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Abstract

By in situ hybridization, 44-100% of the blood eosinophils
from five patients with hypereosinophilia and four normal sub-
jects exhibited intense hybridization signals for TNF-a mRNA.
TNF-a protein was detectable by immunohistochemistry in
blood eosinophils of hypereosinophilic subjects, and purified
blood eosinophils from three atopic donors exhibited cyclohex-
imide-inhibitable spontaneous release of TNF-a in vitro. Many
blood eosinophils (39-91%) from hypereosinophilic donors ex-
hibited intense labeling for macrophage inflammatory protein-
la (MIP-la) mRNA, whereas eosinophils of normal donors
demonstrated only weak or undetectable hybridization signals
for MIP-la mRNA.Most tissue eosinophils infiltrating nasal
polyps were strongly positive for both TNF-a and MIP-la
mRNA. By Northern blot analysis, highly enriched blood eo-
sinophils from a patient with the idiopathic hypereosinophilic
syndrome exhibited differential expression of TNF-a and
MIP-la mRNA. These findings indicate that human eosino-
phils represent a potential source of TNF-a and MIP-la, that
levels of expression of mRNAfor both cytokines are high in the
blood eosinophils of hypereosinophilic donors and in eosino-
phils infiltrating nasal polyps, that the eosinophils of normal
subjects express higher levels of TNF-a than MIP-la mRNA,
and that eosinophils purified from the blood of atopic donors
can release TNF-a in vitro. (J. Clin. Invest. 1993. 91:2673-
2684.) Key words: chemokines * hypereosinophilia- in situ hy-
bridization * inflammation * nasal polyps

Introduction

Eosinophils are granulocytes that mature in the bone marrow,
circulate in the blood, and then enter the peripheral tissues.
Eosinophils are particularly abundant beneath mucosal epithe-
lial surfaces exposed to the external environment, such as the
respiratory and gastrointestinal tracts ( 1, 2). Several disorders
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are associated with increased numbers of circulating and/or
tissue eosinophils (3, 4), including nasal polyposis; allergic
asthma and other conditions with elements of immediate hy-
persensitivity; helminthic parasitic infections; certain neo-
plasms, connective tissue disorders, or immunodeficiency
states; and the idiopathic hypereosinophilic syndrome (HES).'
HEScomprises a heterogeneous group of disorders character-
ized by persistent blood eosinophilia of undefined etiology and
the development of tissue infiltrates of eosinophils associated
with dysfunction of the involved organs (4, 5). Eosinophils in
the blood and tissues of patients with HESand other condi-
tions associated with eosinophilia usually differ in several re-
spects from the eosinophils in the blood of normal subjects,
and exhibit functional and morphologic alterations indicative
of in vivo activation. These differences include decreased cell
density, increased numbers of cytoplasmic lipid bodies, en-
hanced metabolic activity, prolonged survival in vitro, and
increased cytotoxicity against parasites and other target
cells ( 1-4).

In eosinophil-related disorders, including allergic and para-
sitic diseases and HES, eosinophils can promote inflammation
through the release of a variety of pro-inflammatory mediators.
These eosinophil-derived mediators include several distinct
preformed cationic proteins located within cytoplasmic gran-
ules, and specific eicosanoids (2, 6). The recent discovery that
eosinophils represent a potential source of several cytokines
has suggested that these cells may influence inflammatory reac-
tions and other biological responses through a broader spec-
trum of mechanisms than had previously been supposed (re-
viewed in reference 7). Del Pozo et al. (8) demonstrated that
mouse peritoneal eosinophils stimulated with lipopolysaccha-
ride (LPS) in vitro could produce IL- la mRNAand protein
product. The first cytokine to be identified in human blood
eosinophils or in eosinophils at sites of tissue pathology was
TGF-a (9, 10). TGF-a was detected by in situ hybridization in
the eosinophils infiltrating the stroma of colonic adenocarci-
nomas, oral squamous cell carcinomas, and in the blood eosin-
ophils of patients with hypereosinophilia (9). TGF-a expres-
sion has also been demonstrated in the eosinophils infiltrating
carcinogen-induced squamous cell carcinomas in hamsters
(10). Subsequently, several groups have presented evidence
that human tissue or blood eosinophils represent potential
sources of TGF-,B, ( I 1, 12), GM-CSF( 13, 14), IL-3 (14), IL-5
(15), IL-la ( 16), and IL-6 (17).

