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The association between eosinophilia and asthma
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The SNARE hypothesis, describing a protein as-
embly–disassembly pathway, was recently proposed
or the sequential steps of synaptic vesicle docking,
ctivation, and fusion. To determine if SNARE pro-
eins are involved in regulated exocytosis in eosino-
hils, the presence and functional role of SNAREs was
xamined in human blood eosinophils. Immunoblot-
ing, subcellular fractionation, and immunocytochem-
stry documented that vesicle-associated membrane
rotein-2 (VAMP-2), a vesicle-SNARE, was expressed

n human eosinophils. Syntaxin 4 and SNAP-25 were
lso detected. Sequencing of cloned RT-PCR products
mplified from a domain conserved among VAMP iso-
orms revealed identity only to VAMP-2 but not to
AMP-1 or cellubrevin. Functional experiments re-
ealed that tetanus toxin pretreatment, which cleaved
AMP-2 in eosinophils, significantly inhibited both

gE receptor- and phorbol ester-mediated exocytosis
f eosinophil cationic protein (ECP) from streptoly-
in-O-permeabilized eosinophils. Thus, these results
trongly suggest a critical role of SNAREs in regulated
xocytosis in eosinophils. © 2001 Academic Press

Key Words: human; eosinophils; regulated exocyto-
is; allergy; cell activation; Fc receptors.

Abbreviations used: SNARE, soluble NSF attachment protein re-
eptor; VAMP, vesicle-associated membrane protein; TeTx, tetanus
oxin; FceRI, high affinity receptor for IgE.
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as observed shortly after eosinophils were first de-
cribed, and it is well known that eosinophils are pre-
ominant among the cells involved in the inflamma-
ory response to parasites (1), in asthma (2) and in
llergic rhinitis (3). It is well established that eosino-
hils release toxic proteins and other mediators that
re important contributors to the pathogenesis in al-
ergic diseases. Regulated membrane trafficking and
xocytosis play a vital role in intercellular signalling
nd release of mediators by cells of the immune sys-
em. However, the molecular apparatus involved in
egulated exocytosis in immunocompetent cells, in-
luding eosinophils, is currently unknown. Neurons
elease neurotransmitters at synapses via a highly reg-
lated process involving the fusion of synaptic vesicles
ith the presynaptic plasma membrane (4, 5). Sub-

tantial evidence supports the view that the sequential
teps of synaptic vesicle docking, activation and fusion
nvolve vesicle-targeting receptors as described in the
NARE hypothesis (6). Although the distribution of
-SNARE to vesicular membrane and t-SNARE to tar-
et membrane appears to be less specific than origi-
ally proposed, the assembly of vesicle (v-SNARE) and
arget-localized (t-SNARE) SNARE proteins is neces-
ary and sufficient critical for the docking and fusion of
ransport vesicles to target membranes (4, 7). In the
ase of synaptic vesicle exocytosis, synaptobrevin/
AMP is a v-SNARE, and syntaxins and SNAP25/23
re t-SNAREs. Multiple mammalian isoforms of
-SNAREs and t-SNAREs have been identified and
equenced (8). VAMP-1 and -2 were first identified as
ynaptic vesicle proteins, and their functional charac-
erization has been restricted to the nervous system.
owever, several recent papers have identified
AMP-2 in cells and tissues outside the central ner-
ous system (9–11) and in some instances exocytosis or
ranslocation of vesicular markers to the cell surface
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omponents (12–20). Here, compelling evidence is pre-
ented for the essential role of SNARE proteins in
egulated exocytosis of ECP from human eosinophils.

ATERIALS AND METHODS

Donors. All donors met the American Thoracic Society definition
f asthma (21) or the international consensus on the diagnosis of
hinitis (22). Human blood eosinophils were purified (.98% purity)
rom allergic donors as described (23).

Preparation of rat brain extracts. Whole rat brains (250-g Wistar
ats) were homogenized in dissecting buffer (0.3 M sucrose, 25 mM
midazole, 1 mM EDTA, pH 7.2, 8.5 mM leupeptin, 1 mM PMSF) (13).
he homogenate was centrifuged at 4000g for 15 min at 4°C. The
ellet was rehomogenized and recentrifuged to increase yields. The
ellets were resuspended in dissecting buffer and assayed for protein
oncentration by Lowry’s method. Synaptic vesicles were prepared
y gradient centrifugation as described (24).

