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SUMMARY

Eosinophil infiltration occurs in a variety of allergic and inflammatory diseases. The release of

preformed mediators from eosinophils may contribute to inflammatory responses. We investigated the

ability of eosinophil-derived major basic protein and eosinophil-derived neurotoxin to stimulate

production of IL-8 from intestinal myofibroblasts. Intestinal myofibroblasts (18-Co cells) were

incubated with major basic protein, eosinophil-derived neurotoxin, or a synthetic analogue of major

basic protein, poly-l-arginine. Immunoreactive IL-8 was measured by ELISA and IL-8 mRNA levels

were analysed by Northern blot or reverse transcription-polymerase chain assay. Major basic protein

induced IL-8 mRNA production and release of significant levels of IL-8 immunoreactive protein. By

contrast, eosinophil-derived neurotoxin stimulated little IL-8 release. The induction of IL-8 mRNA by

poly-l-arginine was significantly inhibited by actinomycin D. These findings demonstrate a novel

interaction between eosinophils and intestinal fibroblasts that may be involved in the pathogenesis of

diseases associated with tissue eosinophilia.
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INTRODUCTION

Eosinophils normally reside in tissues with mucosal surfaces such

as the gastrointestinal tract. A variety of inflammatory and allergic

diseases, including inflammatory bowel disease (IBD), parasitic

infections, eosinophilic gastroenteritis, asthma, atopic dermatitis,

and allergic rhinitis are associated with increases in the number of

eosinophils within affected tissues [1,2]. While the histopatholo-

gical patterns of eosinophil infiltration in these conditions have

been well characterized, the precise contribution of the eosinophil

in these diseases is uncertain.

Eosinophils contain a wide variety of biologically active

mediators including the granule-associated preformed mediators,

major basic protein (MBP) and eosinophil-derived neurotoxin

(EDN). Despite the fact that MBP and EDN are both located

within the eosinophil secondary granule, these proteins have

important structural and functional differences. MBP is a 14-kD

polypeptide that is localized within the central core of the

secondary granule. It possesses an isoelectric point of 10´9. MBP

exhibits cytotoxic properties, such as the ability to kill Schisto-

somes. MBP also has multiple non-cytolytic actions, including the

selective ability to induce histamine release from human basophils

and mast cells; stimulate tumour necrosis factor-alpha (TNF-a )

release from murine mast cells; stimulate the release of platelet-

derived serotonin; induce neutrophil chemiluminescence; stimu-

late IL-8 release from neutrophils and eosinophils; and generate

neutrophil superoxide anion production [3±7]. By contrast, EDN

is an 18-kD protein that is found in the granule matrix and nuclear

membrane. It has an isoelectric point of 8´9. EDN is a weak

helminthotoxin, but possesses other potent biologic properties

including neurotoxicity and RNase activity [8].

Eosinophils lie juxtaposed to immune, endothelial, and

epithelial cells in the gastrointestinal (GI) tract. As well,

eosinophils are in close anatomic proximity to the supportive

matrix of the GI tract, including interstitial fibroblasts. A growing

literature supports the concept that fibroblasts not only function as

passive structural cells, but may also actively participate in

immune and inflammatory responses. For example, fibroblasts can

produce a variety of immunomodulatory and proinflammatory

cytokines such as IL-8 and granulocyte-macrophage colony-

stimulating factor (GM-CSF) [9,10]. Furthermore, eosinophils and

mediators produced by eosinophils influence fibroblast cytokine

production and function. Respiratory tract fibroblasts exposed to

eosinophil granule MBP produce IL-6 and IL-11, and co-culture

of eosinophils and fibroblasts increase fibroblast proliferation and
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stimulate glycosaminogylcan degradation [11±15]. These studies

suggest that interactions between eosinophils and fibroblasts may

have important functional consequences that contribute to the

pathogenesis of inflammatory reactions. In this regard, the

proinflammatory chemokine IL-8 may be particularly important

in intestinal inflammation. IL-8 is a member of the C-X-C

chemokine family that acts primarily on the neutrophil as an

activator and chemoattractant. Neutrophil infiltration is a patholo-

gical hallmark of IBD and increased IL-8 is seen in this condition

[16].

