 4 and 5c¢).
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Figure 4. Effect of adding cytokines to adhering eosinophils on fibronectin. Eosinophils were
loaded with 2.5 pM Fura-2 AM, incubated with MoAb 8A2 (35) and put on A) fibronectin-coated
glasses for 15 minutes or put on B) 7h TNFa-activated HUVEC for 15 minutes. Non-adherent
cells were washed away. IL-8 (open squares), eotaxin (solid diamonds) or IL-8/anti-IL-8
(open triangles) was added after 2 blanco images (arrow) and 48 images were taken at 340 and
380 nm after addition of cytokines. [Ca2*]; was measured by calculating 340/380 ratios
(see Materials and Methods). The figure is representative for 3 independent experiments.
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Figure 5. Computerised analyses of the effect of adding cytokines to fibronectin-adhering
eosinophils. Eosinophils were loaded with 2.5 pM Fura-2 AM, incubated with 8A2 and put
on fibronectin-coated glasses for 15 minutes. A) shows effect of IL-8 before, during and after
addition. B) shows the effect of IL-8/anti-IL-8 before, during and after addition. C) shows the
effect of eotaxin before, during and after addition. Data are depicted as a representative of
3 experiments (see also figure 4A).

To investigate whether the IL-8-induced [Ca2+]; responses were sensitive to PTX, eosi-
nophils were incubated with control solution (glycerol 0,5 %) or 500 ng/ml PTX for 2
hours at 37°C. Figure 6 shows that the [Ca2t]; responses were blocked in PTX-treated
cells adherent to fibronectin (figure 6a) or 7h TNF-a-activated HUVEC (figure 6b). Also,

the positive control C5a induced a [Ca2t]; response which was completely blocked by
PTX (500 ng/ml).
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Figure 6. Effect of Pertussis Toxin on IL-8 (10-8 M) and C5a (10-8 M) induced [Ca2*];
responses in eosinophils. Eosinophils were incubated with glycerol (0.5 %) or Pertussis Toxin (500
ng/ml, 2h, 37°C) and loaded with 2.5 uM Fura-2 AM. A) 8A2-treated cells were put on
fibronectin-coated glasses or B) 8A2-untreated cells were put on 7h TNFa-activated HUVEC for
15 minutes. IL-8 (open squares) and C5a (solid diamonds) were added (arrow) to glycerol
treated cells and IL-8 (open circles) and C5a (solid line) were added to Pertussis-Toxin-treated
cells. Images were taken at 340 and 380 nm. [Ca2*]; was measured by calculating 340/380
ratios (see Materials and Methods). The figure is representative for 3 independent experiments.

Discussion

In this article, the hypothesis was tested whether IL-8 can activate eosinophils
when interacting with a physiological relevant substrate such as endothelial cells and/or
fibronectin. Therefore, we first performed in vitro flow chamber experiments and
evaluated the effect of IL-8 on rolling, non-stimulated eosinophils. We showed that IL-8
induced a transient arrest of eosinophils which were rolling on 7h TNFa-stimulated
HUVEC even when ay- or Bo-integrins were blocked. Only in the presence of blocking
antibodies against both a4 and Bs-integrins the IL-8-induced arrest was prevented.
This shows that IL-8 can transduce signals leading to activation of o4 as well as
Bo-integrins. Furthermore we conclude that the chemokines eotaxin and IL-8 both act on
o4~ and Bo-integrins. In contrast to IL-8 activation, eotaxin-induced activation of the
integrins leads to firm adhesion and spreading. Also, Weber et al. concluded from static
adhesion assays that chemoattractants, like RANTES, regulate the avidity of both (3;- and
By-integrins expressed on the same eosinophil (37).

This is the first report showing I) that IL-8 affects resting, unprimed eosinophils in the
transition from rolling to firm adhesion (figure 1 and 2) and II) that a chemokine can
induce a transient arrest for a period of 0.5 to 2 minutes in the presence of the stimulus.
Recently, Gerzten et al. (38) showed that monocytes, which are typical C-C chemokine
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responders, firmly adhere to endothelium upon stimulation with the CXC chemokine
IL-8. In contrast to eosinophils, monocytes adhered longterm to the endothelium upon
IL-8 stimulation. These results suggest that the reaction to IL-8 is not restricted to the
neutrophil lineage and can have different effects on different leukocyte subsets.
We cannot exclude that activation of the endothelium by TNFa induces IL-8 secretion or
presentation which could influence the eosinophil function. However, this seems
unlikely because I) treatment of the endothelium by anti-IL-8 did not influence rolling
velocity (data not shown) and II) the HUVEC was washed extensively before every
experiment.

Our results also suggest that at least for unprimed eosinophils an additional stimulus
besides IL-8 is needed to induce long term adhesion. This could be cytokines/
chemokines which are associated with allergic inflammation, like IL-5, IL-4 or eotaxin.
Indeed, it is known from in vitro (15;16) studies that cytokine-activated eosinophils
migrate in response to IL-8 in contrast to unactivated eosinophils. When eosinophils,
which started rolling after the IL-8-induced transient arrest, were subsequently activated
by eotaxin, the cells adhered firmly and longterm to the endothelium and spreading was
visible. This indicates that IL-8 does not cross desensitise or modulate the eotaxin
induced response. Longterm adhesion and spreading was also visible when eotaxin was
administered directly to rolling cells (figure 1b, 1d, 2b). This transition between transient
and longterm adhesion allows the control of leukocyte extravasation by
integration of different signals induced by multiple cytokines. The effect of IL-8 on the
arrest of cytokine-primed eosinophils cannot be addressed because cytokine-primed
eosinophils showed static adhesion on activated endothelium, i.e. they did not roll
because B, integrins were activated (39).

Activation of leukocytes by chemoattractants is often associated with an increase in the
intracellular free Ca2+ concentration. However, many reports have only shown a small
(if any) increase in [Ca2*]; upon IL-8 stimulation of eosinophils (15;40;41). These studies
measured the mean increase in [Ca2+]; of a large population of cells in suspension.
Indeed, Petering et al. showed increasing [Ca?*]; responses in eosinophil suspensions
to which increasing concentrations of neutrophils were added, suggesting that
eosinophils in suspension do not raise [Ca2+]; upon IL-8 stimulation (41). From a
point of view it is more relevant to study changes in [Ca2t]; in eosinophils adherent
to natural relevant surfaces for several reasons: I) adhesion changes signaling in
granulocytes (42), and II) chemokines are often presented by large carbohydrate
structures on the surface of endothelial cells (43). Therefore, we investigated if IL-8
would elicit a change in [CaZt]; in eosinophils when attached to fibronectin or

activated endothelium. We showed that ~40 % of the eosinophils adherent to fibronec-
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tin (induced by B; integrin freezing antibody 8A2) and ~30 % of the eosinophils adherent
to activated HUVEC exhibited an increase in [Ca2t]; in response to IL-8. Petering et al.
(41) concluded that contaminating neutrophils in the eosinophil suspensions caused the
IL-8-induced increase in total [Ca2*];. However, contaminating neutrophils cannot
explain our results for varying reasons (I) our eosinophil populations contained less than
5 % neutrophils while 30 to 40 % of the adherent cells showed a [CaZ*]; response upon
IL-8 stimulation, (II) the contaminating effects of neutrophils were excluded by using
single-cell measurement on adherent cells. Moreover, the eosinophil-specific eotaxin
was added at the end of every experiment to show that the IL-8-responsive cells were
indeed eosinophils.

In the static Ca2* experiments only 30 and 40 % of the eosinophils adherent to activated
HUVEC and fibronectin, respectively, were activated by IL-8. In contrast, almost all of
the rolling eosinophils responded upon IL-8 in the flow chamber experiments. This
discrepancy is consistent with the hypothesis that the subpopulation of IL-8-responsive
cells are prone for an interaction with cytokine-activated endothelial cells under flow
conditions.

We were not able to block the IL-8 induced transient arrest of eosinophils by antibodies
against CXCR1 and CXCR2 (5A12 and 6C6, respectively) although the functionality
of these antibodies was confirmed in migration assays. Using 5A12 and 6C6, the IL-8
receptors CXCR1 and 2 were not detected by FACS on eosinophils (figure 3b, c). This is
analogous to the data of Petering et al. (41). Therefore, it is tempting to hypothesize the
existence of an unknown IL-8 receptor on eosinophils. To show that a G-protein-coupled
receptor is involved, PTX was added to the eosinophils, and this inhibited the
IL-8-induced transient arrest and also the IL-8- and Cba-induced increase in [Ca2*];.
This indicates that a PTX sensitive G-protein-coupled receptor is mediating the effects of
IL-8 on eosinophils.

Our experiments were performed on physiological surfaces expressing several
integrin ligands, which might lead to cross-linking of integrins on the cell surface and
concomitant cross-talk between these proteins (44). This putative cross-talk between
integrins is not necessary per se for this transient arrest, because blockade of either
Mac-1 or VLA-4 did not affect the IL-8 induced arrest in our flow chamber experiments.
However, this does not mean that cross-talk did not occur. Interestingly, our
experiments shown in figures 4 and 6 seem to indicate that possibly cross-linking of
integrins by their ligands expressed by different surfaces influenced the kinetics of the
IL-8- and/or C5a-induced changes in [Ca2*];. The IL-8-induced changes in [Ca2t]; are

remarkably slow compared to eotaxin and C5a. These latter agonists were in contrast to
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IL-8, very active in increasing [Ca2*]; in eosinophils in suspension (41;15). Therefore,
adhesion mediated by cross-linking of integrins might initiate a permissive signal for the
IL-8-induced increase in [CaZ*]; in adherent eosinophils. In addition, the C5a response
had an unexpected sustained behaviour in eosinophils adherent on a surface, e.g.
TNFa-activated endothelium, which is rich in different integrin ligands. Again, the
kinetics of this response in adherent cells is different compared to the situation in

suspension.

Summarizing, this study shows that resting, rolling eosinophils on 7h TNFa-stimulated
HUVEC arrest transiently upon IL-8 stimulation at a shear rate of 2 dyn/cm2. This a,4- and
Bo-integrin-dependent process was probably not mediated by the known IL-8
receptors CXCR1 or CXCR2. In addition, ~40 and ~30 % of the adherent eosinophils
(to fibronectin and activated endothelium respectively) increased their [Ca2t]; in
response to IL-8 stimulation. Our findings are consistent with a model that IL-8 can only
transiently activate eosinophils, provided that they adhere to physiologically relevant
surfaces. Transient arrest can easily be shifted to firm long-term arrest by additional
chemokines. The transient arrest of eosinophils upon IL-8 exposure increases the time
of contact between the cell and the endothelial lining, which potentiates the

immunological surveillance.
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Abstract

The role of chemoattractants IL-8, eotaxin and C5a on integrin-dependent arrest of
rolling leukocytes on activated endothelium was studied. Since changes in intracellular
free Ca2+ levels ([CaZ*]; ) have been implicated in the adhesive behaviour of cells, we
focussed on the phospholipase C (PLC) family of enzymes that regulate [Ca2+]; and
which have been proposed to play a role in modulating integrin function. The effect of
PLC inhibitor U73122 on chemoattractant-induced eosinophil adhesion under flow
conditions was tested. IL-8-induced a (3,- and a4-integrin-dependent transient arrest of
unprimed eosinophils on TNFa-activated HUVEC under flow conditions. Interestingly,
U73122 prevented the IL-8-induced arrest only when oy- but not Bo-integrins were
blocked. This suggests that the IL-8-induced activation of [, integrins but not of
04 integrins is mediated via PLC. Eotaxin-1 induced an oy- and Bs-integrin-dependent
firm adhesion of eosinophils to activated endothelium under flow conditions. U73122
inhibited this arrest in the presence of blocking antibodies against 3, integrins or against
0y integrins. This suggests that the eotaxin-induced activation of both a, integrins as well
as (3, integrins are mediated via PLC. C5a, similar to eotaxin, induced a permanent firm
arrest leading to spreading of the cells. U73122 prevented this arrest by 50 % in the
presence of blocking antibodies against oy integrins or against (3, integrins. When both
04 and Bo- integrins were blocked, still 70 % of the cells arrested by C5a, in marked
contrast to IL-8 and eotaxin, which have shown to be totally dependent on 04 and
Bo- integrins. Thus, it seems that C5a, unlike eotaxin, induced both PLC-dependent and
independent adhesion of eosinophils under flow conditions. These data suggest that
integrin receptors are differentially regulated through specific chemoattractant-receptor

inside-out signal transduction pathways.

Introduction

The migration of leukocytes to inflammatory sites occurs in multiple steps.
Cells roll along the endothelium, and when a chemoattractant is present, firm adhesion
is induced and the migration through the endothelium starts (1). Firm adhesion is
a result of activation of integrins that under resting conditions are not able to bind to their
ligands, except for a,fB; integrin, that binds its ligand VCAM-1 without activation. This
chemoattractant-induced activation of integrins is called “inside-out” signaling and
results in 1) a conformational change of the integrin which enhances affinity and/or
2) clustering of integrins, which enhances avidity of the integrin.

Chemoattractants can be divided in several classes. The classical peptide chemo-
attractants, like C5a (2), act on many leukocyte subtypes and are known to be very
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potent. More specific chemoattractants are the chemokines that can be divided in CXCL,
CCL, CL and CX5CL families, based on the position of the cysteine motif (reviewed in
(3)). CXCL chemokines are most active on polymorphonuclear cells, T and B cells,
whereas CCL chemokines exert their action more on eosinophils, monocytes, basophils,
T cells and NK cells. IL-8, a CXCL chemokine, is a very good chemoattractant for
neutrophils and far less for eosinophils and monocytes (4). In contrast, eotaxin (5), a CCL
chemokine, acts predominantly on eosinophils and basophils but not on neutrophils
(6;7). Although there is specificity, no inflammatory chemokine is uniquely active on one
population of leukocytes.

Chemoattractant-induced “inside-out” signaling results in affinity and/or avidity changes
of integrins. Especially the activation of 3; and [3; integrins are important for adhesion
to ICAM-1 and VCAM-1, respectively, expressed on activated endothelium. Of the
B, integrins, LFA-1 (CD11a/CD18) which is highly expressed on lymphocytes, and Mac-1
(CD11b/CD18), which is highly expressed on granulocytes, can bind ICAM-1. Most of the
B, integrins are ligands for extracellular matrix components, whereas only o43; (VLA-4)
has the capacity to bind VCAM-1. Under resting conditions, a4B; is present on
eosinophils, monocytes and lymphocytes but not on neutrophils.

Binding of chemoattractants to their G-protein-coupled receptors results in the activation
of phospholipase C, that cleaves phosphoinositol (4,5) bisphosphate (PIP,) into inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3; induces an increase in
intracellular Ca2* from internal stores, whereas DAG activates protein kinase C (PKC).
[CaZ+]; might play a crucial role in regulating avidity and affinity changes of integrins
in leukocytes since it has been reported that an increase in [Ca?*]; can activate
integrins via inside-out signaling (8). Also, many cytoskeletal and signaling molecules are
involved in regulating avidity changes of integrins and are themselves dependent
on [CaZt]; increases in the cell (9;10).

In this study we compared the effects of different chemoattractants on changes
in [Ca2+]; and integrin activation. Since it was known from a previous study (11) that
chemoattractant-induced arrest of rolling eosinophils on activated HUVEC was largely
dependent on 04 and Ps-integrins, we used this as a model sytem. Moreover, IL-8,
eotaxin and C5a were compared in the context of their signaling routes to activate o4 and
B3, integrins in an in vitro flow chamber model.
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Materials and Methods

Reagents

CD16, CD14 and CD3 beads and isolation tools were purchased from Miltenyi,
Biotec (Germany). Human serum albumin (HSA) was purchased from the Central
Laboratory of The Netherlands Red Cross Blood Transfusion Service (Amsterdam,
The Netherlands). Recombinant human TNFa was purchased from Boehringer
Mannheim (Germany). Isolation buffer contained PBS supplemented with pasteurized
plasma solution (10 %) and sodium citrate (10 %). IL-8 (72aa, Peprotech INC.,
Rocky Hill, NJ, USA), Eotaxin-1 was purchased from R&D Systems (Minneapolis, MN,
USA) and C5a was purchased from Sigma (St. Louis, USA). The Phospholipase C (PLC)
inhibitor U73122 (1-{{6-{[(17B-3-methoxestra-1,3,5(10)trien-17-yl]Jamino }hexyl}}-1H-
pyrrole-2,5-dione) and its inactive congener U73343 (1-{{6-{[(17B-3-methoxestra-
1,3,5(10)trien-17-ylJamino}hexyl} }-2,5-pyrrolidine-dione) were from Calbiochem
(La Jolla, CA, USA). Incubation buffer contained 20 mM HEPES, 132 mM NaCl, 6 mM KCl,
1 mM MgSO,, 1.2 mM KH,PO,, supplemented with 5 mM glucose, 1.0 mM CaCl,, and 0.5

% (w/v) HSA. All other materials were reagent grade.

Antibodies

The MoAb HP2/1 (anti VLA-4, CD49d) was purchased from Immunotech (Marseille,
France). MoAb IB4 was isolated from the supernatant of a hybridoma obtained from the
American Type Culture Collection (Rockville, MD, USA). MoAbs mentioned above are
functionally blocking antibodies. Control antibody W6/32 (anti HLA-A,B,C) was isolated
from the supernatant of a hybridoma obtained from the American Type Culture
Collection (Rockville, MD, USA). MoAbs were incubated with eosinophils (4x106cells/ml)
at 10 pg/ml during 15 minutes before the experiments. The cell suspensions were
diluted once with incubation buffer (final concentration of 5 pug/ml MoAb at 2x106
cells/ml in incubation buffer), and the coverslips were placed directly in the system.