Molecular biology. RNA (1 mg), prepared from 2 3 107 eosinophils
as reverse transcribed with Expand RT (Boehringer Mannheim)
nd a T17 primer. The cDNA was amplified with primers for VAMP
nd human b-actin as a positive control (30 cycles). The PCR product
or VAMP was cloned into pBluescript II SK1. Independent clones
ere sequenced in both directions.

Gradient centrifugation. Purified eosinophils (3 3 106 cells/ml)
rom normal individuals were suspended in HBSS with 0.1% HSA
nd 0.11% Ca21 were incubated for 20 min at 37°C, and were diluted
y adding ice cold PBS. The cells were centrifuged and resuspended
n 2 ml 6% sucrose in 10 mM Pipes, pH 7.4 and after 15 min on ice
isrupted by ultrasound. The intact cells and nuclei were pelleted by
entrifugation (5 min, 4°C, 1000g). The post-nuclear supernatant
as layered on top of a sucrose gradient (60, 55, 46, 43, 37, 34, 32, 30,
5, 20% (w/w) in 10 mM Pipes, pH 7.4). The sucrose gradients were
entrifuged over night at 4°C, at 25,000 rpm in an SW 28,1 rotor
Beckman Instruments, Inc., CA). Fractions (425 ml) were collected
rom top of the tube. Sucrose density in fractions was determined by
stimation of the refractive index.

Immunohistochemistry. Cryosections (0.8–1 mm) of purified hu-
an eosinophils fixed with 4% paraformaldehyde in 0.1 M cacodylate

uffer (pH 7.2–7.4) were subjected to immunolabeling using affinity
urified anti-VAMP-2 antibody or serum as described previously
13). The label was visualized using secondary antibodies conjugated
o alkaline phosphatase.

Cell biology. Purified eosinophils (5 3 105 cells/200 ml) were
ncubated overnight on fibronectin-coated plates (fibronectin had
reviously been shown to up-regulate functional FceRI on eosino-
hils (data not shown)). Prior to stimulation, all cells were perme-
bilized with streptolysin-O (50 units/ml, Life Technologies) in RPMI
GIBCO) for 20 min at 37°C and 5% CO2. The eosinophils were then
re-treated by incubation with TeTx light chain for 30 min, centri-
uged and washed in RPMI. Degranulation was induced by incuba-
ion for 2 h with medium (Fig. 3B, lanes labelled medium), with 5
g/ml IgE (from the cell line U266) and stimulation with anti-IgE (50
g/ml rabbit anti-human antibody, Dako, Denmark) for 3 h (lanes

abeled IgE/a-IgE) and PMA (1028 M, Sigma, U.S.A.) for 3 h (lanes
abelled PMA). ECP concentration was measured by specific RIA
Pharmacia Upjohn, Uppsala, Sweden).

TeTx light chains were concentrated by ultracentrifugation
Centricon-3 concentrators; Amicon, Inc., Beverly, MA) before use.
rotein concentrations were determined by Bradford’s assay. The
atch of toxin samples used in the present study contained 16 mM
eTx light chain, 100 mM NaCl, 10 mM Hepes pH 7.6, 15 mM
aPO4, 0.5 mM PMSF, 40 mM imidazole, 1 mM EDTA and 1 mM
TT. Purified TeTx light chain was activated by addition of DTT to
195
re recharged. The toxin was then incubated at room temperature
or 1 h to reduce disulfide bonds. TeTx light chain was added to crude
ell lysates or brain vesicles in 100 mM NaCl, 20 mM HEPES, pH 7.4
nd 1.0% Triton X-100. The samples were incubated for 1 h at 37°C
nd the reaction was stopped by adding 53 SDS sample buffer.
urified Clostridium tetanus toxin (lot 60) was kindly provided by
tatens Seruminstitut (Copenhagen, Denmark) and recombinant
etanus toxin light chain was prepared as described previously (13).
oth toxins gave similar results.