We initiated these studies to determine whether eosinophil-

derived granule proteins influence IL-8 production from fibro-

blasts of intestinal origin. We report that MBP, but not EDN, can

stimulate the release of IL-8 from the intestinal myofibroblasts

cell line, 18-Co.

MATERIALS AND METHODS

Cells

18-Co intestinal myofibroblasts were purchased and studied

between passages 5 and 12 (American Type Cell Culture CRL-

1459, Manassas, VA) [17]. Primary cell fibroblast cultures were

established from neonatal foreskin by a previously described

explant technique and studied between passages 4 and 8 [18].

Fibroblasts were grown to near confluence, washed twice with

serum-free medium, and incubated with either TNF-a , poly-l-

arginine (PA), eosinophil granule protein (MBP or EDN), serum-

free medium with vehicle buffer (control) or serum-free media.

Supernatants were harvested at different intervals (30 min to 24 h)

and immunoreactive IL-8 protein was measured in duplicate or

triplicate by ELISA analysis (Endogen, Woburn, MA).

Isolation of human eosinophils

Human eosinophils were collected from whole blood from healthy

and hypereosinophilic donors in the Clinical Research Center at

the Beth Israel Deaconess Medical Center as described previously

[3]. After centrifugation, the buffy coat was collected and

separated by density centrifugation on Ficoll±Paque (Pharmacia,

Piscataway, NJ). Erythrocytes in the cell pellet were lysed in

NH4Cl erythrocyte lysis buffer and the remaining cells washed

twice in PBS with 2% fetal bovine serum (FBS). Granulocytes

were resuspended in PBS with 2% FBS and an aliquot stained

with Randolph's stain and counted. Eosinophils were then isolated

by negative selection using the MACS system [19]. The

granulocytes were incubated with CD16 antibodies conjugated

to magnetic particles (50 m l of particles per 5 � 107 cells) for

30 min at 68C with gentle mixing every 5 min. CD16 is expressed

on neutrophils but not eosinophils. After incubation, the cells were

passed through a Miltenyi MACS column in a magnetic field and

unlabelled eosinophils were collected below. An aliquot of the

collected cells was stained with Randolph's stain. Using this

approach, eosinophil preparations of . 98% purity were routinely

obtained.

Purification of eosinophil granule proteins

Eosinophil-derived granule proteins were isolated as previously

described [3]. Briefly, eosinophils were washed with ice-cold

0´25 m sucrose and resuspended in the same medium. Cell

membranes were disrupted by vigorous pipetting through a narrow

bore pipette. Cell lysates were centrifuged at 600 g to remove cell

debris and unbroken cells and at 13 000 g for 20 min to pellet the

granules. Eosinophil granules were lysed in 10 mm HCl and

sonicated. Granule lysates were centrifuged at 40 000 g and the

resulting supernatant was fractionated on a Sephadex G-50

12 � 100 cm column equilibrated with 0´025 m acetate buffer

pH 4´3, containing 0´15 m NaCl. Acetate buffer was harvested for

vehicle control conditions. Eosinophil granule proteins were

identified by their distinctive chromatographic elution profile

from the G-50 column. The third protein peak yields fractions

containing pure MBP. The purity of protein isolation was

determined by SDS±PAGE gel and distinctive bands for the

recently described MBP homologue were not identified [20]. The

concentration of MBP was determined by spectrophotometric

absorbance at 277 nm with an extinction coefficient of 26´3 and

EDN at 280 nm with a extinction coefficient of 15´5. The identity

of each protein was confirmed by radioimmunoassay or Western

blot analysis.

Lactate dehydrogenase assay

The time point for protein harvest was 24 h and we therefore

utilized lactate dehydrogenase (LDH) assays as an assessment of

cell viability [21,22]. Supernatants from each cell condition,

stimulated and unstimulated, were assayed for their LDH content.

Cell supernatant (50 m l) was mixed with 100 m l of 2 mm NADH2

and 750 m l of 100 mm phosphate buffer, followed by 100 m l of

sodium pyruvate. The decrement of absorbance measured at

334 nm was measured for 3 min and the percentage of LDH

release from unstimulated cells was compared with stimulated and

Triton X-100-treated cells.