In the present study, we have determined whether human
eosinophils represent a potential source of two proinflamma-

1. Abbreviations used in this paper: GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; HES, idiopathic hypereosinophilic syndrome;
hTNFa, human TNFa; MIP, macrophage inflammatory protein.
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tory cytokines, TNF-a and macrophage inflammatory protein-
1a (MIP- 1a). Wewere interested in TNF-a because several

lines of evidence implicate this cytokine in the pathogenesis of
allergic inflammation ( 18-25). Weinvestigated MIP- la (also
designated LD78 or pAT 464) because this cytokine also ex-
hibits a number of proinflammatory effects, including the abil-
ity to induce macrophages to secrete TNF-a, IL-6, and IL- la
(26). Some of these findings have been presented in abstract
form (27).

Methods

Humancells and tissues. Westudied blood eosinophils from five eosin-
ophilic donors and four normal adult male donors, and tissue eosino-
phils present in nasal polyp tissues resected from two patients. For in
situ hybridization, unfractionated leukocytes, isolated from sodium ci-
trate anticoagulated blood after erythrocyte depletion by dextran sedi-
mentation and hypotonic lysis, as described previously ( 11), were ob-
tained from one patient with HES (on three occasions), one patient
with benign idiopathic hypereosinophila, one patient with eosinophilic
gastroenteritis, and one child with hyper-IgE syndrome. These leuko-
cytes, as well as nasal polyp tissue that had been immediately fixed in
neutral-buffered formalin following surgical polypectomy, were pro-
cessed for in situ hybridization as previously described ( 1 1). To permit
a more direct comparison of the results of this study, which assessed
expression of TNF-a or MIP- 1 a by eosinophils, and the results of our
recent study of TGF-#, expression by eosinophils (10), some of the
preparations used in the present study were additional sections of the
same specimens described in the previous study ( 11).

For Northern blots, granulocytes were isolated on two occasions
from a donor with HES, and after dextran sedimentation and depletion
of mononuclear leukocytes by sedimentation through Ficoll-Paque
(Pharmacia Fine Chemicals, Piscataway, NJ) as previously described
(28), yielded eosinophil-enriched granulocytes with 62 and 83%eosin-
ophils, and with neutrophils constituting the only other contaminating
leukocytes. For immunohistochemistry, leukocytes were obtained
from the buffy coats of blood cells of two donors with HES on two
separate dates.

Cell culture and stimulation. Freshly isolated eosinophil-enriched
granulocytes were cultured for 0, 1.5, 6, or 20 h ( 1 X 106 cells/ml) in
RPMI medium with 10% FBS either without stimulation, or in the
presence of the calcium ionophore A23187 (1 ,M) or PMAat 50
ng/ml (8 x 1O-8 M). At the indicated times, an aliquot of each culture
suspension was removed, placed in 1% melted agarose, and processed
for in situ hybridization as previously described (9). The remainder of
each culture was harvested for Northern analysis as described below.
The HL-60 cell line, originally derived from a patient with promyelo-
cytic leukemia (29), was maintained at 37°C in a humidified atmo-
sphere of 5% CO2 in air, in RPMI medium supplemented with 10%
FBS. HL-60 cells, which have been previously demonstrated to accu-
mulate TNF-a mRNAin response to stimulation with PMA(30),
were incubated (2-3 x 106 cells/ml) in the presence or absence of
PMAat 20 ng/ml (3 X 10-8 M) for 1,4, or 24 h.