Isolation of eosinophils

Blood was obtained from healthy volunteers from the Red Cross Blood Bank
(Utrecht, The Netherlands) anti-coagulated with 0.4 % (w/v) trisodium citrate (pH 7.4).
Mixed granulocytes were isolated as described previously (12). Mononuclear cells were
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removed by centrifugation over isotonic Ficoll (1.077 g/ml). After lysis of the erythrocytes
with an isotonic ice-cold NH4Cl solution, the granulocytes were washed and
resuspended in isolation buffer. Eosinophils were purified from granulocytes by negative
immunomagnetic selection with anti-CD16-conjugated microbeads (MACS;
Miltenyi Biotec, 13). To avoid mononuclear cell contamination also anti-CD3- and
anti- CD14-conjugated microbeads were added to the granulocyte suspension. Purity of

eosinophils was >97 %.

Endothelial cells

Human umbilical vein endothelial cells (HUVEC) were isolated from human
umbilical cord veins according to Jaffe ef al. (14), with some minor modifications (15).
The cells were cultured in Endothelial cell Growth Medium-2 (EGM-2) (Biowhittaker,
Walkersville, MD, USA). Cell monolayers were grown to confluence in 5-7 days.
Endothelial cells of the second passage or third passage were used in perfusion assays.
HUVEC was activated by TNFa (100 U/ml, 5-7 hours, 37°C) prior to the perfusion

experiments.

Perfusion chamber

Perfusions under steady flow were performed in a modified form of transparent
parallel-plate perfusion chamber (16) as previously described by Van Zanten ef al. (15).
This micro-chamber has a slit height of 0.2 mm and a width of 2 mm. The chamber
contains a circular plug on which a coverslip (18 mm x 18 mm) with confluent HUVEC

was mounted.

Fosinophil perfusion and evaluation

In vitro flow chamber experiments were performed as described (11;17). In short,
eosinophils in suspension (2x106 cells/ml in incubation buffer) were aspirated from a
reservoir through the perfusion chamber. Eosinophil perfusions were performed as
individual runs under specific shear conditions by 37°C. During the perfusion, the flow
chamber was mounted on a microscope stage (DM RXE, Leica, Weitzlar, Germany)
which was equiped with a B/W CCD-video-camera (Sanyo, Osaka, Japan), coupled to a
VHS video recorder. Perfusion experiments were recorded on video tape. Video
images were evaluated for the percentage of rolling cells by dedicated routines made in
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the image-analysis software Optimas 6.1 (Media Cybernetics systems, Silverspring, MD,
USA). The eosinophils which were in contact with the surface appeared as bright
white-centered cells after proper adjustment of the microscope during recording.
The adherent (rolling or firmly attached) cells on the HUVEC were detected by the image
analyzer. The eosinophil suspension was perfused during 3 minutes at a shear stress of
0.8 dyn/cm? to obtain an endothelial surface with firmly adherent and rolling
eosinophils (17). Shear stress was increased to 2 dyn/cm?, and recording of the images
on video was started. Subsequently, the cytokines IL-8 (10-8 M), eotaxin (10-8 M) or C5a
(10-8 M) were added in the presence or absence of antibodies (IB4, HP2/1 or W6/32; 10
pg/ml) or in the presence of the PLC inhibitor U73122 or the control analogue U73343.
To automatically determine the velocity of rolling cells, custom-made software was
developed in Optimas 6.1. For determining the percentage of rolling cells and the rolling
velocity sequence of 50 frames representing an adjustable time interval (3t, with a
minimal interval of 80 milliseconds, ~30 sec before, during and 1 minute after stimulus
addition) was digitally captured. Within each frame, the position of every cell was
detected and for all subsequent frames the distance moved by each cell and the
number of images in which a cell appeared in focus was measured. The velocity of a cell
(v) in micrometers per sec was calculated from the equation: v = L/3t(x-1) in which L is
the covered distance (um), dt is the time interval between images (seconds), and x is the
number of images in which a cell appears. The cut-off value to distinguish between
rolling and static adherent cells was set at 1um/sec. With this method, static adherent,
rolling and freely flowing cells (which were not in focus) could be distinguished clearly.

Imaging of intracellular free Ca?+ on adherent cells

Imaging of intracellular free Ca2+ was performed with a custom-built set-up as
described before (11). Series of 50 image pairs (512 x 512, 0.6 second apart) were
sequentially grabbed with a black and white framegrabber (Pulsar, Matrox Electronic
Systems Ltd., Dorval, Quebec, Canada) from an intensified video camera (LI-uCAM,
Lambert Instruments, Leutingewolde, The Netherlands) directly into computer memory.
Ratios and calcium values were computed off-line with Image Analysis software
(Optimas 6.1, Media Cybernetics, Silver Spring, MD, USA) using custom-made macros
(A.L.L). Calcium levels were calculated with the standard calibration formula of
Grynkiewics et al. (18):

[Ca2*]; = K4 x B x ((R-Rmin)/(Rmax-R)) with parameters K;=225 nM, =2.4 and
displayed in false colors (blue-red ramp). Cell calcium was separated from background
by calculating the threshold mask from the mean of the two ratio images for each of the
50 ratio images in the series. The threshold level was obtained by choosing the first and
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the last level in the series, and then by linear interpolation for the rest of the series,
thereby counteracting the effect of bleaching over time. Intracellular [Ca2*] levels were
determined by calculating the mean [Ca2*]; of all pixels in a cell in each of the 50 ratios
taken. The cut-off value to distinguish between a responding and a non-responding cell
was set at a mean value of 200 nM. The insert in figure 1 shows the mean [Ca2+*]; of all
cells exceeding this cut-off value. All washing and incubation steps were performed in
incubation buffer. Eosinophils (4x106/ml) were loaded with 1.25 pM Fura-2 AM
(Molecular Probes, Eugene, OR, USA) for 15 minutes, then washed and kept at room
temperature. 7h TNF-a-activated HUVEC cultured on 24 mm cover slips were
extensively washed with PBS and non-treated, Fura-2 AM- loaded eosinophils were
plated on the endothelium. The eosinophils were allowed to settle for 15 minutes on the
substrate, and no adherent cells were removed by washing the cover slips. Cover slips
were mounted in an open chamber and placed in a warmed (37°C) metal ring for
Calcium Imaging. Stimulants were added from the top after two pre-stimulus image
ratios had been obtained. Stimulants (37°C, at 2 times the concentration) were added to
an equal volume (250 pl) of incubation buffer already present in the chamber to obtain
a homogenous mixture at the start of the ratio imaging.

Imaging of intracellular free Ca?+ on non-adherent cells

Cells were loaded with Fura-2AM as described above and were kept at room
temperature until use. Cells were put in a quartz cuvette (400 pl, 2x106/ml) and
stimulated with indicated chemoattractants. The fluoresence was measured under
stirring conditions at 37°C in a Hitachi F-4500 fluorescent spectrophotometer (Hitachi Ltd,
Tokyo, Japan), using a multi-wavelength timescan program. Fura-2 fluorescence was
measured at 340 nm (F1) and 380 nm (F2) at 510nm emission. [Ca2*]; was calculated as
described above.

Statistical Analysis. Statistical analysis of the data was performed using the Student T test,
p values < 0.05 were considered to be significant.
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Results

Different effects of IL-8, eotaxin and C5a on [Ca2*]; in both adherent and
non-adherent eosinophils

An important difference between IL-8, eotaxin and Cb5a is that the IL-8 induced
increase in [Ca2t]; occurs only when eosinophils adhere to a substrate but not when
cells are in suspension, whereas eotaxin and C5a induce an increase in [Ca2*];
in both adherent and non-adherent cells (figure 1, 2 and also a previous study (11)).
The previous study also showed that IL-8-induced an activation of ,- and 0y4-integrins,
resulting in an arrest of eosinophils on activated endothelial cells. Therefore, we
hypothesize that upon IL-8 activation the integrins are cross-linked to their ligands on the
endothelium. And subsequently, the integrin cross-linking might result in the observed
release of [Ca2*],. It is known that cross-linking of {3, integrins phosphorylates PLC-y
which results in an increase in [Ca2t]; (19). Since this isoform of the PLC family is
dependent on tyrosine phosphorylation, we investigated whether a tyrosine kinase
inhibitor could block the IL-8-induced Ca2+ signal. Figure 1b shows that genistein, an
inhibitor of tyrosine kinases, blocks the IL-8 induced increase in [CaZ+]; but had no
effect on eotaxin- and C5a-induced increase in [Ca2*];. This suggests that the IL-8, but
not the eotaxin- or C5a-induced increase in [Ca2t]; is dependent on a tyrosine kinase.
Next, the PLC inhibitor U73122 was used to show that IL-8, eotaxin and C5a absolutely
depend on functional PLC activity. Figure 2 shows that on adherent cells (2a, 2b) and
cells in suspension (2c) U73122 (2a, 2c), but not the control compound U73343 (2b, 2¢),
abrogates the increase in [CaZ+];. Remarkably, the CaZ+ experiments on adherent cells
showed that U73122 not only abrogated the chemoattractant-induced increases in
[Ca2*]; but also interfered with adhesion. Cells were attached very loosely to the
endothelial surface. Thus, PLC appears to be critical for changes in [CaZ+]; but also for
adhesion events.
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Figure 1. IL-8-, eotaxin- and C5a-induced Ca2* response in the presence of control solvent
treatment (A) or genistein (B). Fura-2AM-loaded eosinophils were incubated with DMSO (0.1 %)
or genistein (50 uM) for 15 minutes and loaded on activated endothelial cells. IL-8 (10-8 M, solid
squares), eotaxin (10-8 M, solid triangles, point up) and C5a (10-8 M, solid triangles, point down)
were applied with 3-4 minutes recovering time in between. Mean Ca2* tracks are shown of cells
in one image. The insert depicts the mean track of the cells that responded to
IL-8 (15 % of the cells responded, cut-off value [CaZ+] >200 nM) in the presence of control
solvent (solid squares). Genistein treated cells (insert, flat line) showed no increase in
[Ca2*] > 200 nM upon IL-8. This is a representative experiment out of 3.
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Figure 2. IL-8-, eotaxin- and C5a-induced Ca?* response on adherent eosinophils in the
presence of A) control compound (U73343, 10 pM) or B) PLC inhibitor (U73122, 10 pM).
Fura-2AM loaded eosinophils were incubated with U73343 or U73122 for 15 minutes and
loaded on activated endothelial cells. IL-8 (10-8 M, solid circles), eotaxin (10-8 M, solid squares)
and C5a (10-8 M, solid triangles) were applied with 3-4 minutes recovering time in between.
Mean Ca2* tracks are shown of cells in one image. This is a representative experiment out of 3.
IL-8-, eotaxin- and C5a-induced Ca2t responses in the presence of U73343 (C) or U73122
(D) are shown for eosinophils in suspension. Peak Ca?t responses are depicted. This is a
representative experiment out of 2.

Effect of U73122 on adhesive behaviour of eosinophils under flow

Since the Ca2* experiments revealed that U73122 interfered with adhesion, we first
examined the effect of U73122 on the rolling behaviour of eosinophils on activated
endothelial cells. Eosinophils were incubated with the indicated inhibitors and
monoclonal antibodies (MoAbs) and perfused for 3 minutes, and the percentage of
rolling cells was determined at a shear rate of 2 dyn/cm2. Figure 3 shows that 35 + 6 %
of the eosinophils treated with the control compound U73343 and W6/32 (control/non-
blocking MoAb) rolled on the activated endothelium. Addition of the active compound
U73122 and W6/32 showed an increase in rolling eosinophils to 81 = 3 %. Treating the
eosinophils with HP2/1 (a blocking MoAb against 0, integrins) together with the control
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compound U73343 resulted in a percentage of rolling cells of 74 = 4 %. Addition of
U73122 and HP2/1 to eosinophils even further increased the percentage of rolling cells to
88 = 3 %. IB4 (a blocking B, integrin MoAb) together with the control compound U73343
resulted in a percentage rolling of 44 = 5 %, whereas the combination of IB4 with U73122
further increased rolling to 81 * 4 %. We conclude that U73122 as well as inhibiting
intracellular Ca2*, also decreased the basal activity of a, integrins. Furthermore,
comparing W6/32-treated cells and IB4-treated cells both in the presence of U73433,
the percentage of rolling cells is 35 + 6 and 44 + 5 %, respectively. Although these
values do not differ significantly, it seems that (3, integrins on resting eosinophils are
slightly activated. This slight activation is further addressed by the observation that in the
presence of blocking antibodies against 0,4 integrins, and thus focussing on 3, integrin
mediated processes, U73122 leads to a higher percentage of rolling cells than U73343 (88
+ 3 % compared to 74 = 4 %, respectively, p<0.01).

Figure 3. Effect of inhibition of PLC on

W6/32 HP2/1 IB4 the percentage of rolling eosinophils on
I 3. PR activated HUVEC in the presence of
= ¥ different  MoAbs. Eosinophils were

*®
75 __’E incubated with indicated MoAbs against
HLA(A,B,C), (W6/32, control), By integrins
(IB4) or ay integrins (HP2/1) and in the
presence of the control compound
50 U73343 (10 M, white bars) or the PLC
T

100

% rolling cells

inhibitor U73122 (10 puM, black bars) for
15 minutes. Cells were perfused over 5-7
hours TNFa-activated HUVEC and the
percentage of rolling cells was determined

251

at a shear rate of 2 dyn/cm?2. *: p<0.01,

#: p<0.001, p values were determined by
an unpaired Student T-Test.

IL-8, eotaxin and C5a induced arrest of rolling eosinophils

Previous results have shown that IL-8 induced a transient arrest of eosinophils on
TNFa-activated HUVEC that is 04- and By~ integrin dependent (11). Remarkably, cells
remained round upon IL-8-induced arrest (figure 4a and 4b) suggesting that IL-8 can
activate integrins that does not result in firm adhesion and spreading. In contrast to IL-8,
eotaxin (figure 4c and 4d) and C5a (figure 4e and 4f) induced a firm arrest of eosinophil
to activated HUVEC followed by spreading of the cells. To address the differences
in integrin modulation by these chemoattractants we focussed on chemoattractant-
induced intracellular signals in eosinophils upstream of [Ca2+];.
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Figure 4. Effect of IL-8, eotaxin and C5a on the transition from rolling to arrest of eosinophils
on TNFa-activated HUVEC under flow conditions (2 dyn/cm?2). Panel A, C, and E show the effects
of IL-8 (A), eotaxin (C) and C5a (E) the moment the cells arrest. Cells were round. Panel B, D
and F show the effects of IL-8 (B), eotaxin (D) and C5a (F) one minute after the chemoattractants
induced the arrest. In panel B (IL-8) the cells remained round and some started rolling again, as
shown by the different positions the cells had compared to panel A (arrows indicate rolling cells).
In panel D (eotaxin) and F (C5a) the cells spreaded and were at the exactly same place as in
panel C and E, respectively.
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Effect of inhibition of PLC on the IL-8-, eotaxin- and C5a-induced arrest

of rolling eosinophils

U73122 and U73343 were used as a tool to study chemoattractant-induced

inside-out signaling in eosinophils. Cells were incubated with the indicated inhibitors
and MoAbs and perfused for 3 minutes. The percentage of rolling cells was determined
at a shear rate of 2 dyn/cm?2. Subsequently chemoattractants were perfused over the
cells and the percentage rolling was determined ~0.5 minute and ~1 minute after
adding the chemoattractant. Figures 5a, 5b and 5c¢ depict the effects of IL-8 (10-8 M),
eotaxin (10-8 M) and Cb5a (10-8 M), respectively. Figure 5a shows that eosinophils treated
with the control compound U73343 in combination with W6/32, HP2/1 or IB4 showed a
transient arrest upon IL-8 addition. A transient arrest upon IL-8 stimulation was also
observed when eosinophils were incubated with W6/32 and U73122. However, HP2/1-
and U73122-treated cells showed no arrest upon IL-8 stimulation, the cells kept rolling.
[B4- and U73122-treated cells did arrest transiently upon IL-8, comparable to the control
(W6/32) treated cells. This suggests that the IL-8-induced activation of B integrins, but
not of the a, integrins, is dependent on PLC. Figure 5b shows that the control compound
U73343 has no effect on the eotaxin-induced firm arrest in the presence of W6/32, HP2/1
or IB4. However, when cells were incubated with U73122 in the combination with either
W6/32, HP2/1 or IB4, the cells did not arrest but kept rolling. This suggests that the
eotaxin induced 0y4- and Bo-integrin activation are both dependent on PLC.
The conclusions for IL-8- and eotaxin-induced effects can be drawn because we
recently showed that IL-8- and eotaxin-induced arrest was totally dependent on a,4- and
By-integrins (11). For C5a this is not yet known. In figure 5 (last set of data) it is shown
that C5a induced arrest of eosinophils is for 30 % dependent on the combined action
of B, and a, integrins. The control compound U73343 in combination with either W6/32,
HP2/1 or IB4 induced firm adhesion of eosinophils on activated HUVEC. In all three
cases, U73122 in combination with either W6/32, HP2/1 or IB4 induced a 50 % decrease
in rolling cells.
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Figure 5. Effect of inhibition of PLC on chemoattractant-induced arrest of rolling eosinophils on
activated HUVEC in the presence of different MoAbs. Eosinophils were incubated with the
indicated MoAbs against HLA(A,B,C) (W6/32, control), B, integrins (IB4) or a4 integrins (HP2/1)
and in the presence of the control compound U73343 (10 pM) or the PLC inhibitor U73122 (10
UM) for 15 minutes. Cells were perfused over 5-7 hours TNFa-activated HUVEC, and the per-
centage of rolling cells was determined before (white bars), during (black bars) of one minute
after addition of chemoattractant (hatched bars). The chemoattractants IL-8 (10-8 M, A), eotaxin
(10-8 M, B) and C5a (10-8 M, C) were tested. In panel 5C the last set of bars represents the effect
of C5a on HP2/1- and IB4-treated eosinophils. Values are displayed as mean + SEM of at least
3 experiments.
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Discussion

Most of the chemoattractant receptors on granulocytes belong to the serpentine
family. Signaling via these receptors induced by the corresponding chemoattractants,
such as bacterial products, bioactive lipids and chemokines, follows a general theme.
Upon receptor engagement high-molecular trimeric G-proteins are activated, which in
turn activate phospholipase-Cp, leading to liberation of inositol-1,4,5-trisphosphate and
1,2-diacylglycerol. These second messengers induce an increase in intracellular free
Ca2* ([Ca2*];,) and activation of protein kinase C (PKC), respectively (20). These
signaling molecules are thought to play an important role in the movement of the cells
(10;21) by activating adhesion molecules, integrins, on the surface of the leukocytes
(8;9;22;23). Several lines of evidence, obtained from experiments employing cells
adherent to several surfaces, are in support of this hypothesis (24-26).