Northern blot analysis of IL-8 mRNA expression

18-Co myofibroblasts were stimulated by PA as defined above, in

the presence and absence of the transcriptional inhibitor

actinomycin D (10 ng/ml). RNA was isolated and Northern blot

analysis performed. RNA from 18-Co myofibroblasts stimulated

by PA or MBP for varying times or unstimulated cells was

isolated by the guanidine method (Ultraspec, Houston, TX). Total

RNA (10 mg) was electrophoresed in a 1% agarose gel and was

transferred to nitrocellulose membranes. Blots were hybridized

with a 32P-labelled cDNA probe for human IL-8. The IL-8 probe

was constructed as previously described [23]. A cDNA probe for

chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

mRNA was used to determine RNA loading equivalence.

Reverse transcription-polymerase chain reaction determination

of IL-8 mRNA expression

Total RNA (1 mg) was reverse transcribed to cDNA using

Moloney murine leukaemia virus reverse transcriptase. The

mixture (10 m l) was amplified with 0´4 mm of IL-8 primers

(Clontech, Palo Alto, CA), 1� PCR reaction buffer, 0´8 mm

dNTPs, and 2 U of Thermus aquaticus DNA polymerase (Perkin

Elmer Cetus) using a DNA thermal cycler (Perkin Elmer, Forest

City, CA). The cycle parameters for polymerase chain reaction

(PCR) were as follows: 958C for 30 s, 558C for 1 min, 728C for

2 min for 35 cycles and 728C for 8 min. Products were visualized

in a 1´5% TAE agarose gel. Specificity for primer pairs was

confirmed by Southern blot analysis using an oligonucleotide

probe internal to the primer sequences for IL-8 [23].
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RESULTS

Recombinant human TNF-a stimulates IL-8 protein release

from human intestinal myofibroblasts

We first established whether intestinal 18-Co myofibroblasts have

the capacity to produce IL-8. TNF-a is a potent agonist for the

production of IL-8 in multiple cell types. We therefore determined

the response of 18-Co intestinal myofibroblasts to recombinant

human (rh)TNF-a . rhTNF-a at concentrations of 10 ng/ml and

100 ng/ml induced little or no IL-8 production from 18-Co

myofibroblasts after 30 or 90 min (data not shown). However,

significant levels of IL-8 protein were seen after 24 h in rhTNF-a -

stimulated compared with medium stimulated cells (Fig. 1). Thus,

18-Co intestinal myofibroblasts have the capacity to produce IL-8.

Eosinophil-derived granule MBP, but not eosinophil-derived

neurotoxin, stimulates IL-8 protein production

We next determined the effect of the eosinophil-derived granule

cationic proteins MBP and EDN on the production of IL-8 mRNA

and protein from 18-Co intestinal myofibroblasts. MBP (1026 m)

stimulated significant release of IL-8 immunoreactive protein at

24 h compared with buffer-stimulated (control) cells (Fig. 2). By

contrast, a similar concentration of EDN had no significant impact

on IL-8 production after 24 h incubation (Fig. 2). Neither MBP

nor EDN at the concentrations examined had a significant

influence on cell viability compared with unstimulated cells as

determined by measurements of LDH release (data not shown).

The concentration of MBP examined has been previously shown

to stimulate cytokine production without altering cell viability [3].

We also determined the effect of MBP on cutaneous fibroblasts;

MBP induced a four-fold increase in the level of IL-8 protein

compared with buffer-stimulated cells (Fig. 3).

We next examined whether MBP induced an increase in IL-8

mRNA levels in intestinal myofibroblasts. We first determined

IL-8 mRNA levels by reverse transcription (RT)-PCR and

Southern blot analysis with normalization of IL-8 mRNA levels

to housekeeping gene GAPDH. Using this approach, IL-8 mRNA

levels were virtually undetectable in buffer-stimulated 18-Co

cells. By contrast, myofibroblasts stimulated with MBP exhibited

an increase in IL-8 mRNA levels after 3 h (Fig. 4).