Northern blot analysis. Purification of total RNAfrom eosinophil-
enriched granulocytes or HL-60 cells, and hybridization to membranes
(Nitroplus; Micron Separations Inc., Westboro, MA), were carried out
as previously described (31 ). Cells were lysed in guanidine thiocyanate
and whole cell RNAwas purified by CsCI gradient centrifugation.
RNAagarose gels were loaded with 20 Mg per lane of total RNAfrom
HL-60 cells and total RNAfrom 1 X 107 cell equivalents per lane of
eosinophil-enriched granulocytes. The molecular probes used con-
sisted of a 1.0-kb human TNF-a cDNAobtained from American Type
Culture Collection (Rockville, MD), and a 0.73-kb human MIP-la
cDNAobtained from S. Wolpe, Genetics Institute (Cambridge, MA),
both of which were separately subcloned into a p Bluescript II SK-
vector (Stratagene, La Jolla, CA). A 1.2-kb chicken GAPDHcDNA
obtained from G. Sonnenshein, Boston University Medical School

(Boston, MA) (32) was used to confirm the integrity and quantity of
RNAon the Northern blots. cDNA probes were 32P-labeled by the
random primer method as suggested by the manufacturer (Pharmacia
Fine Chemicals). As noted above, in situ hybridization was used to
identify the cellular source of cytokine mRNAin preparations used for
Northern analysis.

In situ hybridization. In situ hybridization was performed as de-
scribed (9), using conditions that avoided nonspecific binding of 35S_
labeled riboprobes to eosinophil granules and permitted specific label-
ing of eosinophil cytoplasmic mRNA. 3S-labeled sense and antisense
human MIP- 1 a or human TNF-a single-stranded riboprobes were pre-
pared as suggested by the manufacturer (Promega, Madison, WI). The
degree of hybridization was graded such that intense hybridization rep-
resented silver grain deposition over a cell in a 2 10-fold excess above
the background, weak hybridization represented a three- to ninefold
number of silver grains over a cell in excess of background, and nega-
tive hybridization indicated no appreciable deposition of silver grains
over a cell in excess of background. In situ hybridization slides were
scored by microscopic examination of consecutive high power fields
(final magnification = 400) under ultraviolet illumination with and
without a rhodamine filter until 100 eosinophils had been identified.
Except where noted in the text, all in situ slides were scored for degree
of hybridization after overnight autoradiographic exposure.

Immunohistochemistry. Immunohistochemical detection of TNF-
a protein was performed on duplicate specimens after fixation (in sus-
pension) of buffy coat leukocytes in 2.5% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.4, for 20 min. Cytospin preparations of these
cells were briefly air dried and then incubated sequentially in 2%nor-
mal swine serum (20 min) followed by a rabbit anti-human TNF-a
antibody (catalog no. JP-300, Genzyme Corp., Cambridge, MA) for 2
h in 0.12 MPBS, pH 7.4 ( 1 :100 dilution). After washing in PBS, slides
were incubated with a swine anti-rabbit biotinylated link antibody
(Dako, Carpinteria, CA) (30 min; 1:40 dilution), washed again in PBS,
and then exposed to alkaline phosphatase-conjugated ABC-complex
(Vector, Burlingame, CA) for 30 min in 0.5 MPBS, pH 7.2 (1:200
dilution). The vector red substrate kit I (Vector Laboratories, Burlin-
game, CA) for alkaline phosphatase, with 1 mMlevamisole added, was
used for color development, and slides were then counterstained with
0.2% aniline blue (CI42755; Fisher Scientific, Pittsburgh, PA) for 10
min to permit the unequivocal identification of eosinophils as previ-
ously described (9, 11, 33). Controls were performed by replacing the
anti-human TNF-a antibody with normal rabbit serum. The IgG con-
centration of these two reagents were equivalent.