General validity of this mechanism is hampered by an important conceptual
problem, namely how specificity is achieved. If all chemoattractant receptors utilize
similar signaling routes in controlling the affinity/avidity state of the integrins, the cell
cannot discriminate between the presence of one chemoattractant from the other.
We set up experiments to test an alternative hypothesis, postulating that different
chemoattractants modulate the functionality of integrins on eosinophils in different
ways. We tested this hypothesis with eosinophils adherent to endothelial cells under
flow conditions. This adhesion system resembles the in vivo situation more than models
under static conditions. We chose three eosinophil chemoattractants that have unique
characteristics: IL-8 only activating adherent and/or primed eosinophils (11;27;28),
eotaxin, a more specific chemokine for eosinophils (29) and C5a, a very potent
chemoattractant (30). Eosinophils were activated with these three chemoattractants
and evaluated in the context of activation of PLC and increased [Ca2t]; and
adhesion under flow conditions to TNFa-activated endothelial cells.

An important difference between the three chemoattractants was found in their
ability to increase the [CaZ+]; in eosinophils. In marked contrast to eotaxin and C5a,
IL-8 induced an increase in [Ca2t]; only after adhesion of the cells to a physiological
surface (figure 2 and (11)). These increases in [Ca2t]; must have been mediated by
activation of PLC, because the PLC inhibitor U73122 completely blocked these
responses, whereas the inactive analogue U73122 did not have an effect. These findings
are consistent with the hypothesis that both CCR3 and C5aR signal via a G-protein-
dependent activation of PLC-B, as has been shown by others (20;31). The situation with
IL-8 is more complex. The IL-8-induced increase in [Ca2*]; in eosinophils is mediated

by a mechanism involving a tyrosine-kinase-mediated activation of PLC (figure 1).
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Together with the finding that the increase is late (optimal only after several seconds, see
figure 1 and reference 11) it is tempting to speculate that PLC-y is activated under these
conditions. It is not likely that this isoform is directly activated by a chemokine receptor.
A more attractive hypothesis is that PLC-y is activated as a result of cross-linking of
integrins on the cell surface. Indeed, cross-linking of (3, integrins in several cell systems
induces a clear increase in [Ca2*]; that is mediated by PLC-y (19). This also explains why
IL-8 can only induce changes in [CaZ*]; in adherent cells.

Activation of PLC is the common denominator in activation of eosinophils by the three
different chemoattractants. Therefore, we evaluated whether inhibition of PLC has a
consequence on the adhesion behaviour of human eosinophils to activated endothelial
cells under flow conditions. It has been reported that PLC plays a role in granulocytes
and platelets as determined by static adhesion assays (32;33). We found that IL-8,
eotaxin- and Cba-induced adhesion events were differentially regulated by PLC.
IL-8 induced a transient arrest of eosinophils that had been incubated with blocking
antibodies against B, integrins and with the PLC inhibitor. When a, integrins and PLC
were inhibited in eosinophils, IL-8 did not induce an arrest. In an earlier study
we showed that the IL-8- as well as the eotaxin-induced arrest of eosinophils to
activated endothelium were both totally dependent on ay- and B,- integrins (11). Thus,
IL-8 induced a PLC-dependent [3; integrin but a PLC-independent a4 integrin-mediated
arrest. For eotaxin a different phenotype was observed. Eotaxin did not induce an arrest
of eosinophils that were incubated with the PLC inhibitor and a control antibody
(W6/32). Concomitant with this observation we showed that the PLC inhibitor in
combination with blocking antibodies against 04- or Bo-integrins also prevented an
eotaxin induced arrest. This indicates that eotaxin activates 3, integrins and o, integrins
in a PLC dependent manner.

The situation for C5a is more complex. In contrast to IL-8 and eotaxin, the C5a-mediated
arrest of eosinophils was only inhibited by 30 % when both a4- and Bs-integrins were
inhibited. This suggests that additional adhesion molecules may exist. Furthermore,
inhibition of PLC resulted in a C5a-induced arrest of 50 % of the cells, irrespective of
whether o, integrins or 35 integrins were blocked simultaneously. From this observation
we can conclude that PLC-dependent processes are involved in C5a-induced arrest.
We showed that different chemoattractants may use PLC in different ways and we
postulate that this leads to specificity in chemoattractant-induced integrin modulation.

We hypothesize that the order of potency of the three chemoattractants in inducing
eosinophil adhesion is C5a > eotaxin > IL-8. Possible mechanisms explaining this
phenomenon are: 1) additional, but undefined, adhesion mechanisms that can be
initiated by Cb5a but not by eotaxin and IL-8 and 2) C5a and eotaxin activate
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intracellular pathways that lead to spreading of the cells, whereas IL-8 does not.
The observed differences between the studied chemoattractants in inducing the
transition from the rolling to the firm adhesion state may predict differences in the
migratory capacity of these chemoattractants. Indeed, IL-8 was only able to induce a
transient arrest of rolling eosinophils and IL-8 appeared to be a weak inducer of
eosinophil migration. Only when eosinophils are primed, IL-8 was only able to induce
small migratory responses (27). Eotaxin appeared to be a strong inducer of the
migratory reponse of eosinophils over endothelial cells (34;35;29) that equals the C5a-
induced transmigration (J. Alblas, unpublished observations). However, eotaxin-induced
eosinophil migration over bare filters only succeeded using thin (10 pm) filters (36).
In thick (150 um) bare filters, eotaxin only induced migration in the presence of 10 %
human pooled serum (J. Alblas, personal observations). Furthermore, eosinophils
isolated from IL-5 transgenic mice migrated equally well in response to eotaxin in the
presence or absence of endothelial cells (34). This indicates that eosinophils need an
additional stimulus (provided by endothelial cells, serum or cytokines) besides eotaxin
to induce migration over long distances. On the contrary, C5a induced eosinophil
migration on bare, thick filters (30) without additional signals needed. Thus, the potency
of IL-8, eotaxin and Cb5a to induce an arrest of eosinophils may equal their potency
in inducing chemotaxis. This might be a result of the differences between the
chemoattractants in activating adhesion molecules on the cells.

In summary, this study showed that phospholipase C plays an important role in integrin-
mediated arrest of leukocytes. The 04 integrin-mediated arrest is dependent on
functional PLC only for the chemoattractants eotaxin and C5a, but not IL-8. This IL-8
induced PLC-independent pathway for activating o, integrins is intriguing but the
mechanism is not known for the moment. The (3, integrin-mediated arrest is dependent
on PLC for the chemoattractants IL-8 and eotaxin, and possibly also for C5a. Therefore,
different chemoattractant receptors can induce different inside-out signaling pathways
for regulating the same integrin. Also, one chemoattractant can use different inside-out
signaling pathways for activating different integrins on the same cell. In conclusion, each
chemoattractant may lead to activation of specific intracellular pathways leading to
specific control of adhesion processes.
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Abstract

Detachment of the rear of the cell from its substratum is an important aspect of
locomotion. The signaling routes involved in this adhesive release are largely unknown.
One of the few candidate proteins to play a role is RhoA, since activation of RhoA in
many cell types leads to contraction, a mechanism probably involved in detachment.
To study the role of RhoA in detachment regulation, we analyzed several subsets of
migratory leukocytes by video microscopy. In contrast to fast migrating neutrophils,
eosinophils did not detach the rear of the cell unless stimulated with serum. When
measuring the amount of active RhoA, using a GST-Rhotekin pull-down assay, we found
that serum is an excellent activator of RhoA in granulocytes. Inhibition of RhoA or one of
Rho’s target proteins, the kinase ROCK, in neutrophils resulted to the phenotype
observed in eosinophils: the rear of the cell was firmly attached to the substratum,
whereas the cell body was highly motile. ROCK inhibition resulted to impaired migration
of granulocytes in filters, on glass and through endothelial monolayers. Also, the ROCK
signaling pathway is involved in changes in integrin-mediated adhesion. Eosinophil
transduction by a tat-fusion construct containing active RhoA resulted in detachment
stimulation in the presence of chemoattractant. From these results we conclude
that activation of the RhoA-ROCK pathway is essential for detachment of migratory

leukocytes.

Introduction

When an eukaryotic cell migrates, the leading lamella protrudes, then the cell
body moves forward and finally the rear of the cell (or uropod) releases the binding from
the extracellular environment. When the process of rear release is slow compared
to the protrusion of the leading lamella, it will determine the migration rate (1).
The mechanisms by which adhesions release are largely unknown. First, cytoskeletal
contraction may overcome the negative force that is excerted by the adhesion
molecules bound to the extracellular matrix. Contraction of actin filaments can pull on
filaments connected to integrins that link the cell to the extracellular matrix (2).
Alternatively, ligand-induced signaling has been proposed to play a role in adhesive
release. Calcineurin, a calcium-regulated serine-threonine phosphatase, plays a role
in recycling of integrins in neutrophils (3). Also implicated in adhesive release is RhoA:
inhibitors of RhoA induce cytoskeletal breakdown and cell rounding (4) and inhibit

migration in several cell types (5).
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RhoA is a member of the Ras superfamily of small GTP-binding proteins that regulate
formation of actin stress fibers and focal adhesions. RhoA activation can be blocked by
the ADP-ribosyltransferase from Clostridium botulinum, C3 exoenzyme. In this way the
importance of RhoA in several cellular processes, such as cell morphology, migration,
cytokinesis, DNA synthesis and cell growth, has been established (reviewed in 6). Like
Ras, RhoA cycles between a GDP-bound inactive state and a GTP-bound active state.
RhoA-bound nucleotides are regulated by several groups of proteins: guanine
nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine
nucleotide dissociation inhibitors (GDIs). When GTP-bound, RhoA binds to and activates
a number of downstream effectors such as Rho kinase, lipid kinases and Rhophilin (7).
Rho kinase, also known as ROCKII or ROKa is closely related to p160ROCK (ROCKI) or
ROKJ (8). ROCKII is implicated in mediating actomyosin-based contractility stimulated
by RhoA. It phosphorylates myosin phosphatase, resulting in elevated myosin light chain
(MLC) phosphorylation (9). MLC phosphorylation is correlated with myosin II filament
assembly and actin-activated myosin ATPase activity (10). Apart from this, Rho kinase
may also phosphorylate MLC directly (11). Using the specific inhibitor Y27632, ROCKs
were shown to be important for many of the Rho-mediated cellular processes, including
smooth muscle contraction (12), myosin light chain phosphorylation (13), tumor cell
invasion (14) and motility (15).

Until recently, RhoA activity was established by the appearance of stress fibers or focal
adhesions. In leukocytes, however, stress fibers and focal adhesions are not formed.
Several groups have now published an activation assay for RhoA, using the RhoA-binding
domain of Rhotekin (16), and were able to show RhoA activation upon stimulation of
3T3 cells with the integrin ligand fibronectin or with LPA (17;18).

We have studied the role of RhoA and its downstream kinase ROCK in the process
of detachment of highly motile leukocyte subsets. Serum stimulation of detachment-
defective eosinophils leads to RhoA-activation and enhanced migration. Inhibition
of RhoA or ROCK in motile neutrophils results in a phenotype similar to eosinophils:
the leading lamella is protruding, whereas the rear of the cell remains firmly attached to
the substratum. Furthermore, we investigated the effects of ROCK activity on adhesion.
The results are discussed with respect to the theoretical background of rear release and

its role during cell migration.
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Materials and Methods

Reagents and antibodies

Eotaxin was obtained from R&D Systems; PAF (1-O-hexadecyl-2-acetyl-sn-glycero-
3-phosphoryl-choline) and fMLP were from Sigma; recombinant human IL-5 was a gift
from M. McKinnon (Glaxo-Wellcome, Stevenage, UK); Ficoll-paque and Percoll were
from Pharmacia (Uppsala, Sweden); human serum albumin (HSA) and pasteurized
plasma solution were from CLB (Amsterdam, The Netherlands); Calcein-AM and
Alexa-phalloidin were from Molecular Probes; VCAM-1 and ICAM-1 were from R&D
Systems (Abingdon,UK); neutralizing antibodies against 0y-integrin (HP2/1) were from
Immunotech (Marseille, France); antibodies against (,-integrins (IB4) were isolated
from culture medium of hybridoma obtained from the ATCC (Rockville, USA); anti-RhoA
was from Santa Cruz, anti-phospho-Erk1/2, anti-phospho-p38 and anti-phospho-PKB
were from BioLabs. The ROCK-inhibitor Y27632 was kindly provided by Welfide

Corporation (Osaka, Japan).

Cell isolation

Blood was obtained from healthy volunteers via the Red Cross Blood Bank
(Utrecht, The Netherlands). Eosinophils were isolated as previously described (19).
In short, buffy coats of citrate-anticoagulated (0.4 % w/v) blood were subjected to Ficoll
centrifugation. Erythrocytes were removed by isotonic shock (NH,CI), and the mixed
granulocyte fraction, after 10 min treatment with fMLP (10-8 M), was subjected to
discontinuous Percoll gradient (1.082/1.1 g/ml) centrifugation. Dense eosinophils were
washed once with PBS containing 0.3 % citrate and 10 % pasteurized plasma, then taken
up in RPMI-Hepes supplemented with 0.5 % HSA. The eosinophils were more than 95 %
pure and more than 98 % viable. Cell viability was not affected by treatment with Y27632
(100 puM) for up to 2.5 hours.

Video microscopy and tracking of granulocytes

Glass coverslips (0.3 mm) were coated with a solution of 1 % human serum
albumin (HSA). Purified neutrophils or eosinophils, suspended in RPMI-Hepes with
0.5 % HSA, were attached to the coverslip for 10-15 min at room temperature.
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The coverslip was then inverted in a droplet of medium containing the desired ligands
or antibodies and sealed with a mixture of beeswax, paraffin and Vaseline (1:1:1,
w/w/w). Cell migration at 37°C was monitored by time-lapse microscopy and analyzed
by custom-made macro (A.L.I) in image analysis software (Optimas 6.1, Media
Cybernetics, Silverspring, USA). Cells were followed for 8 minutes (figure 1 and 3) or 20
minutes (figure 7). As expected with the use of primary cells, a heterogeneous
population of different age and priming, there is a variation in the rate and the amount of
movement observed in the figures. However, the results shown are representative for a
larger field of cells (usually 50-100 cells) and, the experiments were repeated at least
three times for every assay condition. For figures 1, 3 and 7 video material is available on
CD-ROM.

RhoA activation assay

RhoA activity assay was performed as described (18). Neutrophils or eosinophils
were stimulated in suspension, then lysed in (50 mM Tris pH 7.5, 150 mM NaCl, 10 %
glycerol, 1 % NP-40, 0.1 % Triton X-100, 5 mM MgCl,, 0.1 mM PMSF, 10 pug/ml leupeptine,
10 pg/ml aprotinin). Cleared lysates were incubated with bacterially produced
GST-RBD[Rhotekin] (16) bound to glutathion-agarose beads for 45 min at 4°C.
The beads were washed 3 times with lysis buffer, then bound proteins were eluted
in SDS-sample buffer and analyzed by Western blotting using anti-RhoA MoAb from
Santa Cruz.

Migration assay in the Boyden chamber

Eosinophil migration was measured in the modified Boyden chamber assay
as described (20). Cellulose nitrate filters (pore width 8 pm, thickness 150 pm; Sartorius)
were soaked in 0.5 % HSA. The assays were performed in Hepes-buffered RPMI
supplemented with 0.5 % HSA for 2.5 hours at 37°C in a CO, incubator. Filters were fixed,
stained with haematoxilin (Weigert’s method) and embedded in malinol. Analysis of the
filters was done by an image analysis system (Quantimet 570 C) and an automated
microscope to score the number of cells at 15 intervals of 10 pm in the
Z-direction of the filters. The results are expressed as the chemotactic index, indicating
the mean migrated distance, excluding cells with migration 0.
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Transendothelial migration

Human umbilical vein endothelial cells (HUVEC) were plated in Transwell
chambers (Costar; pore width 8 um; diameter 6 mm), coated with fibronectin. When
confluence was reached, purified eosinophils (105/well) were calcein-AM (Molecular
Probes) loaded according to the manufacturer, washed, resuspended in RPMI-Hepes
and placed in the upper wells. The lower wells were filled with RPMI-Hepes containing
the chemoattractant. The chambers were placed for 1 hour at 37°C in a CO, incubator.
At the end of the experiment, the migrated cells in the lower wells, the inserts as well as
the cells from the upper wells were lysed in 1 % Triton-X100-containing buffer.
Fluorescence intensities were measured with a Fluorlmager. Standard curves with fixed
amounts of calcein-AM-loaded cells were prepared each time. Values are given as
percentage migrated cells of total cells loaded.