Poly-l-arginine induces IL-8 production in intestinal

myofibroblasts

MBP is a highly charged cationic protein of which no commercial

source is available. Several studies suggest that the mechanism of

action of MBP on target cells is related to its high net positive

charge [15,24]. We therefore examined the effect of PA, a

synthetic `analogue' of MBP that is similarly charged, on IL-8

production from intestinal 18-Co cells. PA (1026 m) induced a
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Fig. 1. Recombinant human tumour necrosis factor-alpha (rhTNF-a)

stimulates IL-8 release from intestinal myofibroblasts. 18-Co human

intestinal myofibroblasts were incubated with different concentrations of

rhTNF-a or medium alone for 24 h. Supernatants were collected and

analysed in triplicate for immunoreactive IL-8 protein by ELISA.

*P , 0´05 compared with medium alone by Student's t-test. Similar

results were obtained in a repeat experiment.
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Fig. 2. Major basic protein (MBP), but not eosinophil-derived neurotoxin

(EDN), stimulates IL-8 release from human intestinal myofibroblasts. 18-

Co human intestinal fibroblasts were incubated with MBP 1026 m, EDN

1026 m, or buffer (control) for 24 h. Supernatants were collected and

analysed in triplicate for immunoreactive IL-8 protein by ELISA.

*P , 0´01 compared with buffer-stimulated cells by Student's t-test.

Similar experiments were obtained in a repeat experiment.
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Fig. 3. Major basic protein (MBP) stimulates IL-8 protein release from

foreskin fibroblasts. Primary cultures of human foreskin fibroblasts were

grown to confluence and incubated with MBP (1026 m), buffer 1 medium,

or medium alone for 24 h. Supernatants were collected and analysed in

duplicate for immunoreactive IL-8 by ELISA. **P , 0´05 compared with

buffer-stimulated cells by Student's t-test.
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significant increase in IL-8 immunoreactive protein (Fig. 5) and

IL-8 mRNA by Northern blot analysis (Fig. 6). The stimulation of

18-Co cells with PA resulted in IL-8 mRNA accumulation at 3, 6,

12 and 24 h and maximal IL-8 protein levels were seen at 12 h.

PA had no significant effect on cell viability compared with

unstimulated controls (data not shown).

We next determined whether PA-induced IL-8 production

was transcriptionally regulated using actinomycin D, a specific

inhibitor of RNAP II. Actinomycin D treatment significantly

diminished PA-induced IL-8 mRNA accumulation in 18-Co

myofibroblasts (Fig. 6) ,suggesting that PA initiates new IL-8

gene transcription.

DISCUSSION

Eosinophils are normally present in the GI tract [25] and increase

during certain allergic and inflammatory conditions, suggesting

roles in both health and disease. Increased eosinophils have been

observed in association with IBD, oesophagitis, eosinophilic

gastroenteritis, food hypersensitivity reactions, asthma, and

parasitic disease [26±31]. Others have demonstrated extracellular

deposition of MBP in atopic dermatitis, ulcerative colitis,

eosinophilic gastroenteritis and coeliac disease [26,28,29,32,33].

Increased quantities of MBP have been found in the stool effluents

from patients affected with Crohn's colitis and in bronchial

lavages of patients with asthma [34±36]. Taken together, these

studies suggest that eosinophils and components of the cytoplas-

mic granules of eosinophils, such as MBP, may be involved in

inflammatory responses.

The current study demonstrates that eosinophil-derived

granule protein MBP can induce IL-8 protein production from

human intestinal myofibroblasts and, albeit to a lesser degree,

from primary cultures of dermal fibroblasts. The over 10-fold

difference in IL-8 protein seen between the two stimulated

fibroblasts probably represents heterogeneity between fibroblasts,

i.e. intestinal fibroblasts may be more susceptible to the effects of

MBP compared with skin fibroblasts. Whether this is due to

differences in local microenvironments or differences in yet

unidentified MBP receptors on the surface of the fibroblast is not

known. We found that poly-l-arginine, a synthetic analogue of

MBP, also induced IL-8 gene transcription and protein release

from 18-Co myofibroblasts, suggesting that at least part of the

action of MBP may be related to its cationic charge. We also show

that, in these experimental conditions, EDN did not stimulate

significant IL-8 protein release. These findings suggest that MBP,

but not EDN, induces synthesis of a potent chemokine associated

with neutrophil recruitment and activation.