Measurement of TNF-a production by eosinophils. Weused an
ELISA, which detects biologically active human TNF-a (Biosource
International, Camarillo, CA) with a threshold sensitivity of 10 pg/ml
to quantify the spontaneous production of TNF-a by human eosino-
phils in vitro. For these experiments, leukocytes were collected from
three atopic but otherwise normal adult donors. Dextran-sedimented
leukocytes were centrifuged for 20 min at 1,000 gon Ficoll Histopaque,
density 1.083 g/ml (Sigma Immunochemicals, St. Louis, MO). The
mononuclear cell layer was aspirated and the granulocyte pellet was
washed in calcium magnesium-free HBSSand incubated at 4°C for 60
min with anti-CD 16 coated immunomagnetic particles (Miltenyi Bio-
tec, Auburn, CA) as described in (34). Magnetically labeled neutro-
phils were then depleted using the MACSsystem (Miltenyi Biotec).
Eosinophil preparations were > 98% pure with < 1% contaminating
neutrophils or mononuclear cells, as assessed by differential cell counts
of 200-500 cells that had been cytospun and stained by neutral red/ fast
green. As determined by the a-naphthyl-acetate-esterase stain (Sigma),
monocyte contamination was 0.0-0.5% (2 400 leukocytes counted).
Cells were incubated at 37°C and 5%CO2(2 x 106 cells/ml) in RPMI
1640 supplemented with 10% FBS in the presence or absence of cyclo-
heximide ( 100 ,ug/ml) (Sigma). The amount of TNF-a in the superna-
tants of the eosinophils or mononuclear cells was measured after 18 h
of culture. After collection of the supernatants, eosinophils were cyto-
spun and examined by immunohistochemistry for TNF-a expression
as noted above, except that glucose oxidase was used as the substrate.
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Results

Blood eosinophils of patients with hypereosinophilia demon-
strate variable expression of TNF-a mRNAby in situ hy-
bridization. Weused in situ hybridization to determine which
cell type in the peripheral blood of patients with hypereosino-
philia might contain TNF-a mRNA. When peripheral blood
leukocytes from the idiopathic HESpatient were hybridized to
the antisense TNF-a riboprobe, eosinophils exhibited intense
labeling after only an overnight autoradiographic exposure
(Fig. 1 a). Fig. 1 b depicts the same field of this Giemsa-stained
slide examined with ultraviolet light (552 nm) using a rhoda-
mine filter, which enables eosinophils to be identified under
these conditions by their characteristic bright red fluorescence
(9, 1 1). Eosinophils were the only cell type detectably labeled
with the TNF-a antisense probe (Fig. 1 b). By contrast, an
identically processed specimen exposed to the control TNF-a
sense riboprobe demonstrated little or no hybridization to the
eosinophils or to any other cell in this preparation (Fig. 1 c),
despite the presence of identifiable eosinophils, as confirmed
by the Giemsa-enhanced fluorescence of these cells (Fig. 1 d).

In situ hybridization analyses oftwo othergranulocyte prep-
arations from the HESpatient, as well as eosinophil-enriched
granulocytes from two other hypereosinophilic donors, also
demonstrated specific hybridization of the TNF-a antisense
riboprobe to eosinophils (Table I). As before, no cell type other
than the eosinophil demonstrated specific hybridization to the
TNF-a antisense probe. These in situ hybridization experi-
ments established that human blood eosinophils from patients
with differing etiologies for their hypereosinophilia contained
mRNAfor TNF-a. In addition, we discovered variability in the
percentage of eosinophils possessing strong hybridization sig-
nals. These data are summarized in Table I. 44-100% of the
eosinophils from the hypereosinophilic patients displayed a
strong hybridization signal, with > 60% of the eosinophils in
each specimen clearly positive for the presence of TNF-a
mRNA. However, each individual also exhibited a variable
proportion of eosinophils that did not demonstrate any signifi-
cant degree of hybridization to the TNF-a antisense probe. It
was not uncommon to find a negative cell interspersed among
several intensely positive cells, indicating that this observation
did not reflect some artifact of probe distribution over the sec-
tion during the hybridization procedure.

Blood eosinophils of normal subjects also express TNF-a
mRNA. Wenext sought to determine if expression of TNF-a
mRNAin blood eosinophils was restricted to individuals with
hypereosinophilia. In our earlier studies of TGF-a (8) and
TGF-3,B (10) expression by human eosinophils, cells from nor-
mal donors labeled weakly, if at all, for the mRNAof these two
cytokines. As seen in Fig. 1 e, the peripheral blood eosinophils
from one normal donor also demonstrated intense labeling
with the TNF-a antisense riboprobe after only an overnight
exposure. As with the hypereosinophilic patients, rhodamine
fluorescence confirmed the identity of the positively labeled
cells as eosinophils (Fig. 1 f), and no other cell type was ob-
served to possess a positive hybridization signal. Hybridization
of this individual's cells with the control TNF-a sense probe
yielded no labeling of eosinophils or other cell types (Fig. 1, g
and h).