Adhesion assay

Static adhesion of eosinophils was performed in 96-well Elisa plates (Nunc),
coated for 1 hour at room temperature with 0.1 % HSA or VCAM-1 (5 pg/ml) in PBS.
Cells were calcein-AM loaded, incubated with antibody or inhibitors and added to the
wells already containing medium with or without serum. After 5 min, the plates were
placed at 37°C for 5 min, then they were washed once with PBS containing 0.1 % BSA
and lysed in TX-100 containing buffer. Remaining cells were quantified using a
Fluorlmager.

Tat-fusion constructs

PCR products comprising the coding region of constitutively active V14RhoA,
dominant negative N19RhoA or dominant negative N17Rac-1 (6) were cloned into the
pTAT-HA vector (31), sequenced and transformed into the BL21(DE3) strain. Bacteria
were obtained from an overnight culture, resuspended and sonicated in Z-buffer
(8 M Urea, 100 mM NaCl and 20 mM Hepes, pH 8.0), and supernatants containing 10 mM
imidazole were loaded onto a Ni-NTA column (Qiagen). Tat-fusion proteins were eluted
with 1 M imidazole in Z buffer, diluted 5 times with 20 mM Hepes buffer pH8.0 and
applied to a Source 30Q column (Amersham). After washing, bound proteins were
eluted with 1 M NaCl, desalted on a PD-10 column into PBS/1 mM CaCl,, flash frozen in
10 % glycerol and stored at -80°C.
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When using tat-V14RhoA constructs in eosinophil migration assays, such as shown in
figure 7, we found no effect of the tat-constructs in a minority of the experiments, which
we cannot explain. The effects of tat-V14 Rho decreased after incubations of more than
45 minutes.

Results
Imaging of cellular detachment

To study the migration of migratory leukocytes, we performed video
microscopy on human eosinophils. Tracking of cells attached to albumin-coated
glass-slides allows the study of speed, direction and morphology of each cell. Figure 1
(video available on CD-ROM) shows the tracks of eosinophils and neutrophils migrating
in the absence or the presence of stimulus. Eosinophils in the control situation or when
stimulated with the chemoattractant platelet activating factor (PAF), were highly motile.
Under these circumstances eosinophils moved the cell body, but were not able to detach
the uropod and therefore hardly migrated (figure 1G). While the addition of
chemoattractants had no effect on eosinophil detachment, serum-stimulation of the
cells resulted to rear release. More cells were able to detach their uropod, resulting in a
higher mean migration speed, as can be concluded from the longer tracks. Neutrophils
however, were optimally stimulated with the chemoattractant fMLP and serum did not
further enhance neutrophil migration (figure 1D-F).
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Figure 1. Cell tracks of randomly moving eosinophils (A,B,C,G,H) and neutrophils (D,E,F).
The cells were attached to albumin-coated glass coverslips in RPMI-Hepes containing 0.5 % HSA.
Then they were transferred to the same buffer complemented as indicated without stimulus (A,D)
with PAF (10-7 M; B,G), fMLP (10-8 M; E) or 10 % human pooled serum (C,EH). The cells were
warmed to 37°C and then monitored for 20 min (A-C), 8 min (D-F) or 30 min (G-H).
Bar: 30 pm (A-F) or 10 pm (G-H). Arrows indicate a non-detached uropod (G) and a detached
uropod (H). Video material is available on CD-ROM.
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Involvement of RhoA in detachment of the uropods

Because serum is able to stimulate detachment, we hypothesize that serum may
activate the RhoA-ROCK pathway. We used a recently developed RhoA activation assay
(18) to test this hypothesis. In this assay a GST-Rhotekin pull-down assay is performed on
lysates of activated leukocytes, then the amount of active RhoA present in the cells is
determined by Western blotting. Figure 2 shows that serum is an excellent activator of
RhoA, both in neutrophils and eosinophils. Compared to serum, the activity of RhoA after
stimulation by the chemoattractant fMLP (formyl-Met-Leu-Phe) and PAF was rather
weak. However, these latter experiments show that a relatively small and transient
activation of RhoA per se is not sufficient for rear release (see below). These results

indicate that increased detachment observed after serum stimulation correlates with
strong RhoA activation. This RhoA activation was not dependent on a cycle of attachment

and detachment because the experiments were performed with cells in suspension.

fMLP ]
C a2 8 C 1 7 Figure 2. RhoA activation assay in
neutrophils and eosinophils. The cells
were stimulated with fMLP (10-7 M),
PAF (107 M) or serum (S) for the

— *— Rho-GTP

PO time-periods indicated, lysed and
PoF L subjected to GST-Rhotekin pulldown
> 3|:|- 1 2.- é- -1.-? as described in  Materials and
Fa Methods. Western blots of active RhoA
e . - *HH}GTF (arrow) are shown.
Eosmophils

To determine whether RhoA is involved in stimulation of detachment, we used a
specific inhibitor of RhoA; C3-exoenzyme. We studied the migration of neutrophils,
because these cells have no rear release problems when monitored on a glass coverslip
in the presence of chemoattractant. Figure 3 (video available on CD-ROM) shows tracks
of neutrophils that were control-treated (3A) or preincubated with C3-exoenzyme (3B).
Those cells showed a morphology similar to eosinophils: the uropod was attached, but
the cell body was still highly motile, as can be seen in the videos. These results indicate
that RhoA is involved in cellular detachment of the uropod.
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Figure 3. Migration of
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coated glass coverslips.
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C3-exoenzyme (10 pg/ml;
4 h, B)or Y27632 (10-5 M;
30 min, D) then attached
to the coverslips.
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: . o and embedded. Random
movement of the cells

was recorded at 20 sec
intervals. Tracks recorded

during an 8-min period
are shown. Bar: 30 pm.
(E) fMLP-induced activity of
Erk1/2, p38 and PKB
in  neutrophils in the

absence or presence of
Y27632 (10-5 M; 30 min)
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ROCKs are involved in rear release regulation

ROCKI and ROCKII are downstream targets of RhoA, involved in MLC
phosphorylation and thereby in force generation and contraction of cells. To investigate
whether or not ROCKs are involved in detachment, we used the ROCK-inhibitor Y27632
(12) in several migration assays. Figure 3 (video available on CD-ROM) shows tracks of
neutrophils that were stimulated with fMLP either in the absence (3B) or in the
presence (3C) of Y27632. After ROCK-inhibition by Y27632, the cells showed a decreased
net cell translocation and thus a decreased mean migration speed, which can be
concluded from the track length. However, these cells were still highly motile, as can
be seen in the videos provided with figure 3B. The uropod of the cells was again attached
to the substratum, while the cell body moved around it. It is obvious that the cells treated
with Y27632 were not able to detach. The specificity of the ROCK inhibitor Y27632 has
been tested in vitro by Uehata et al. (12). Several important kinases were tested:
PKC, PKA, MLCK, PAK. Furthermore, Y27632 did not have any effect on RhoA-dependent
transcription and Rac-dependent membrane ruffling. In neutrophils, we tested
fMLP-stimulated activation of PKB, Erk1/2 and p38 (figure 3E). We found no inhibitory
effect of Y27632 on these key signaling routes.

The importance of ROCKs during transendothelial migration

Migration of eosinophils across a monolayer of endothelial cells is complicated by
the fact that the endothelial cells not only form the substrate over which the eosinophils
must move and the barrier they must cross, but the endothelial cells also provide signals
to the eosinophils, for instance by secreted chemokines. In the past, attention has

focussed on the role of RhoA and Rho kinase in the contraction and permeability of
endothelial cell layers (21). We investigated the involvement of ROCK in eosinophils
when transmigrating an endothelial cell layer in the absence of serum.
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Figure 4. Transendothelial
migration of eosinophils in the
presence of Y27632. Eosinophils
migrating over confluent
monolayers of HUVEC (see
Materials and Methods for details)
were stimulated with PAF (10-7 M)
or eotaxin (10-7 M). Pre-treatment
of the eosinophils with Y27632 (in
HUM) was for 30 min as indicated.
After 1 hour of migration, the cells
were taken out of the lower wells,
filters and upper wells and
quantified separately with the use
of calcein. The results are
expressed as % of total cells
(mean = SEM) of a representative
experiment performed in
duplicate.

Figure 4 shows a transwell assay performed on eosinophils pretreated with Y27632.

The transmigration (top) induced by PAF or eotaxin was completely blocked by Y27632

at 100 pM, whereas the control values were hardly affected. Analysis of the filters
(middle) shows that after inhibition of ROCK by Y27632, a considerable number of cells
remained present in the filter, independent of the stimulus. This could indicate an incre-

ase in adhesion of eosinophils to the endothelial cells or a decreased detachment. To

rule out the first possibility, we performed adhesion assays of eosinophils to endothelial
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monolayers. We never observed an increased adhesion after Y27632 treatment (results
not shown). Therefore, we conclude that the high number of Y27632-treated cells pre-

sent in the filter is likely the result of a defect in detachment.

ROCK involvement in chemotaxis and chemokinesis

In the Boyden chamber assay, neutrophils or eosinophils migrate through a
3-dimensional filter of nitrocellulose. Migration of cells in filters occurs under less
stringent circumstances. The main difference between these experimental set-ups is the
presence of a 2- versus a 3-dimensional substrate. Eosinophils migrating through filters
showed efficient migration after stimulation with PAF or IL-5, which was not the case
when migrating over albumin-coated glass coverslips. Preincubation of eosinophils with
the ROCK-inhibitor Y27632 resulted in a dose-dependent inhibition of chemotaxis
towards PAF (figure 5A). When serum was present in both the upper and the lower wells
of the chemotaxis chamber, chemokinesis was observed. The ROCK-inhibitor was
effective in inhibition of chemokinesis stimulated by IL-5 or serum as well as chemotaxis
stimulated by PAF. The observed ICs for the different stimuli was 3-10 uM, which is in
range with the published value in smooth muscle cells (12). Similarly, chemotaxis of
neutrophils induced by fMLP is inhibited by Y27632 (figure 5B). Thus, activation of ROCK

is necessary for the migration of granulocytes.
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Figure 5. Granulocyte chemotaxis in the presence of ROCK-inhibitor Y27632. A) Eosinophils
migrating in the Boyden chamber were stimulated with PAF (10-7 M) present in the lower wells,
IL-5 (10-10 M) in the upper well or with serum (10 %) in both wells. B) Boyden chamber
chemotaxis assay of neutrophils stimulated with fMLP (10-8 M). Y27632 pre-treatment was in
all cases for 30 min. The results are expressed as chemotactic index (mean + SEM of
2-6 experiments performed in duplicate).
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ROCKSs influence attachment

Activation of ROCK leads to phosphorylation of myosin light chain (MLC), an event
that is correlated with force generation and contraction of cells. It can be envisioned how
a higher contractility of a cell leads to better detachment from its substrate. Alternatively,
RhoA activation is implicated in adhesion of neutrophils (22). Therefore, RhoA's
downstream kinase ROCK could elicit a signal towards adhesion molecules, thereby
regulating the affinity for ligands present on the substrate. To address this hypothesis,
we measured the effect of ROCK-inhibitor on the activity of two important adhesion
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Figure 6. Adhesion of eosinophils to ICAM-1 or VCAM. Eosinophils were calcein-loaded,
incubated for 30 min with Y27632 at the indicated concentrations (between brackets, in uM), or
with neutralizing antibodies against a4- (HP2/1) or Bo- (IB4) integrins. Then the cells were placed
in 96-well plates coated with ICAM-1 (5-10 pg/ml) or VCAM (0.1-5 pg/ml) containing control
buffer or serum-containing buffer and incubated for 5 min at 37°C. The cells were washed
and lysed and fluorescence intensity was measured. The results are expressed as % of maximal
binding (mean = SEM of 2-5 experiments performed in duplicate).
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molecules present on eosinophils (23): a,B;-integrin (binding to VCAM-1) and
Bo-integrins (binding to ICAM-1). Figure 6 shows that Y27632 had an inhibitory effect on
the activity of ay- as well as (o-containing integrins. The effects of Y27632 are rather
small, as observed by the partial inhibition of cells binding to ICAM and the fact that
inhibition of binding to VCAM-1 is only observed at limiting ligand concentration.
This means that ROCK activation does influence attachment as well as detachment.

Is RhoA-activity sufficient to stimulate detachment?

To investigate whether RhoA activation is the primary mechanism of detachment,
we transduced eosinophils with activated RhoA (V14RhoA). As classic transfection
procedures are unsuccessful on these primary cells, we made use of the cell
permeability of tat-fusion proteins (31). When tat-V14RhoA was applied to the cells in
the presence of the chemoattractant PAF, tat-V14RhoA was able to replace serum and
stimulate detachment (figure 7B, video is available on CD-ROM). The experiments were
performed in the continuous presence of tat-fusion protein to avoid diffusion out
of the cell. The stimulation of detachment increased in time, probably due to a higher
concentration of tat-V14RhoA in the cell, but decreased again after about 45 minutes
(figure 7E). As a control, a fusion-protein containing syntenin was used, which had
no effect on detachment (figure 7C, D). To substantiate the hypothesis we did the
reverse experiment. Tat-N19RhoA was applied to the cells in the presence of serum.
This resulted in an inhibition of detachment (figure 7F). In the control situation,
eosinophils incubated with tat-syntenin in the presence of serum showed normal
detachment. From these results we conclude that activation of the Rho-ROCK pathway
alone is necessary but not sufficient to stimulate detachment. Other, as yet unidentified
signals, elicited by the stimulus PAF may contribute to the stimulation of detachment.
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Figure 7. Video microscopy of migrating eosinophils in the presence of tat-fusion proteins.
Cells were attached to albumin-coated glass coverslips, transferred to medium containing 1 uM
of the indicated tat-fusion proteins and/or PAF (10-7 M) or human pooled serum (10 %) and
embedded at t=0. Images were recorded with 20 sec intervals during 20 min at 37°C. Cell tracks
of a representative experiment are shown. Bar: 30 um. Video material is available on CD-ROM.

Discussion

We have shown that the Rho-ROCK pathway is essential in the regulation of the
process of uropod detachment or rear release, a field in migration research that has not
received much attention until now. One of the possible explanations is the difficulty in
monitoring rear release. The only method to appreciate cellular rear release is through
time-lapse (video) microscopy of cells migrating on a two-dimensional substratum.
Highly motile cells that are detachment-defective can easily be recognized by direct
viewing of the cells. Such a cell has a uropod that is firmly attached to the substratum.
Under high magnification viewing it becomes clear that the cell body is moving actively
around the cell.

We found that high motility and stimulation of rear release can be separated.
In eosinophils, a situation of high motility and no detachment was found in the absence
of serum. This situation can be mimicked in neutrophils by inhibition of RhoA or ROCK.
This leads us to the conclusion that motility and rear release have a different
molecular basis.

The mechanisms underlying rear release are largely unknown. Based on our findings,
ROCK-mediated cytoskeletal contraction turns out to be very important. The measure-
ment of force generation in cells is expected to correlate with rear release stimulation.
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A second mechanism that may explain rear release involves integrin modulation. In this
model, ligand-stimulated signaling is responsible for changes in affinity or avidity of
integrins (1;24). It is clear that the strength of adhesions determines the migration speed
of cells (25): at decreased adhesive strength migration speed is enhanced. This occurs
in a situation without addition of external stimuli, which implies no changes in
cytoskeletal contraction. Whether or not RhoA signaling plays a role in integrin
modulation is still in debate. RhoA was found to be important for {3, integrin-dependent
lymphocyte aggregation (26) and ;- and By-integrin dependent leukocyte adhesion (22)
but not for inside-out signaling towards platelet oyy,B3 (27).

From previous work we know that interference with the ligand binding capacity
of ay-containing integrins can improve rolling of eosinophils (28) and rear release
and migration of the cells (unpublished results). We found a contribution of Rho’s
immediate downstream target ROCK in signaling towards ayB;- or Bs-integrin-
dependent attachment. This means that at the same time ROCK stimulated detachment
and attachment. Detachment of the rear of the cell resulted in to migration, not
necessarily in detachment of the entire cell. This can be observed in figure 6: serum
stimulation, which very efficiently stimulated detachment of the uropod, resulted in
increased adhesion, i.e. attachment. Adhesion per se does not correlate with migration
properties of cells. Whether or not integrins are turned off during rear release has to be
further explored.

In migrating cells, Rac and Cdc42 are responsible for lamellipodial protrusions,
whereas RhoA regulates uropod detachment by stimulation of actomyosin filament
contraction. Coordination of the activity of these three GTPases is necessary for optimal
migration. In adherent cells that contain focal adhesions, Rac was able to counteract
Rho-stimulated formation of stress fibers and focal adhesions directly or through
activation of PAK (18;29). In leukocytes however, focal adhesions are not present.
Here, the formation of contractile forces appeared to be enough to ensure adhesive
release, and Rac or Cdc42 may have been activated in concert with RhoA (30). Clearly,
the adhesive state of cells influences RhoA activation by soluble factors (17).