ESULTS AND DISCUSSION

Human eosinophils express VAMP-2. To examine
he molecular apparatus involved in eosinophil degran-
lation, we have tested whether human eosinophils
xpress VAMP proteins as key components of the
NARE complex. Whole cell lysates of human periph-
ral blood eosinophils from 10 allergic donors were
nalysed by Western blotting. Figure 1A illustrates
hat the anti-VAMP-2 antibody recognized a mole-
ule of approximately 18 kD which comigrated with
AMP-2 from rat brain extracts. Other components of

he SNARE complex were detected by western blotting
SNAP-25) and by flow cytometry (syntaxin 4, SNAP
3/25; data not shown). Anti-VAMP-1 antibodies did
ot detect any VAMP-1 expression in eosinophils.
To further document that eosinophils express
AMP-2, we amplified, cloned and sequenced VAMP-2

rom eosinophils using primers corresponding to the
ost conserved domain of the VAMP family of proteins

sing standard techniques. The results revealed com-
lete identity of the sequence in eosinophils with that
f human neuron VAMP-2 (Fig. 1B). This supports the
ypothesis that eosinophils use the same SNARE pro-
eins for regulated exocytosis that are described in
eurons.

VAMP-2 is associated with secretory vesicles of
uman eosinophils. Next we investigated the sub-
ellular localization of VAMP-2 in eosinophils by
ubcellular fractionation and immunocytochemistry of
nstimulated normal eosinophils. By subcellular frac-
ionation of blood eosinophils on sucrose gradients we
ound VAMP-2 and ECP in the light fractions 2 and 5
hat also contain albumin (Fig. 2A). Albumin is a
arker for a rapidly mobilisable pool of secretory ves-

cles of granulocytes that also contain CD11b and cy-
ochrome b558 (25). ECP was found in all tested frac-
ions, with the highest levels detected in fractions,
hich contained the secretory eosinophil granules.
nly about 2% of the total cellular content of ECP was

ound in fractions that also contained VAMP-2. It is
resently unclear whether this surprisingly small frac-
ion is due to a very dynamic process of regulated
xocytosis that is preceded by transport of ECP to
ecretory vesicles, or whether presently uncharacter-
sed SNARE proteins participate in regulated exocyto-
is of ECP. Consistent with the subcellular fraction-
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tions anti-VAMP-2 antiserum primarily labelled
esicles, but not granules, of eosinophils by immuno-
ytochemistry using semithin cryosections of purified
ells (Fig. 2B, a–d). Immunolabeling controls were neg-
tive (Fig. 2B, e).

Cleavage of VAMP-2 significantly reduces degranu-
ation by eosinophils. Tetanus toxin exerts its effect
y cleaving VAMP-2 in neuronal synapses, and puri-
ed or recombinant forms of the toxin have been used
idely to document a role of SNAREs in regulated
xocytosis in cell types (12–20). As shown in Fig. 3A
reatment with TeTx light chain efficiently degraded
oth synaptic vesicle and eosinophil VAMP-2 protein.
To determine whether this cleavage of VAMP-2 could
odify regulated exocytosis in eosinophils, TeTx was

FIG. 1. Expression of VAMP-2 protein in eosinophil homogen
esicle-associated membrane protein-2 (VAMP-2), a vesicle-SNARE,
ng 18-kDa VAMP-2 band from brain synaptic vesicles. The negative
ell lysates from two donors (lanes 1 and 2) and purified synaptic vesi
nd developed with the ECL system (Amersham International, UK).
mmunoblot with eosinophil cell lysates (lane 1) and brain synaptic v
AMP-2 from eosinophils and brain are identical. The sequence of th

dentical to bases 82–283 of the coding sequence of VAMP-2 (Genban
he primers used to amplify VAMP-2 from eosinophil RNA are print
196
ntroduced into streptolysin-O-permeabilized, eosino-
hils before stimulating them with medium, IgE/anti-
gE or phorbol 12-myristate 13-acetate (PMA). PMA
ediates cellular activation through protein kinase C

26), and IgE/anti-IgE is a specific stimulus known to
licit degranulation of ECP by eosinophils (27), and
ay cause deposition of ECP in the bronchi. Deposition

f eosinophil granule proteins is thought to be a pri-
ary cause of the pathological airway remodelling ob-

erved in asthma (28). As shown in Fig. 3B, pretreat-
ent of eosinophils with TeTx markedly inhibited

elease of ECP from eosinophils following stimulation
ith either IgE/anti-IgE (.80% inhibition) or PMA