Eosinophils reside in the lamina propria of the intestinal

mucosa in close proximity to fibroblasts. Previous evidence

suggests that this anatomic relationship could facilitate inter-

actions between the two cell types. For example, the co-culture of

eosinophils with fibroblasts in the presence of IL-5 induced a

phenotypic change in eosinophils from normodense to hypodense

and increased cytotoxicity of eosinophils toward Schistosomae

[14]. As well, eosinophils can modulate fibroblast function.

Studies have demonstrated that eosinophils stimulate fibroblast

proliferation and induce production of IL-6 and transforming

growth factor-beta (TGF-b ) [15,37,38]. These studies and ours

demonstrate that communication between eosinophils and fibro-

blasts occurs in vitro, but the exact nature of the interactions

between these cells in vivo is still not clear.

The precise concentration of extracellular MBP in affected

tissues during inflammation is not known, but the intimate

juxtaposition of eosinophils and fibroblasts and the increased

numbers of eosinophils in inflammatory conditions make it likely

that MBP reaches increased concentrations in local microenviron-

ments. The concentration examined here corresponds to that used

in other in vitro studies examining MBP functions and correlates

to those found in other inflamed tissue sites [39,40].

Further studies will be necessary to elucidate fully the

mechanism(s) involved in MBP-induced IL-8 production by

intestinal fibroblasts, but our findings suggest that the cationic

charge of MBP may contribute to this effect. Numerous studies

have used poly-l-arginine as a synthetic `analogue' of MBP,

because 14% of MBP's amino acid sequence comprises arginine

residues [41,42]. The ability of PA to stimulate myofibroblast
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Fig. 5. Poly-l-arginine (PA) stimulates IL-8 release from intestinal

myofibroblasts. 18-Co human intestinal fibroblasts were incubated with

PA at 1026 m (B) or medium alone (A) for 24 h. Supernatants were

collected at different times and analysed in triplicate for immunoreactive

IL-8 protein by ELISA. ***P , 0´05 compared with cells in medium

alone by Student's t-test. Similar results were obtained in two repeat

experiments.
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Fig. 4. Major basic protein (MBP) induces IL-8 mRNA levels in human

intestinal myofibroblasts. 18-Co human intestinal fibroblasts were

incubated for 3 h with MBP (1026 m) or medium alone. Total RNA was

isolated and reverse transcription-polymerase chain reaction performed

using primers specific for human IL-8. Southern blot analysis was

performed with a 32P-labelled IL-8 cDNA probe. Blots were stripped and

re-probed with a chicken glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) cDNA probe to assess RNA loading.
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release of IL-8 protein and mRNA accumulation suggests a role

for surface charge in mediating IL-8 production by intestinal

myofibroblasts. In other systems, the effects of PA and MBP can

be blocked by anionic molecules, such as heparin and polyacidic

amino acids, suggesting that the cationic nature of eosinophil-

derived granule proteins, at least in part, confers biological

activity, probably through interactions with negatively charged

lipid membrane [15,43,44]. However, the quantity of IL-8 protein

released after PA stimulation was less than native MBP, and the

kinetics differed, suggesting that charge alone is not the only

factor conferring MBP's activity. The specificity of the response

raises the question of whether a specific MBP receptor-mediated

signalling pathway is involved. Although a receptor has not yet

been identified, a recent study by Thomas et al. shows that the

action of MBP involves activation of an NADPH oxidase complex

through a tyrosine kinase-, and calmodulin-dependent pathway

[45].

Our results show that eosinophil granule MBP stimulates

human intestinal myofibroblast and dermal fibroblast IL-8

production. This action of MBP suggests a novel mechanism that

may participate in the recruitment of neutrophils during intestinal

and dermal inflammation. We speculate that this interaction

between eosinophils and fibroblasts participates in the initiation

and/or perpetuation of the inflammatory process through the

recruitment of neutrophils.
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