In conclusion, our results point to an essential role for the Rho-ROCK pathway in

migration of leukocytes, namely in the relatively unknown process of rear release.
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Two ways for leukocyte recruitment
to lung tissue

Biopsies of patients suffering from asthma or deceased from a status asthmaticus
have shown that infiltration of eosinophils occurs in the bronchial compartment (1).
This part of the lung is supplied by blood from the bronchial circulation, as part of the
systemic circulation. Only 1 % (~0.05 liters/min) of the cardiac outflow is supplying this
site. In the pulmonary circulation, on the other hand, approximately 5 liters of blood are
passing per minute. In the dense alveolar capillary network of the pulmonary circulation
oxygen uptake takes place. Moreover, emigration of leukocytes occurs mainly in
the capillaries of the pulmonary circulation. In contrast, in the systemic circulation
leukocyte emigration is thought to occur mainly in the postcapillary venules and not in
the capillaries (2).
The mechanisms of influx of inflammatory cells to the alveolar compartement are
different from those to the bronchial compartement. It is known that induction of an
asthma phenotype is characterized by influx of inflammatory cells (especially T cells and
eosinophils) to the bronchial tissue (reviewed in (3)). The mechanism is largely
dependent on adhesion molecules, since animal models have shown that inhibition of
multiple integrins (for example CD11/CD18) and Ig-superfamily members (for example
ICAM-1) abrogates the influx of cells (4-7). This is in contrast to what is found in animal
models in which the mechanisms of leukocyte influx upon infection of the lower
airways have been investigated. Emigration of neutrophils into the alveolar space in
response to certain bacterial stimuli (e.g. S. pneumoniae) is independent of adhesion
molecules such as CD11/CD18 (8-10). It is thought that emigration of neutrophils from
the cappillaries into the lumen of the alveoli is facilitated by mechanical changes in
leukocyte shape. Typically capillaries are very small in diameter (4-9 um). Neutrophils
(6-8 um diameter) likely pass these capillaries at very low velocity and are already in
close contact with the endothelial layer, without any need for selectin function.
Doerschuk et al. have suggested that a stimulus-induced decrease in leukocyte
deformability can increase the time a leukocyte remains in close contact with the
endothelium in the capillaries (reviewed in (2)). This might be an alternative for rolling
events. However, the exact mechanism of emigration of neutrophils to the alveolar
space remains to be determined. The possibility that unidentified adhesion molecules
at capillary endothelial cells mediate the migration is not excluded yet, and might still be
an alternative mechanism for this phenomenon.

Allergic asthma is a disease of the tracheobronchial tree, and the blood flow to this site
is part of the systemic circulation in which leukocyte emigration mainly occurs in
postcapillary venules. Therefore, we used a model system under flow conditions in
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which HUVEC cells were activated with TNFa-stimulating inflamed postcapillary venu-
les. TNFa was chosen because it can be produced by many cells that play an important
role in allergic diseases (11-15). Recently, Broide et al. (16) showed that rolling and firm
adhesion of leukocytes to the endothelium was inhibited in TNFa-receptor p55/75
knock-out mice compared to wild-type mice after allergen challenge. It was suggested
that this effect was due to the inhibiton of adhesion molecules on the endothelium.
Besides its effect on endothelial cells, TNFa can also activate eosinophils from
allergic asthmatic patients but not those from healthy controls (17). This further
indicates that TNFa may be an important cytokine in allergic diseases.

We focused on the multistep paradigm of leukocyte extravasation, because it is thought
to be valid for eosinophil extravastion to the bronchial compartement of patients with
allergic asthma. The in vitro flow chamber model was used to investigate eosinophil
tethering, rolling and adhesion processes.

Eosinophil tethering and rolling by selectins
and 0, integrins

The mechanism of recruitment of leukocytes to inflammatory sites is tightly
regulated and ensures the temporal and spatial distribution of cells through the body.
A first prerequisite for extravasation is the presence of selectins and their counter
structures that mediate rolling (18). In chapter 2 it was shown that eosinophils can use
E-selectin on the endothelium for rolling interactions. Although many studies suggest
that P-selectin is the preferred selectin used by eosinophils (reviewed in 19), we clearly
show that eosinophil roll stably on E-selectin expressed by activated endothelial cells.
Furthermore, the a0, integrins on freshly isolated eosinophils mediate initial attachment
(chapter 2) to the endothelium, without the need for activation of the eosinophils.
Indeed, in vitro (20;21 and in vivo 22;23) studies have shown that a, integrins on
several leukocyte subsets can bind to their ligand VCAM-1 without prior activation of the
cells. While all these studies (including ours) used isolated cells, it can not be excluded
that leukocyte isolation might lead to activation of these cells and thereby induce the
activation of a, integrins. A reasonable assumption is that leukocytes in whole blood are
less manipulated than isolated leukocyte subsets from whole blood. Therefore, studies
with whole blood might shed light on the activation status of a,B; integrins.
Such studies demonstrated that lymphocytes express a pool of a, integrins that exist in
an intermediate affinity state, and this pool has been shown to bind to
high concentrations of VCAM-1 (24). Also, Patel (25) showed by in vitro flow chamber
experiments with whole blood that eosinophils preferentially accumulated in an
04 integrin dependent fashion on IL-4-activated HUVEC. Furthermore, a study on E-,
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P- and L-selectin triple knock-out mice revealed that the residual rolling interactions
in the venules of the cremaster muscle were dependent on 04 integrins. In this
experimental set-up, autologous peripheral leukocytes in mice were observed without
manipulation of the cells (26). Thus, it is tempting to speculate that a, integrins display
an intermediate activation state and thus are functionally active in vivo. At least two
factors might be needed in vivo to establish that the basal oyB; integrin activity leads to
leukocyte migration, 1) the presence and the density of the ligand and 2) the presence
of chemoattractants for further activation of integrin-mediated migration.

Ad1, VCAM-1 expression on endothelial cells needs cyokine-induced upregulation so in
a normal non-inflammatory situation, VCAM-1 is not present on endothelial cells.
An exception is the bone marrow, because venules at this site constitutively express
VCAM-1 (22). In this respect, tethering and rolling interactions are probably not sufficient
to ensure migration of a,B; integrin-bearing cells. Ad 2) Mazo and von Andrian (27)
suggested that the chemokine SDF1a might play an important role in further activation
of the integrins and induction of migration. This illustrates that chemokines are needed
to increase the activity of ayf; integrins for their ligands and also to activate other
integrins, for example the [, integrins. Indeed, activation of eosinophils can further
increase the affinity of a,pB; for its ligands and can also activate B, integrins (chapter 4
and 5). Recently, it was shown that chemokines activate a, integrins on lymphocytes in
sub-seconds, leading to small clusters of a4 integrins and thereby increasing the
tethering efficiency to the surface (28). This illustrates that chemokines can already
interfere with the first step of extravasation; tethering and rolling processes, in addition
to their already established role in the second, third and fourth step; i.e. activation,
firm adhesion and migration, respectively. Moreover, a, integrins that exist in an inter-
mediate activation state on leukocytes in vivo might increase immuno-surveillance,
because when ligand is present a, integrins increase tethering and rolling interactions.
This is in contrast to other integrins like (3, integrins, which have not been described to
mediate initial tethering or rolling processes.

Eosinophil arrest: an interplay between
serpentine receptors and adhesion molecules

A prerequisite for succesful migration is chemokine-induced arrest of eosinophils.
The types of the chemoattractants that are present on the apical surface of the
endothelial cells and the ones that create a soluble gradient from the site of
inflammation towards the lumen of the blood vessel determine the type of adhesion
of leukocytes to the endothelium. For eosinophils this is illustrated in chapters 4 and 5.
IL-8 induces a transient arrest of eosinophils, in contrast to eotaxin and C5a that induce
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a firm and longterm arrest. Although IL-8 is not potent enough to induce longterm arrest,
it does increase the time of interaction of the eosinophil with the endothelium. In this
way, the chance to respond to additional stimuli increases. When eotaxin or C5a was
applied after the IL-8-induced transient arrest, the rolling cells arrested and longterm
arrest was induced (chapter 4 and data not shown). For monocytes a similar observation
has been described (29). In this study it was shown that immobilized Gro-o on
endothelial cells via heparan-sulfate proteoglycans induced the transition from rolling to
firm adhesion of monocytes but did not induce transmigration. Secreted MCP-1, in
contrast, did not induce a transition from rolling to firm adhesion but did induce
migration. This suggests that chemokines can act in different ways and on different levels
in the multistep model. The combination of chemoattractants present at the site of
inflammation and the set of adhesion molecules expressed might determine the

specificity in the extravasation of the different leukocyte subpopulations.

Control of integrin function

Chemoattractants induce signals into the cell that lead to activation of integrins
(inside-out signaling). Two modes of integrin activation have been described, 1) a
change in conformation of the heterodimer, leading to a high-affinity state of the
integrin and 2) induction of integrin clustering in the plasma membrane, leading to
increased avidity. Integrins in high-affinity and/or avidity state bind to their substrates,
and this leads to the transmission of signals back into the cell (outside-in signaling).
The mechanisms how activators induce integrin affinity and/or avidity changes of
integrins, and the consequences this has for the binding of the cell, are getting more
clear. Recently, it was shown that chemokines such as SDF-1a induce rapid integrin
affinity changes and lateral mobility changes of integrins on lymphocytes (30). The
affinity change was transient and was thought to be important for fast binding to ligand.
The avidity change was more sustained, and it was shown that at low ligand
concentration an increase in avidity is needed to maintain stable adhesion. The authors
further postulated that the binding of clustered integrins to their ligands is needed to
maintain a high-affinity state of the integrins. For eosinophils it has been shown that
chemoattractants such as RANTES and C5a can induce a prolonged integrin-affinity state
(31), as determined by an antibody recognizing the high affinity epitope on Mac-1.
This might lead to the maintenance of a stable integrin cluster and, as a consequence,
firm adhesion of the leukocyte to the substrate. For a cell to migrate on a surface it
subsequently has to protrude at the front but also detach at the back of the cell. Integrin
binding to ligand can induce outside-in signals that may contribute to this adhesion and
de-adhesion process.
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In chapter 4 we show that when rolling eosinophils encounter IL-8 the o4 and
Bo-integrins become activated and bind to endothelial cells. This binding is a
prerequisite for an IL-8-induced increase in [Ca2*];, because in suspension IL-8 does not
induce an increase in [CaZ*];. Thus, IL-8 induces an activation of integrins (inside-out
signaling). Subsequently, ligand engagement of integrins activates a tyrosine-kinase-
dependent signal that induces an increase in [Ca2*]; (outside-in signaling) (chapter 5).
Besides the observed increase in [Ca2*];, integrin-induced outside-in signaling might
also lead to other effector functions. Many studies suggest that outside-in signals can lead
to a shift in the type of integrin used by the cell for movement processes. It has been
documented that activation of 04 integrins by ligand binding (32) or by the use of an
activating antibody (33) induces signals leading to activation of By integrins. Also, it has
been shown that activation of (3, integrins leads to a decrease in a4 integrin activation
(34). The same mechanism has been shown for mouse T cells and monocytes:
ligand binding of a,f3; leads to reduced ayB; integrin functions and LFA-1 integrin
function, respectively (35;36). For eosinophils differences in kinetics of integrin binding
to ligands have been shown for different chemoattractants (31). Also, evidence exists
that (3, integrin activation leads to modulation of oy integrins. Blom et al. (37) showed
that IL-5 activates 3, integrins and that this resultes in a decrease in the binding of 8A2-
treated eosinophils to fibronectin. This IL-5-induced effect required an intact
cytoskeleton, since cytochalasin B in combination with IL-5 and 8A2 increased the
binding to fibronectin, which was totally a, integrin-dependent. From this study it is
tempting to speculate that stimulus-induced activation of (3, integrins may lead to
de-activation of a,4f; integrins via a cytoskeleton-dependent mechanism. Furthermore, it
has been shown that eotaxin-2 and other chemokines that bind CCR3 lead to
detachment of eosinophils from endothelial cells (38). Whether or not this is via
activation and ligand binding of one type of integrin that shuts down a4, integrins is not
known. It would be interesting to investigate whether chemoattractant-induced
activation of integrins on eosinophils leads to outside-in signaling and subsequent effects
on integrin-mediated function. Chapter 4 and 5 show that chemoattractants induce the
arrest of eosinophils on activated endothelium via a4 and 35 integrins. Eotaxin and Cb5a
induce spreading of eosinophils on the endothelial cells, and when cells were recorded
for a longer time, we observed migrating cells on the surface of endothelial cells (data
not shown). For this process, eosinophils need to control the ligand binding of their
integrins. Outside-in signaling of integrins leading to a decrease in activity of another type
of integrin is an attractive model to regulate adhesion and migration processes, and we

do not exclude cross-talk to have occurred in our experiments.
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Integrin regulation by Phospholipase C

In chapter 5 we describe that inhibition of PLC in resting cells leads to a decrease
in integrin activity. This was similar to the results of Smith et al. (39), who showed that
adhesion of resting, non-activated neutrophils to TNFa-activated endothelial cells was
inhibited by U73122 because of the inhibition of Mac-1 (ayB, integrins) avidity.
Furthermore, we describe in chapter 5 that chemoattractants activate integrins via PLC-
dependent and -independent intracellular pathways. Figure 1 shows a working model
how the different chemoattractants might affect integrin activation in eosinophils.
IL-8 can activate a, as well as B, integrins, as was shown in the flow chamber
experiments with blocking antibodies (chapter 4). The IL-8-induced transient arrest via
B, integrins did not occur when PLC was inhibited, whereas the a, integrin mediated
arrest did occur when PLC was inhibited. Thus, the IL-8 induced 3, integrin activation,
but not the a, integrin activation, was dependent on PLC function. Furthermore,
we showed that IL-8 cannot induce an increase in [Ca2t]; in cells in suspension.
However, IL-8 does induce an increase in [Ca2+ |; on adherent cells that was late in onset
and tyrosine-kinase dependent. Thus, we speculate that upon IL-8-induced activation of
04 integrins and subsequent binding to ligand, outside-in signals lead to PLC-y activation.
Indeed, it has been shown that crosslinking integrins can induce tyrosine
phosphorylation and activation of PLC-y (40). Activated PLC-y might subsequently
activate [, integrins. However, we cannot exclude that IL-8 directly activates
B, integrins via a PLC-dependent mechanism since we showed that 1) eosinophils in the
presence of blocking antibodies against o, integrins arrest upon IL-8 addition in a 39
integrin-dependent way and 2) the IL-8-induced B, integrin-mediated arrest was
dependent on PLC function.

Eotaxin and C5a can both induce increases in [CaZ*]; in cells in suspension.
Furthermore, the increase in [CaZt]; on adherent cells by these stimuli was not
sensitive to tyrosine-kinase inhibitors and was rapidly induced. Thus, it is very likely that
PLC-B is activated by these two chemoattractants. However, it does not exclude that
PLC-y is activated as well. It might be that the effect of eotaxin and C5a on PLC-B is
dominant over PLC-y in the induction of [Ca2+t];, whereas it is the PLC-y isotype that is
more important in integrin activation. Indeed, PLC-y has been shown to be present in
focal adhesions and it contains many domains by which it can interact with signaling
molecules (see below). For eotaxin we found that the a4~ and Bs-integrin dependent
arrest both were dependent on PLC function. For C5a this is different. The C5a-induced
arrest was only for 30 % dependent on the combined function of a4- and By-integrins,
suggesting that other factors might also play a role (see below). Furthermore, inhibition
of PLC resulted in a prevention of C5a-induced arrest of 50 % of the cells. Surprisingly,
preliminary experiments suggest that inhibition of a, integrins, B, integrins and PLC
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prevents C5a-induced arrest. This might lead to the hypotheses that 1) PLC-independent

0y4- and Bo-integrin activation leads to the activation of an unknown factor that mediates

the eosinophil arrest to the endothelium. 2) C5a activation in the presence of blocking

antibodies against a4 and 3, integrins leads to PLC activation and subsequent activation

of the unknown factor. This unknown factor might be a highly organized adhesisome

with o, integrins and 3, integrins clustered in such a way that the blocking antibodies

cannot recognize it anymore. Whether PLC functions upstream or downstream of the

eotaxin- and C5a-induced integrin activation or both remains to be established.

ur3122

Ur312z

Figure 1. Working model for integrin
activation by chemoattractants A) IL-8,
B) eotaxin and C) C5a. A) IL-8-induced
activation of ay integrins leads to
ligand binding and subsequent PLC-y
activation. PLC-y is needed for activation
of By integrins. By integrins that bind
ligands might induce outside-in signaling.
B) Eotaxin-induced activation of ay4- and
Bo-integrins is dependent on PLC function.
Ligand binding of the integrins might lead
to outside-in signaling and subsequently
lead to spreading of the cells. C) Cha-
induced activation of ay- and PBy-integrins
might proceed via PLC-independent and
dependent routes. PLC activation and
ligand binding by a4 and B, integrins might
lead to activation of an unkown factor.
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Two major questions arise from chapter 5 which remain to be resolved. 1) How can
inhibition of PLC function lead to a decreased integrin activity in resting eosinophils?
2) How does PLC regulate chemoattractant-induced integrin activity? Different
hypotheses can be put forward that address these questions.

How can inhibition of PLC function lead to a decreased integrin activity
in resting eosinophils?