.90% inhibition) when compared to permeabilized
ells not treated with toxin. In control experiments

s and brain synaptic vesicles. (A) Immunoblotting reveals that
xpressed in human eosinophils and comigrates with the correspond-
trol using preimmune serum was blank. Western blots of eosinophil
(lane 3) were probed with an anti-VAMP-2 polyclonal antibody (12)
bar indicates a molecular weight of 18 kD. Immunolabeling control:

cles (lane 2) probed with preimmune serum. (B) cDNA sequences of
nserved PCR fragment cloned from RT-PCR of eosinophil RNA was
ccession No. M36201). The conserved sequence is in bold print, and
below the sequence.
ate
is e
con
cles
The
esi
e co
k A
ed
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FIG. 2. Subcellular identification of VAMP-2 in human eosinophils. (A) VAMP-2 and eosinophil cationic protein are found in fractions 2 and
of a sucrose gradient of human eosinophils on a Western blot. VAMP-2 was only found in factions 2 and 5, whereas ECP was found in all fractions,
ith highest abundance in the eosinophil granules in fractions 29–33. ECP concentration per million cells (stippled line) was measured by specific
IA (Pharmacia Upjohn, Uppsala, Sweden). Total albumin content (solid line) was determined by RIA. In fractions 21 to 40, the albumin
oncentration was below the detection limit. Western blotting was performed as described (13) with anti-VAMP-2 antibody and with EG1 to detect
CP. (B) Detection of VAMP-2 in eosinophils by immunocytochemistry (13, 29): Cryosections were labeled with antibodies to VAMP-2 using serum

a and b), affinity-purified antibodies (c and d) or pre-immune serum (e). Arrows indicate VAMP-2 labeled vesicular structures beneath the plasma
embrane present in most cells probed with anti-VAMP-2. Large granules were generally unlabeled. Magnification is 11003.



h
(
t
e
r
w
S
f

Presence of v- and t-SNAREs was recently shown to
b
(
i
o
g
n
S
r
n
(
i
r
a

A

t
s
T
s
g
s
A
H

R

1

1

1

1

1

l
o
t
(
e
V
V
p
a
s
e
T
E
a
s
r

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
eat-inactivated TeTx did not inhibit degranulation
not shown). Thus TeTx degraded VAMP-2 identified in
otal eosinophil extracts, and significantly inhibited
xocytosis of ECP following stimulation through IgE
eceptors or activation of the protein kinase C path-
ay. This strongly suggests that VAMP-2, and hence
NAREs, play important roles in exocytosis of ECP

ollowing these stimuli.

FIG. 3. TeTx light chain cleaves VAMP-2 and inhibits ECP re-
ease from eosinophils. (A) TeTx degrades VAMP-2 in human eosin-
phil lysates (Eos) and rat brain vesicles (Brain). The negative con-
rol with preimmune serum was blank. Crude eosinophil lysates
Eos) and membrane fractions from brain (Brain) were divided into
qual fractions and analyzed by Western blotting with the anti-
AMP-2 antibody (13), which revealed that tetanus toxin degraded
AMP-2 in both eosinophil lysates and vesicular controls. (B) TeTx
retreatment inhibits eosinophil degranulation mediated by high
ffinity IgE receptor (FceRI) stimulation or directly by phorbol ester
timulation (PMA). To study the functional relevance of VAMP-2 in
osinophils, permeabilized cells were pretreated with recombinant
eTx light chain (or TeTx, not shown) and the regulated release of
CP was measured in response to stimulation with medium, IgE/
nti-IgE or PMA. The average of two independent experiments is
hown; black bars represent samples treated with TeTx, white bars
epresent untreated samples.
198
e both necessary and sufficient for membrane fusion
7). Here, the v-SNARE VAMP-2 is shown to be present
n human eosinophils and functional evidence for a role
f SNARE components is provided in eosinophil de-
ranulation induced by both IgE and the protein ki-
ase C pathway. This supports the notion that the
NARE hypothesis describes a general mechanism for
egulated exocytosis, which is not only found in neuro-
al cells but also in cells outside the nervous systems
12–20) including the immune system. The molecular
nteractions resulting from these stimuli that lead to
egulated exocytosis at the eosinophil cell membrane
re currently being investigated.
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