Chapter 6 shows that inhibition of PLC leads to a decreased affinity of a, integrins
on resting eosinophils. We hypothesize that PLC itself is needed to keep the integrin
linked to the cytoskeleton, to preserve the configuration state of the integrin. It is known
that the PLC-y isoforms, but not the PLC-3 and 0 isoforms, contain PH, SH2 and SH3
domains (41). Thereby, PLC-y might function as an adaptor molecule and link
the enzyme to the plasma membrane and/or to proteins with phosphotyrosine motifs or
proline-rich domains, respectively. Of the many proteins present in focal sites, paxillin
has been shown to bind to PLC-yl directly (42). Paxillin was immunoprecipitated in a
complex with PLC-yl in fibroblasts adhering to fibronectin. In non-adherent cells the
interaction between paxillin and PLC-yl could not be detected. Furthermore, it has been
shown that the intracellular tail of the o, integrin binds to the signaling adaptor protein
paxillin (43;44). This interaction ensures that spreading of fibroblasts is limited because
cells remained in a round shape. In contrast, cell spreading of a4 containing fibroblasts
on VCAM-1 is induced in the absence of paxillin (43). It might be that inhibition of
PLC interferes with paxillin binding to the a, integrin, thereby mediating a decrease in
adhesion of eosinophils to the activated endothelium.

How does PLC regulate chemoattractant-induced integrin activity?

Different hypotheses can be put forward for a working mechanism for PLC in the
regulation of chemoattractant-induced integrin activation. Affinity/avidity changes of
integrins can be induced by 1) PLC itself 2) the PLC product IP3 and subsequent Ca2+
release from intracellular stores, 3) the PLC product DAG and subsequent PKC activation.
A fourth hypothesis for the working mechanism of PLC is that U73122 inhibits the
expression of new integrins on the cell surface, thereby inhibiting adhesion.

Ad1) It is known that a functionally active cytoskeleton is needed for integrin avidity

changes in leukocytes. Disruption of the cytoskeleton by agents such as cytochalasin D

are known to prevent integrins from clustering in the cell membrane. However, at low
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concentrations cytochalasin D can stimulate integrin clustering (45-47). It has been
reported that PLC-y is present in focal adhesions (48) and that it can regulate the actin
cytoskeleton by degradation of PIP,, that is a binding partner of profilin and gelsolin
(reviewed in 48). In fibroblasts it has been shown that activation by EGF induces
PLC-y activation, leading to dissociation of PIP, from profilin and possibly from gelsolin
(49). The product IP5 that is generated by PIP, hydrolysis leads to an increase in [CaZ+];.
Ca2+ activates profilin and gelsolin and these proteins start severing and capping actin
filaments, which is required for spreading of cells. It might be that, when PLC is blocked,
PIP, remains associated with gelsolin and profilin, thereby inhibiting actin filament
turnover and in this way inhibiting integrin avidity changes in the cell membrane and
spreading of the cells. It could be that comparable mechanisms for PLC function in focal
adhesions apply to focal sites or adhesisomes in leukocytes. These structures are formed

upon cellular activation and contain many signaling and structural proteins.

Ad2) Changes in [CaZt]; might influence integrin affinity/avidity changes. Although no
increase in [Ca2+]i is observed when U73122 is present, IL-8 still induces activation of
0, integrins (chapter 5 figure 5). This at least suggests that [Ca2*]; is not necessary to
activate o, integrins upon IL-8 stimulation. A role for Ca2* in B, integrin activation
cannot be excluded from this observation, and experiments in which intracellular Ca2+
mobilization is inhibited could shed light on this question. How [Ca2*]; may act on
integrin affinity/avidity changes in eosinophils is not known. It is known that [Ca2*]; and
the Ca2+-dependent phosphatase calcineurin are important in the recycling of integrins
from the rear to the front of a migrating neutrophil. Buffering [CaZ*]; led to an
accumulation of a,fs integrins in the uropod of neutrophils, thereby inhibiting
detachment (50). It has been postulated that Ca2t acts on other Ca2+-dependent
proteins that are involved in regulation of integrin-avidity changes such as calpain (51).
In T cells it is known that upon T-cell receptor engangement the activated tyrosine
kinase ZAP70 induces PLC-y activation, leading to increased B, integrin mediated
adhesion. This event was abrogated by treating the cells with the PLC inhibitor U73122
and also with the calpain inhibitor calpeptin (52). Preliminary results, however, showed
that eosinophils incubated with calpeptin and anti- o, integrin antibodies did not inhibit
the eotaxin-induced arrest, suggesting that calpain is not neccesary for B, integrin-
mediated eotaxin-induced arrest. Another Ca2t-dependent protein, L-plastin, is
important in diffusion of integrins in the plasma membrane (53). It might be that
changes in Ca2* in cells lead to dissociation of L-plastin from actin bundles, preventing

integrins from free diffusion.

Ad 3) The third hypothesis is that PLC-induced DAG generation and subsequent PKC
activation influences integrin activation. Indeed, it is known that PKC can activate
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B, integrins (54). PMA is a potent stimulus for PKC, that phosphorylates and binds RACK,
and subsequently RACK binds to the intracellular domain of the B, integrin LFA-1 (55).
Furthermore, PKC can activate MacMarcks, which subsequently induces an increase
in 35 integrin avidity via phosphoylation of paxillin, leading to spreading of macrophages
(56). However, preliminary results show that incubation of eosinophils with
staurosporine, which is a very potent but not specific inhibitor of PKC, does not inhibit
the eotaxin-induced arrest of eosinophils (data not shown). This suggests that inhibition
of this pathway is not the working mechanism of U73122. This is comparable to the study
of Soede et al. (52) who showed that the activated PLC-y-induced increase in
integrin-mediated adhesion in T cells was abrogated by U73122 but was not inhibited
by a PKC inhibitor.

Ad 4) The fourth hypothesis that U73122 inhibits the expression of new integrins on
the cell surface is not very likely, for the following reasons. 1) Stimulus induced
expression of new integrins on the cell surface is thought not to contribute
to adhesion events (57) and 2) U73122 can also inhibit stimulus-induced {3, integrin
avidity changes on cytoplasts, which lack integrin-containing vesicles and only contain
integrins on the cell membrane (39).

Further studies will focus on these working hypotheses. Special attention will be given to
the possibility that PLC itself directly acts on integrin affinity and/or avidity changes.
Techniques like Western blotting and immunohistochemistry on adherent eosinophils
will shed light on the isotype of PLC that is implicated in integrin regulation and the type
of adhesion (affinity and/or avidity changes) that is induced by the different
chemoattractants. Next, protein transduction technology renders it possible to fuse the
tat-protein of the HIV virus to recombinant PLC, thereby creating a fusion protein that can
enter primary leukocytes. Also, enzyme-dead mutants or in the case of PLC-y, protein
with mutations in the SH2, SH3 or PH domains, can be used for further studying the role
of PLC in integrin regulation.

Control of eosinophil migration by
regulating detachment

Especially in fibroblasts the function of the different GTP-ases in the migration
process has been well studied (58;59). Cdc42 and Racl mediate filopodia and
lamellipodia formation, respectively, and RhoA induces stress fiber and focal adhesion
formation. For leukocytes, the Cdc42- and Racl-mediated processes seem to be
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similar (60-62). On the other hand, the RhoA-dependent processes seem to differ from
fibroblasts. Leukocytes move much faster that fibroblasts ( ~1-10 pm/min, vs. ~0.1-1
pm/min respectively 63) and have no large focal adhesions but instead have smaller
adhesion sites. Also, no stress fibers can be detected in leukocytes. Therefore, the role
of RhoA in leukocytes is thought to be different from that in fibroblasts. In chapter 6 we
found a role for RhoA in the detachment of the uropod of leukocytes (figure 2). Recently,
a similar role for RhoA has been found in monocytes (64) and tumor cells (65).
We showed that neutrophils migrate very well on albumin-coated glass in response to
fMLP. However, when RhoA or its downstream effector Rho-kinase was inhibited,
migration was inhibited. Eosinophils did not migrate well on albumin when stimulated
with PAF. On the other hand, serum stimulation induced migration and this correlated
with RhoA activation. Also, introducing dominant active RhoA (tat-V14RhoA protein) in
the eosinophils induced migration on an albumin surface in the presence of PAF.
We showed that PAF only transiently activates RhoA, whereas serum leads to a
sustained stimulation of RhoA. Probably, activation by PAF (chapter 6) or eotaxin
(data not shown) alone is not sufficient to give a sustained activation of RhoA in
eosinophils needed for detachment from albumin. Preliminary experiments showed that
eotaxin can induce migration when eosinophils were put on fibronectin coated glass (1
and 0.1 mg/ml). Therefore, it is tempting to speculate that binding of a,f3; integrins to
fibronectin leads to a sustained activation of RhoA. Indeed, Cox et al. (66) have shown
that binding of cells to high concentrations of fibronectin (0.1 mg/ml) induced RhoA
activation. Different hypotheses can be put forward to explain how RhoA induces
detachment. 1) RhoA is known to act on the actinomyosin protein motor in non-muscle
cells, therefore, activation of RhoA could lead to retraction forces that stimulate
detachment. 2) RhoA could act on integrin activation and/or recycling
processes of integrins in the rear of the cell, leading to detachment. Worthylake et al. (64)
showed for monocytes that RhoA and p160/ROCK activation is needed for tail (uropod)
retraction. Inhibition of RhoA (by C3) or p160/ROCK (by Y-27632) induced the formation
of long tails that inhibited the monocytes from migration. While contractility inhibitors
that act on myosin light chain kinase (which is a target of RhoA) could not induce tail
formation, RhoA and Rho-kinase inhibitors were able to do this. Furthermore, the tails of
the C3 and Y-27632 treated monocytes contained high concentrations of (3, integrins, in
contrast to tails of control-treated cells. Another study (67) showed that inhibiton of RhoA
and Rho kinase in T cells resulted in an increased avidity of (3, integrins. From these
studies it was concluded that RhoA acts on integrin dependent processes. However a

role for retraction forces or alternative mechanisms cannot be excluded.
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Figure 2. Model of the proposed mechanism of eosinophil migration on albumin-coated glass.
A) The PAF and eotaxin-induced activation of RhoA is not strong enough to let the cells detach
from the surface. B) The serum-induced potent activation of RhoA induces detachment.
This might lead to a) integrin recycling processes that subsequently lead to less adhesion at the
uropod and detachment and/or b) actinomyosin-based contraction of the uropod.

Interference with adhesion:
a tool to combat asthma?

A characteristic of the chronic inflammation that is present in the airways of
allergic asthmatics is the infiltration of the bronchial tissue by leukocyte subsets,
especially eosinophils. It is thought that the presence of eosinophils contributes to the
severity of the disease. Therefore, eosinophil extravasation to the bronchial tissue might
be an interesting target to interfere with. A clear characterization of the molecular
interactions controlling eosinophil extravasation will shed light on possible target
molecules. The results described in this thesis address the importance of some of these
molecules. Chapters 2 and 3 show that eosinophils of healthy individuals and allergic
asthmatic patients use an E-selectin ligand and o, integrins for initial attachment and
rolling interactions with activated endothelium. Chapter 3 further shows that eosinophils
of allergic asthmatics but not of healthy individuals are prone to bind platelets.
Consequently, a P-selectin-dependent secondary tethering mechanism results in
increased adhesion to and cluster index on activated endothelium (figure 3). So far, this
is the first report describing platelet-mediated adhesion events for eosinophils.
Binding of platelets to patient eosinophils might have contributed to the observed
B, integrin activity (chapter 3), though we did not address this possibility directly.
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A Rolling

Figure 3. Platelet-mediated secondary clustering of eosinophils of allergic asthmatic patients.
A) Eosinophils of healthy controls do not bind platelets. Adhesion to the endothelium is
mediated via primary tethering processes. B) Eosinophils of allergic asthmatic patients bind
platelets. Platelet-derived P-selectin-dependent secondary tethering processes increase the
number of cells that are recruited to the surface.
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We tried to address the question whether eosinophils from allergic asthmatic patients
were primed. It is known from previous studies that eosinophils from allergic asthmatic
patients migrate well towards low concentrations of PAF due to their primed phenotype
(68). We tested whether an activated phenotype could be deduced in the transition from
rolling to firm adhesion. PAF was perfused over rolling eosinophils in the presence
of blocking antibodies against 0y-integrins in an attempt to study B integrin-mediated
arrest. More eosinophils from allergic asthmatic patients than from healthy controls
arrested at a concentration of PAF of 10-10 M but the difference was only small (figure 4a).
The PAF-induced arrest was dependent on B, integrins (figure 4b), suggesting that
indeed the eosinophils of allergic asthmatic patients were primed. A drawback of these
experiments is that they were performed with eosinophils isolated and perfused in the
presence of anti-P-selectin since eosinophils from healthy controls that do not bind
platelets are not a good control for eosinophils of allergic asthmatic with platelets. It is
very likely that the eosinophils that bind platelets are the eosinophils that are primed
most. Since these eosinophils were blocked in our set-up, a possible strong effect of PAF
could have been missed.
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Figure 4. PAF-induced arrest of eosinophils of healthy controls vs. allergic asthmatic patients on
TNFa-activated HUVEC. Eosinophils were isolated in the presence of anti-P-selectin antibodies
and perfused in the presence of both anti-P-selectin and anti-a4-integrin functional blocking
MoAbs. In A) rolling cells after PAF treatment as a percentage of the amount of rolling cells
before treatment is depicted. At PAF 10-10 M and 10-? M more eosinophils of patients arrest
compared to cells of controls. In B) rolling cells in the absence (white bar) or presence (black bar)
of blocking anti B, integrin MoAbs after PAF treatment (10-10 M) as a percentage of the amount
of rolling cells before treatment is depicted for eosinophils of allergic asthmatic patients.
Data are presented as mean = SEM of at least 4 experiments.
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The molecules that mediate adhesion of eosinophils to activated endothelium are E- and
P-selectin ligands, a, integrins and 3, integrins. Because many adhesion molecules are
involved in eosinophil recruitment to activated endothelium and often show overlapping
function, the question arises to which target molecule therapy should be directed.
Inhibition of the selectins might be a tool to decrease tethering and rolling interactions
and prevents thereby subsequent adhesion and migration processes. Indeed, E- as well
as P-selectin-dependent adhesion processes play a role in eosinophil adhesion (chapter
2 and 3). However, these selectins have also been shown to be important for homing of
leukocytes to e.g. skin tissue. E- and P-selectin double knock-out mice show recurrent
bacterial skin infections, implying that these selectins are very important for normal
homeostasis and immuno-surveillance (69). B, integrins seem an attractive target for
inhibition since many studies have shown the need for this type of integrin in migration
processes of eosinophils. However, not only eosinophils but all other leukocyte subsets
use [, integrins for migration. Inhibition or dysfunction of B, integrins leads to severe
bacterial infections, as illustrated by the disease LADI, in which 3, integrins are absent
(70). Thus, the concept that B, integrins are a possible target for therapy can be ruled out.
The a, integrin might be an attractive candidate, since this molecule is involved in both
tethering and firm adhesion processes of eosinophils. Furthermore, lymphocytes also
bear a4 integrins and play a dominant role in allergic asthma, too. Indeed, oy integrin
antagonists are being developed by pharmaceutical companies (71). A drawback of the
use of a4 integrin antagonists might be that this is an important molecule for the homing
of leukocytes to the bone marrow, although selectin mediated rolling interactions can
also occur at this site (22). The results of adhesion molecule antagonist therapies for
diseases like asthma, but also for other chronic inflammatory diseases such as
rheumatoid arthritis, are to be awaited. The eventual conclusions of these
integrin-antagonist therapies might be that the working mechanism is too broad. It may
be worthwhile to develop a4 integrin antagonists that block either VCAM-1 or fibronectin
binding to circumvent the problem of possible side effects. For this possibility a more
detailed knowledge will be needed concerning the binding sites of integrins, which can
be obtained by crystal structure analysis. Recently, the crystal structure of the
extracellular domain of the a,B; integrin has been determined (72). This is the
first integrin that has been characterized at this level, and the knowledge of
the quaternary arrangements will contribute to new insights in integrin function and
regulation. Furthermore, it may contribute to the development of drugs that are directed
against integrins.
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Concluding remarks

Eosinophil rolling, adhesion and migration processes are under control of
numerous adhesion molecules and chemoattractants, as outlined in this thesis. A clear
picture is present of the type of adhesion molecules and chemoattractants that can
mediate the different steps of eosinophil extravasation. Although the exact mechanisms
how different chemoattractants communicate with adhesion molecules at the
molecular intracellular level in primary cells are not known, a start has been made in
this field. We showed that under flow conditions different chemoattractants can
regulate integrins on eosinophils in different ways, and that PLC is involved in this
process. It is important for further research that the inside-out signaling pathways
leading to integrin activation and subsequent adhesion and migration processes of
leukocytes are performed under flow conditions. Only at these more physiological
situations the subtle differences between integrin functions will be found. When
specificity in the mechanisms of the different chemoattractants on adhesion events is
found, the way opens that leads to more specific therapeutic strategies.

{;ENERAL DISCUSSION



References

Saetta, M., A. Di Stefano, C. Rosina, G. Thiene, and L.M. Fabbri. 1991. Quantitative structural analysis
of peripheral airways and arteries in sudden fatal asthma. Am Rev Respir Dis 143:138.

Hogg, J.C. and C.M. Doerschuk. 1995. Leukocyte traffic in the lung. Annu.Rev.Physiol. 57:97.

Cara, D.C., D. Negrao-Correa, and M.M. Teixeira. 2000. Mechanisms underlying eosinophil trafficking
and their relevance in vivo. Histol Histopathol 15:899.

Wolyniec, WW,, G.T. De Sanctis, G. Nabozny, C. Torcellini, N. Haynes, A. Joetham, E.W. Gelfand,
J.M. Drazen, and T.C. Noonan. 1998. Reduction of antigen-induced airway hyperreactivity and eosinophilia
in ICAM-1-deficient mice. Am J Respir Cell Mol Biol 18:777.

Richards, .M., K.P. Kolbasa, C.A. Hatfield, G.E. Winterrowd, S.L. Vonderfecht, S.F. Fidler, R.L. Griffin,
J.R. Brashler, R.F. Krzesicki, L.M. Sly, K.A. Ready, N.D. Staite, and J.E. Chin. 1996. Role of very late activation
antigen-4 in the antigen-induced accumulation of eosinophils and lymphocytes in the lungs and airway
lumen of sensitized brown Norway rats. Am.J.Respir.Cell Mol.Biol. 15:172.

Broide, D.H., S. Sullivan, T. Gifford, and P. Sriramarao. 1998. Inhibition of pulmonary eosinophilia in
P-selectin- and ICAM-1-deficient mice. Am J Respir Cell Mol.Biol 18:218.

Chin, J.E., G.E. Winterrowd, C.A. Hatfield, J.R. Brashler, R.L. Griffin, S.L. Vonderfecht, K.P. Kolbasa,
S.F. Fidler, K.L. Shull, R.F. Krzesicki, K.A. Ready, C.J. Dunn, L.M. Sly, N.D. Staite, and .M. Richards. 1998.
Involvement of intercellular adhesion molecule-1 in the antigen-induced infiltration of eosinophils and
lymphocytes into the airways in a murine model of pulmonary inflammation. Am.J.Respir.Cell Mol.
Biol. 18:158.

Mizgerd, J.P, B.H. Horwitz, H.C. Quillen, M.L. Scott, and C.M. Doerschuk. 1999. Effects of CD18 deficiency
on the emigration of murine neutrophils during pneumonia. J.Immunol. 163:995.

Hellewell, PG., S.K. Young, PM. Henson, and G.S. Worthen. 1994. Disparate role of the beta 2-integrin CD18
in the local accumulation of neutrophils in pulmonary and cutaneous inflammation in the rabbit.
Am.J.Respir.Cell Mol.Biol. 10:391.

Doerschuk, C.M., R.K. Winn, H.O. Coxson, and J.M. Harlan. 1990. CD18-dependent and -independent
mechanisms of neutrophil emigration in the pulmonary and systemic microcirculation of rabbits.
J Immunol 144:2327.

Finotto, S., I. Ohno, J.S. Marshall, J. Gauldie, J.A. Denburg, J. Dolovich, D.A. Clark, and M. Jordana. 1994.
TNF-alpha production by eosinophils in upper airways inflammation (nasal polyposis). J Immunol
153:2278.

Nash, J.R., PJ. McLaughlin, C. Hoyle, and D. Roberts. 1991. Immunolocalization of tumour necrosis factor
alpha in lung tissue from patients dying with adult respiratory distress syndrome. Histopathology 19:395.
Gosset, P, A. Tsicopoulos, B. Wallaert, C. Vannimenus, M. Joseph, A.B. Tonnel, and A. Capron. 1991.
Increased secretion of tumor necrosis factor alpha and interleukin-6 by alveolar macrophages
consecutive to the development of the late asthmatic reaction. J Allergy Clin Immunol 88:561.

Gosset, P, A. Tsicopoulos, B. Wallaert, M. Joseph, A. Capron, and A.B. Tonnel. 1992. Tumor necrosis factor
alpha and interleukin-6 production by human mononuclear phagocytes from allergic asthmatics after

IgE-dependent stimulation. Am Rev Respir Dis 146:768.

;!ENERAL DISCUSSION



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Hallsworth, M.P,, C.P. Soh, S.J. Lane, J.P. Arm, and T.H. Lee. 1994. Selective enhancement of GM-CSF,
TNF-alpha, IL-1 beta and IL-8 production by monocytes and macrophages of asthmatic subjects. Eur Respir
J 7:1096.

Broide, D.H., G. Stachnick, D. Castaneda, J. Nayar, and P. Sriramarao. 2001. Inhibition of Eosinophilic
Inflammation in Allergen-Challenged TNF Receptor p55/p75- and TNF Receptor p55-Deficient Mice.
Am J Respir Cell Mol Biol 24:304.

Bracke, M., E. van de Graaf, J.-W.J. Lammers, PJ. Coffer, and L. Koenderman. 2000. In vivo priming of
FcalphaR functioning on eosinophils of allergic asthmatics. J Leukoc Biol. 68:655.

Kansas, G.S. 1996. Selectins and their ligands: current concepts and controversies. Blood 88:3259.
Wardlaw, A.J. 1999. Molecular basis for selective eosinophil trafficking in asthma: A multistep paradigm.
J Allergy Clin Immunol 104:917.

Berlin, C., R.F. Bargatze, J.J. Campbell, U.H. von Andrian, M.C. Szabo, S.R. Hasslen, R.D. Nelson, E.L. Berg,
S.L. Erlandsen, and E.C. Butcher. 1995. alpha 4 integrins mediate lymphocyte attachment and rolling
under physiologic flow. Cell 80:413.

Alon, R., PD. Kassner, M.W. Carr, E.B. Finger, M.E. Hemler, and T.A. Springer. 1995. The integrin VLA-4
supports tethering and rolling in flow on VCAM-1. J.Cell Biol. 128:1243.

Mazo, I.B., J.C., PS. Frenette, R.O. Hynes, D.D. Wagner, and U.H. von Andrian. 1998. Hematopoietic
progenitor cell rolling in bone marrow microvessels: parallel contributions by endothelial selectins and
vascular cell adhesion molecule 1. J Exp Med 188:465.

Sriramarao, P, U.H. von Andrian, E.C. Butcher, M.A. Bourdon, and D.H. Broide. 1994. L-selectin and very
late antigen-4 integrin promote eosinophil rolling at physiological shear rates in vivo. J.Immunol. 153:4238.
Yednock, T.A., C. Cannon, C. Vandevert, E.G. Goldbach, G. Shaw, D.K. Ellis, C. Liaw, L.C. Fritz, and
L.I. Tanner. 1995. Alpha 4 beta 1 integrin-dependent cell adhesion is regulated by a low affinity receptor
pool that is conformationally responsive to ligand. J.Biol.Chem. 270:28740.

Patel, K.D. 1999. Mechanisms of selective leukocyte recruitment from whole blood on cytokine-activated
endothelial cells under flow conditions. J.Immunol. 162:6209.

Collins, R.G., U. Jung, M. Ramirez, D.C. Bullard, M.J. Hicks, C.W. Smith, K. Ley, and A.L. Beaudet. 2001.
Dermal and pulmonary inflammatory disease in E-selectin and P-selectin double-null mice is reduced in
triple-selectin-null mice. Blood 98:727.

Mazo, 1.B. and U.H. von Andrian. 1999. Adhesion and homing of blood-borne cells in bone marrow
microvessels. J Leukoc Biol 66:25.

Grabovsky, V, S. Feigelson, C. Chen, D.A. Bleijs, A. Peled, G. Cinamon, F. Baleux, F. Arenzana-Seisdedos,
T. Lapidot, Y. van Kooyk, R.R. Lobb, and R. Alon. Subsecond induction of alpha4 integrin clustering
by immobilized chemokines stimulates leukocyte tethering and rolling on endothelial vascular cell
adhesion molecule 1 under flow conditions. J.Exp.Med.2000.Aug.21.;192.(4.):495.-506.

Weber, K.S., P von Hundelshausen, 1. Clark-Lewis, PC. Weber, and C. Weber. 1999. Differential
immobilization and hierarchical involvement of chemokines in monocyte arrest and transmigration on

inflamed endothelium in shear flow. Eur J Immunol 29:700.

;JENERAL DISCUSSION




30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Constantin, G., M. Majeed, C. Giagulli, L. Piccio, J.Y. Kim, E.C. Butcher, and C. Laudanna. Chemokines
trigger immediate beta2 integrin affinity and mobility changes: differential regulation and roles in
lymphocyte arrest under flow. Immunity.2000.Dec.;13.(6.):759.-69. 13:759.

Weber, C., J. Katayama, and T.A. Springer. 1996. Differential regulation of beta 1 and beta 2 integrin
avidity by chemoattractants in eosinophils. Proc.Natl.Acad.Sci.USA 93:10939.

May, A.E., FJ. Neumann, A. Schomig, and K.T. Preissner. 2000. VLA-4 (alpha(4)beta(1)) engagement
defines a novel activation pathway for beta(2) integrin-dependent leukocyte adhesion involving the
urokinase receptor. Blood 96:506.

van den Berg, J.M., F.P. Mul, E. Schippers, J.J. Weening, D. Roos, and T.W. Kuijpers. Betal integrin activation
on human neutrophils promotes beta2 integrin-mediated adhesion to fibronectin.
Eur.J.Immunol.2001.Jan.;31.(1.):276.-84. 31:276.

Porter, J.C. and N. Hogg. 1997. Integrin cross talk: activation of lymphocyte function-associated
antigen-1 on human T cells alters alpha4betal- and alpha5betal-mediated function. J.Cell Biol. 138:1437.
Weerasinghe, D., K.P. McHugh, FP. Ross, E.J. Brown, R.H. Gisler, and B.A. Imhof. 1998. A role for the
alphavbeta3 integrin in the transmigration of monocytes. J.Cell Biol. 142:595.

Imhof, B.A., D. Weerasinghe, E.J. Brown, F.P. Lindberg, P. Hammel, L. Piali, M. Dessing, and R. Gisler. 1997.
Cross talk between alpha(v)beta3 and alpha4betal integrins regulates lymphocyte migration on vascular
cell adhesion molecule 1. Eur.J.Immunol. 27:3242.

Blom, M., A.J. Verhoeven, F.PJ. Mul, A.T.J. Tool, E.F. Knol, D. Roos, and T.W. Kuijpers. 1995. IL-5 modulates
the beta 1 integrin-mediated binding of human eosinophils to fibronectin. In Modulation of beta 1 and
beta 2 integrin-mediated functions of human eosinophils. (thesis) : 105.

Tachimoto, H., M.M. Burdick, S.A. Hudson, M. Kikuchi, K. Konstantopoulos, and B.S. Bochner. 2000.
CCR3-Active chemokines promote rapid detachment of eosinophils from VCAM-1 in vitro. J Immunol
165:2748.

Smith, R.J., J.M. Justen, A.R. McNab, C.L. Rosenbloom, A.N. Steele, PA. Detmers, D.C. Anderson, and
AM. Manning. 1996. U73122: a potent inhibitor of human polymorphonuclear neutrophil adhesion on
biological surfaces and adhesion-related effector functions. J.Pharmacol.Exp.Ther. 278:320.

Kanner, S.B., L.S. Grosmaire, J.A. Ledbetter, and N.K. Damle. 1993. Beta 2-integrin LFA-1 signaling through
phospholipase C-gamma 1 activation. Proc.Natl.Acad.Sci.USA 90:7099.

Rebecchi, M.J. and S.N. Pentyala. Structure, function, and control of phosphoinositide-specific
phospholipase C. Physiol.Rev.2000.0ct.;80.(4.):1291.-335.

Chang, J.S., S. Iwashita, Y.H. Lee, M.J. Kim, S.H. Ryu, and PG. Suh. 1999. Transformation of rat fibroblasts
by phospholipase C-gammal overexpression is accompanied by tyrosine dephosphorylation of paxillin.
FEBS Lett. 460:161.

Liu, S., S.M. Thomas, D.G. Woodside, D.M. Rose, W.B. Kiosses, M. Pfaff, and M.H. Ginsberg. 1999.
Binding of paxillin to alpha4 integrins modifies integrin-dependent biological responses. Nature 402:676.
Liu, S. and M.H. Ginsberg. 2000. Paxillin binding to a conserved sequence motif in the alpha 4 integrin
cytoplasmic domain. J Biol Chem 275:22736.

Kucik, D.F.,, M.L. Dustin, J.M. Miller, and E.J. Brown. 1996. Adhesion-activating phorbol ester increases the

mobility of leukocyte integrin LFA-1 in cultured lymphocytes. J Clin Invest 97:2139.

;;’ENERAL DISCUSSION



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lub, M., Y. van Kooyk, S.J. van Vliet, and C.G. Figdor. 1997. Dual role of the actin cytoskeleton in regulating
cell adhesion mediated by the integrin lymphocyte function-associated molecule-1. Mol Biol Cell 8:341.
Yauch, R.L., D.P. Felsenfeld, S.K. Kraeft, L.B. Chen, M.P. Sheetz, and M.E. Hemler. 1997. Mutational
evidence for control of cell adhesion through integrin diffusion/clustering, independent of ligand binding.
J Exp Med 186:1347.

Jockusch, B.M., P. Bubeck, K. Giehl, M. Kroemker, J. Moschner, M. Rothkegel, M. Rudiger, K. Schluter,
G. Stanke, and J. Winkler. 1995. The molecular architecture of focal adhesions. Annu Rev Cell Dev
Biol 11:379.

Goldschmidt-Clermont, PJ., JW. Kim, L.M. Machesky, S.G. Rhee, and T.D. Pollard. 1991. Regulation of
phospholipase C-gamma 1 by profilin and tyrosine phosphorylation. Science 251:1231.

Lawson, M.A. and F.R. Maxfield. 1995. Ca(2+)- and calcineurin-dependent recycling of an integrin to the
front of migrating neutrophils. Nature 377:75.

Stewart, M.P, A. McDowall, and N. Hogg. 1998. LFA-1-mediated adhesion is regulated by cytoskeletal
restraint and by a Ca2*-dependent protease, calpain. J Cell Biol 140:699.

Soede, R.D., M.H. Driessens, S.L. Ruuls-Van, PE. Van Hulten, A. Brink, and E. Roos. 1999. LFA-1 to LFA-1
signals involve zeta-associated protein-70 (ZAP-70) tyrosine kinase: relevance for invasion and migration
of a T cell hybridoma. J.Immunol. 163:4253.

Jones, S.L., J. Wang, C.W. Turck, and E.J. Brown. 1998. A role for the actin-bundling protein L-plastin in
the regulation of leukocyte integrin function. Proc Natl Acad Sci U S A 95:9331.

Valmu, L., M. Autero, P. Siljander, M. Patarroyo, and C.G. Gahmberg. 1991. Phosphorylation of the
beta-subunit of CD11/CD18 integrins by protein kinase C correlates with leukocyte adhesion.
Eur.J.Immunol. 21:2857.

Liliental, J. and D.D. Chang. 1998. Rackl, a receptor for activated protein kinase C, interacts with integrin
beta subunit. J.Biol.Chem. 273:2379.

Li, J., Z. Zhu, and Z. Bao. 1996. Role of MacMARCKS in integrin-dependent macrophage spreading and
tyrosine phosphorylation of paxillin. J.Biol. Chem. 271:12985.

Springer, T.A. 1990. Adhesion receptors of the immune system. Nature 346:425.

Hall, A. 1998. Rho GTPases and the actin cytoskeleton. Science 279:509.

Kaibuchi, K., S. Kuroda, and M. Amano. 1999. Regulation of the cytoskeleton and cell adhesion by the
Rho family GTPases in mammalian cells. Annu.Rev.Biochem. 68:459.

Allen, WEE., D. Zicha, A.J. Ridley, and G.E. Jones. 1998. A role for Cdc42 in macrophage chemotaxis. J Cell
Biol 141:1147.

Allen, WE., G.E. Jones, J.W. Pollard, and A.J. Ridley. 1997. Rho, Rac and Cdc42 regulate actin organization
and cell adhesion in macrophages. J Cell Sci 110 ( Pt 6):707.

del Pozo, MA., M. Vicente-Manzanares, R. Tejedor, J.M. Serrador, and F. Sanchez-Madrid. 1999. Rho
GTPases control migration and polarization of adhesion molecules and cytoskeletal ERM components in
T lymphocytes. Eur J Immunol 29:3609.

Maheshwari, G., A. Wells, L.G. Griffith, and D.A. Lauffenburger. 1999. Biophysical integration of effects

of epidermal growth factor and fibronectin on fibroblast migration. Biophys J 76:2814.

;ELNERAL DISCUSSION



64.

65.

66.

67.

68.

69.

70.

71.
72.

Worthylake, R.A., S. Lemoine, J.M. Watson, and K. Burridge. RhoA is required for monocyte tail retraction
during transendothelial migration. J.Cell Biol.2001.Jul.9.;154.(1.):147.-60. 154:147.

Somlyo, A.V,, D. Bradshaw, S. Ramos, C. Murphy, C.E. Myers, and A.P. Somlyo. 2000. Rho-kinase inhibitor
retards migration and in vivo dissemination of human prostate cancer cells. Biochem Biophys Res
Commun 269:652.

Cox, E.A., S.K. Sastry, and A. Huttenlocher. 2001. Integrin-mediated Adhesion Regulates Cell Polarity and
Membrane Protrusion through the Rho Family of GTPases. Mol Biol Cell 12:265.

Rodriguez-Fernandez JL, L. Sanchez-Martin, M. Rey, M. Vicente-Manzanares, S. Narumiya, J. Teixido,
F. Sanchez-Madrid, and C. Cabanas. 2001. Rho and ROCK modulate the tyrosine kinase PYK2 in T-cells
through regulation of the activity of the integrin LFA-1. J Biol Chem

Warringa, R.A., H.J. Mengelers, PH. Kuijper, J.A. Raaijmakers, PL. Bruijnzeel, and L. Koenderman. 1992.
In vivo priming of platelet-activating factor-induced eosinophil chemotaxis in allergic asthmatic
individuals. Blood 79:1836.

Frenette, PS., T.N. Mayadas, H. Rayburn, R.O. Hynes, and D.D. Wagner. 1996. Susceptibility to infection and
altered hematopoiesis in mice deficient in both P- and E-selectins. Cell 84:563.

Anderson, D.C. and T.A. Springer. 1987. Leukocyte adhesion deficiency: an inherited defect in the Mac-1,
LFA-1, and p150,95 glycoproteins. Annu.Rev.Med. 38:175.

Anonymous 2001 http://corp.gk.com/tomorrow/product_pipeline.htm. Electronic Citation

Xiong, J.P, T. Stehle, B. Diefenbach, R. Zhang, R. Dunker, D.L. Scott, A. Joachimiak, S.L. Goodman,
and M.A. Arnaout. 2001. Crystal Structure of the Extracellular Segment of Integrin oyps. Science.
294 (5541): 339.

gENERAL DISCUSSION



Nederlandse Samenvatting

Een stappenmodel voor de uittreding
van witte bloedcellen

Witte bloedcellen kunnen reizen door het lichaam. Dit is van belang voor de
continue bewaking die het immuunsysteem uitvoert om eventuele gevaren in het
lichaam direct te kunnen waarnemen. Wanneer er gevaar is, hetgeen bijvoorbeeld een
binnengedrongen worm of bacterie (ook wel pathogeen genoemd) kan zijn, dan moet
dit opgeruimd worden. Een vereiste is dat de witte bloedcellen vanuit het bloed naar
de plek waar de pathogeen zich bevindt moeten reizen. De cellen doen dat door met
hechtingsmoleculen (adhesiemoleculen) die op de celmembraan (= het “jasje van de
cel”) zitten te hechten aan hechtingsmoleculen die op de binnenbekleding van de
bloedbaan (de endotheelcellaag) zitten. Als de cellen vastzitten aan de endotheelcellen
dan beginnen ze vervolgens tussen de endotheelcellen door te kruipen en zo komen ze
uiteindelijk in de weefsels terecht. Daar zoeken ze de pathogeen op die ze vervolgens
vernietigen.

De uittreding vindt plaats in verschillende stappen. Stap I. Omdat het bloed continu
stroomt moet de cel eerst afgeremd worden voordat ze kan hechten. Het afremmen
gebeurt doordat de cel met specifieke adhesiemoleculen (selectines) bindt aan
suikerstructuren op de endotheelcellen. Dit resulteert in het rollen van de witte bloedcel
over de endotheelcellen. Stap 2. Als er signaalmoleculen (chemoattractanten)
aanwezig zijn dan passen deze als een sleutel in een slot. Het slot (op de witte
bloedcel) is een specifiek eiwit ook wel receptor genoemd. De receptor kan vervolgens
signalen via de celmembraan naar binnen toe doorgeven, waardoor de cel wordt
geaktiveerd. Stap 3. Aktivatie van de cel resulteert in het aktiveren van een andere
klasse adhesiemoleculen, de integrines. Deze zitten altijd op de witte bloedcel maar
kunnen alleen door aktivatie binden aan hun tegenstructuren op de endotheelcellen, de
vasculaire adhesiemoleculen. Dit resulteert in de overgang van een rollende cel naar
een stilzittende cel en vervolgens in een spreidende cel. Stap 4. De witte bloedcel
gebruikt nu de geaktiveerde integrines en haar cytoskelet (de “botten” van de cel) om
over het endotheel te kruipen en een plek te zoeken waar ze tussendoor kan glippen
richting de weefsels. Dit wordt migratie genoemd. Chemoattractanten helpen ook bij
deze stap omdat de cel richting de hoogste concentratie chemoattractant kruipt welke
aanwezig is rondom de pathogeen die zich in het weefsel bevindt. (Deze stappen zijn
geillustreerd in figuur 1 van hoofdstuk 1; stap 1 is rolling, stap 2 is activation, stap 3 is firm
adhesion en stap 4 is migration).
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Dit algemene mechanisme van uittreding van witte bloedcellen van de bloedbaan naar
het weefsel treedt op bij verschillende ziektes. Sommige uitgetrede cellen doen goede
zaken door b.v. het opruimen van pathogenen, maar andere uitgetrede cellen doen
slechte zaken omdat ze niets te zoeken hebben op de plek waar ze naar toe gaan.
Dit laatste kan negatieve gevolgen hebben voor het weefsel en zodoende kan een goed
bedoelde immuunreaktie leiden tot een bepaald ziektebeeld.

Allergisch astma

De ziekte allergisch astma onstaat doordat het immuunsysteem een fout maakt.
Bij mensen met allergisch astma kunnen onschadelijke stoffen in het milieu
(b.v. huisstofmijt, kattestof, pollen) door het immuunsysteem als schadelijk worden
gezien. Dit kan leiden tot een reaktie in het bronchiale weefsel van de long. Een scala
aan immunologische reakties vindt plaats welke tot uiting komen in de klinische
symptomen benauwdheid en piepen. Een van de meest opmerkelijke immunologische
reakties die plaatsvindt is dat een bepaalde witte bloedcel, de eosinofiele granulocyte,
in een groot aantal naar het bronchiale weefsel van de long reist. Er is aangetoond dat
deze cellen mede verantwoordelijk zijn voor het verslechteren van de longfunctie
doordat ze het epitheel (de cellen die de barriere vormen tussen buitenlucht en
bronchiaal weefsel) kunnen beschadigen.

De eosinofiele granulocyte

De eosinofiele granulocyte (afgekort eo) is een witte bloedcel die haar naam heeft
gekregen toen onderzoeker Paul Ehrlich eind 19de eeuw met de kleurstof eosin dit
celtype aan kon kleuren. Eosin kan basische stoffen aankleuren die in de blaasjes
(granula) van de eo’s te vinden zijn. Deze basische stoffen gebruikt de cel om
pathogenen op te ruimen. Er wordt gedacht dat vooral wormen kunnen worden gedood
en opgeruimd door eo’s. Aangezien er amper nog schadelijke wormen voorkomen in
het milieu van de westerse wereld heeft dit geleid tot werkeloosheid onder de eo’s.
Werkeloosheid leidt tot verveling en dat leidt tot ongewenste aktiviteiten die
eo’s uitoefenen in personen met de ziekte allergisch astma. Zoals gezegd verplaatsen de
eo’s zich vanuit het bloed naar het longweefsel waar ze vervolgens schade berokkenen.
In dit proefschrift worden experimenten beschreven waarin is onderzocht hoe de
eo’s vanuit het bloed naar het longweefsel kunnen komen. Als je weet welke
hechtingsmoleculen de eo gebruikt om aan het endotheel te hechten en vervolgens naar
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het longweefsel te reizen, zou daar een stof voor kunnen worden ontwikkeld om dat
tegen te gaan. Want zolang de eo’s in het bloed blijven zijn ze niet schadelijk.

Het onderzoeksmodel

De experimenten beschreven in dit proefschrift zijn niet in een heel organisme
uitgevoerd (in vivo) maar in een testsysteem buiten het lichaam (in vitro). Het rollen, de
aktivatie en de hechting van eo’s in vivo vindt plaats in het bloed dat continu stroomt.
Omdat de stroming een essentiéle factor is voor het optreden van de verschillende
stappen, werd de stroming in het in vitro testsysteem nagebootst. Een andere factor is
de endotheelcellaag. De endotheelcellen werden geisoleerd uit navelstrengen
(die bevatten een prachtig dik bloedvat) en werden in de proefopzet geaktiveerd zodat
ze rolmoleculen (E-selectine) en hechtingsmoleculen (VCAM-1, ICAM-1) op hun
oppervlak kregen. Uit bloed werden eo’s geisoleerd en deze werden over de
endotheelcellaag gestroomd. Door gebruik te maken van stoffen die specifiek
adhesiemoleculen kunnen remmen (monoclonale antistoffen) werd de functie van elk

adhesiemolecuul bestudeerd.

De resultaten

In hoofdstuk 2 wordt beschreven dat eo’s (van gezonde donoren) rollen over
E-selectine. Daarnaast speelt de integrine 04B3; die op eo’s zit ook een voorname rol in
de eerste hechting van de eo aan het endotheel. Als de E-selectine moleculen en de
04 integrines tegelijkertijd werden geblokkeerd dan konden de eo’s niet meer rollen en
hechten. Ze stroomden langs het endotheel zonder een interactie aan te gaan. De rol
voor 0y integrine in de eerste hechting was onverwacht omdat de integrines over het
algemeen alleen hechting mediéren na aktivatie van witte bloedcellen. Maar in de
experimenten werden de eo’s niet geaktiveerd. De hypothese die hieruit volgt is dat
de ayuf3; integrine zich in een intermediaire aktivatie staat bevindt op een rustende
(=niet geaktiveerde) eo en daardoor aan een hechtingsmolecuul op het endotheel
kan binden.

In hoofdstuk 3 worden de hechtingsmechanismen van eo’s van astma patiénten aan
endotheelcellen onder stromingscondities beschreven. De hechting verliep bij deze eo’s
net als bij eo’s van gezonde donoren via E-selectine en a,f3; integrine. Maar in
tegenstelling tot de situatie bij eo’s van gezonde donoren (gebruikt in de studies
beschreven in hoofdstuk 2) kon de rolling en hechting van eo’s van astma patiénten niet
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totaal worden verhinderd door het blokkeren van E-selectine en ayf; integrine.
Het resterende hechtende deel deed dat volgens een bepaald patroon namelijk in
groepjes; de eo’s klusterden op het endotheel. Dit is een mechanisme wat cellen vaker
gebruiken. Het werkt doordat een eo (eo 1) die aan komt stromen hecht aan een eo
(eo 2) die al vast aan het endotheel zit. Eo 1 komt vervolgens vlak achter eo 2 terecht.
Als dit proces vaker optreedt komen de cellen heel dicht bij elkaar in groepjes te liggen.
Het opmerkelijke aan de eo’s van allergische patiénten was dat er bloedplaatjes aan de
eo’s bonden. Deze bloedplaatjes zorgden voor de klustervorming van eo’s omdat de
klustervorming voorkomen kon worden door een rollingsmolecuul (P-selectine), dat in
het testsysteem alleen op plaatjes voorkomt, te blokkeren. Het idee is dat bloedplaatjes
een brug tussen eo’s kunnen slaan en daardoor klustering kunnen bevorderen. Tevens
werden er aanwijzingen gevonden dat 35 integrines op eo’s van astmatische patiénten
een beetje meer geaktiveerd zijn dan (3, integrines op eo’s van gezonde donoren.

In hoofstuk 4 wordt de rol van de aktivator IL-8 op de hechtingsmechanismen van de
eo beschreven. IL-8 is oorspronkelijk gekarakteriseerd als een zeer goede aktivator van
neutrofiele granulocyten (het broertje van de eo) maar werd lang als een slechte
aktivator van eo’s beschouwd. Experimenten in hoofdstuk 4 tonen aan dat IL-8 rollende
eo’s stil liet zitten. Maar de eo’s bleven niet lang stilzitten en begonnen weer te rollen na
ongeveer een minuut. Deze observatie wordt “transiénte hechting” genoemd.
Als eotaxine, een specifieke eo aktivator, werd toegevoegd aan rollende eo’s gingen de
eo’s stilzitten en platten ze tevens af. Eotaxine is dus een sterkere aktivator voor eo’s dan
IL-8. Maar IL-8 kan wel degelijk eo’s aktiveren. Dit wordt mede onderbouwd door het
feit dat IL-8 naast het hechtingssignaal ook een ander signaal gaf namelijk het verhogen
van de concentratie calcium ionen in de cel. IL-8 kon dit alleen als eo’s gehecht waren
op een oppervlak en niet wanneer de cellen in een vloeistof dreven. Daarom is de
hypothese dat 1) IL-8 eerst leidt tot aktivatie van de integrines, 2) dat de integrines door
de stevige hechting verder worden geaktiveerd, 3) dat de integrines vervolgens signalen
naar de binnenkant van de eo geven wat leidt tot verhoging van de calcium ionen in
de cel. Kortom, IL-8 leidt niet direct tot een verhoging van calcium ionen maar doet dit
via de integrines.

In hoofdstuk 5 zijn de aktivatoren IL-8, eotaxine en C5a vergeleken. Het bleek dat de
verschillende aktivatoren verschillende routes binnen de cel gebruikten om de
integrines aan te schakelen. Het enzym (een eiwit dat kan knippen) phopholipase C
leek een grote rol te spelen in deze regulatie want het blokkeren van dit enzym
bewerkstelligde dat de aktivatoren de integrines niet of nauwelijks nog konden
aktiveren. En dus konden de eo’s niet meer hechten aan de endotheelcellen.

In hoofdstuk 6 worden proeven beschreven waarin de stap werd onderzocht die volgt
na het rollen en het stilzitten namelijk het kruipen van de eo. Het is bekend dat als
cellen kruipen over een oppervlak ze een typerende vorm aannemen. Het voorste deel
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(lamellipodium) is heel breed en het achterste deel (uropod) van de cel is smal
(zie figuur 4 van hoofdstuk 1). Het voorste deel schuift over het oppervlak en het
achterste deel wordt bijgetrokken. De proeven in hoofstuk 6 laten zien dat de eo
problemen heeft met het bijtrekken van haar achterste. Alleen als de eo de goede
stimulator “ruikt” dan kan hij haar achterste bijtrekken en verder vooruit komen.
Serum (=bloed met alle cellen en stollingsprodukten daaruit verwijderd) bleek een
goede stimulator te zijn. Serum kon zowel de voorkant naar voren laten gaan en de
achterkant bij laten trekken. Eotaxine daartegenover kon wel de voorkant van de eo in
beweging zetten maar kon niet de achterkant laten bijtrekken wat resulteerde in een
langgerekte cel die niet vooruit kwam. Vervolgens is laten zien dat een molecuul in de
cel, RhoA genoemd, belangrijk is voor het bijtrekken van de achterkant. Inderdaad,
serum kon RhoA langdurig aktiveren maar eotaxine kon het slechts kort aktiveren wat
overeenkomt met de discrepantie tussen serum en eotaxine in het kruipgedrag.
Additioneel bewijs dat RhoA belangrijk is voor het bijtrekken van de achterkant komt uit
de proeven waarin een aktief RhoA eiwit in de eo werd gebracht. Nu konden eo’s

opeens wel hun achterste bijtrekken in de aanwezigheid van eotaxine.

Conclusies:

Eo’s rollen over E-selectine en kunnen ook hun a4 integrine gebruiken voor de
eerste hechting aan endotheelcellen.
Eo’s van astma pati€nten hebben een additief mechanisme voor het hechten namelijk
het gebruik van bloedplaatjes.
Eo’s kunnen worden gestimuleerd door IL-8 wat resulteert in hechting van de eo’s en in
het verhogen van de calcium ion concentratie in de cellen.
Verschillende aktivatoren kunnen de integrines op een eo via verschillende wegen
aktiveren.
RhoA is belangrijk voor het bijtrekken van het achterste deel van de cel.

Interfereren met hechting: een middel om
astma te verhelpen?

De blokkade van hechtingsmoleculen op eo’s door antilichamen wordt als een
mogelijke nieuwe therapie beschouwd. De grootste vraag is: Welk hechtingsmolecuul
kun je het beste blokkeren? Studies (onder andere dit proefschrift) tonen aan dat
meerdere hechtingsmoleculen een rol spelen. Kandidaten zijn selectines, B, integrines
en a4 integrines. Het blokkeren van selectines lijkt een optie maar er bestaat een ziekte
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(Leukocyte Adhesion Deficiency type II, LAD II) waarbij de cellen van de patiént geen
goede receptoren voor de selectines hebben. Deze patiénten zijn erg ziek omdat witte
bloedcellen (vooral neutrofiele granulocyten) niet meer naar de plaats kunnen komen
waar b.v. een bacterie is binnen gedrongen. Het ontbreken van de selectines zelf zou tot
dezelfde verschijnselen kunnen leiden. Dit kan een reden zijn om de selectines niet
tot doel van antilichaam-therapie te maken. Het blokkeren van (3, integrines lijkt ook
een mogelijkheid. Maar ook hiervan zijn natuurlijke voorbeelden bekend dat dit niet
ongestraft gaat. Kinderen die geboren worden met Leukocyte Adhesion Deficiency type
I hebben op geen enkele cel B, integrines zitten. Dit leidt eveneens tot infecties van
allerlei organen net als bij LAD II. Blokkeren van 3, integrines in astma patiénten zou dus
kunnen leiden tot grotere neveneffecten dan het eigenlijke verhelpen van de ziekte.
Waarschijnlijk zal de beste kandidaat de a, integrine zijn. Dan blijven er voldoende
adhesiemoleculen over om het dagelijkse werk te doen: het bewaken van het lichaam
en het opruimen van bacterién. Daarnaast wordt niet alleen de eo verhinderd in de
hechting aan endotheel maar ook de lymfocyte (weer een ander type witte bloedcel).
De lymfocyte speelt namelijk ook een belangrijke rol in het ontstekingsproces van astma.
Of het blokkeren van a4 genoeg is om de eo’s buiten het longweefsel te houden, is een
interessant vraagstuk dat in de toekomst opgelost zal worden.
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