Although the eosinophils of two other normal donors also
demonstrated positive hybridization signals to the TNF-a anti-
sense probe after overnight autoradiographic exposure, the in-

tensity was less than that observed in the hypereosinophilic
patients or the one normal subject depicted in Fig. 1. For exam-
ple, in normal subjects 2 and 3, only 12% of the eosinophils
exhibited intensely positive hybridization signals after over-
night autoradiographic exposure, compared to 77%for normal
subject 1 or 44-100% for the hypereosinophilic subjects (Table
I). Whenthe data from subjects 2 or 3 were compared to those
from normal subject 1 or from any of the hypereosinophilic
subjects by the x2 test, the results were significantly different (P
< 0.0001 ) for all of the comparisons. Wealso used longer expo-
sure times (5 d) to assess the percentages of eosinophils that
displayed intense, weak or no hybridization signals in prepara-
tions from normal subjects 2-4 (Table I). As had been ob-
served with the eosinophilic patients, the normal donors also
demonstrated variability in the number of silver grains present
over the eosinophils in these preparations. Once again, no cell
other than the eosinophil demonstrated a positive hybridiza-
tion signal, and there was no specific labeling of any cell type
observed with the sense probe. Taken together with the data
from the eosinophilic donors, these findings suggest that within
a population of human blood eosinophils, there can be differ-
ential TNF-a gene expression. Moreover, the presence of some
unlabeled eosinophils in the sections hybridized to the TNF-a
antisense riboprobe and the lack of eosinophil hybridization to
the TNF-a sense probe argues against the notion that the posi-
tive hybridization signals observed with the antisense probe are
an artifact resulting from the nonspecific binding of the labeled
nucleic acid probes to the highly charged eosinophil granule
proteins.

Humaneosinophils express TNF-a protein by immunohis-
tochemistry. To demonstrate that TNF-a mRNAmay be
translated into protein product by eosinophils, we examined
peripheral blood leukocytes obtained on two separate occa-
sions from each of two different hypereosinophilic donors for
evidence of immunohistochemically detectable TNF-a. Buffy
coat leukocytes stained with a polyclonal rabbit anti-TNF-a
antibody and immunoalkaline phosphatase demonstrated
TNF-a protein detectable within eosinophils (Fig. 2 a). The
identity of the cells exhibiting staining for TNF-a as eosino-
phils was confirmed by aniline blue fluorescent staining of their
cytoplasmic granules (Fig. 2 b). In the four preparations ana-
lyzed, 70-80% of the eosinophils exhibited detectable staining
for TNF-a protein. Control rabbit antibody, substituted in lieu
of anti-TNF-a antibody, yielded no staining of eosinophils or
other cell types (Fig. 2, c and d). Other noneosinophilic blood
leukocytes usually did not exhibit immunostaining for TNF-a
(Fig. 2 a). Induction of TNF-a message and bioactivity has
been observed in human peripheral blood neutrophils stimu-
lated with either lipopolysaccharide or Candida albicans (35,
36). Occasional neutrophilsin ourpreparations( < 10%)exhib-
ited equivocal staining with the anti-TNF antibody (not
shown). This presumably reflects retention by these cells of
previously translated TNF-a protein product, since none of the
in situ hybridization studies from either hypereosinophilic or
normal donors revealed labeling over any cell other than eosin-
ophils. These findings establish that blood eosinophils from
hypereosinophilic donors can contain immunoreactive TNF-a
protein product, as well as TNF-a mRNA.

Human eosinophils release TNF-a. We investigated
whether peripheral blood eosinophils purified from atopic do-
nors released detectable TNF-a activity during an 18-h period
of culture in vitro at 2 x 106 cells/ml (Table II). Eosinophil
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Figure 1. Localization of cellular sources of TNF-a mRNAin penipheral blood leukocyte preparations by in situ hybridization. Eosinophil-

enriched granulocyte preparations from a patient with HES (a-d) or a normal donor (e-h). Bright field visualization of sections hybridized to

the "S-labeled antisense human TNF-ai (hTNF-a) riboprobe (a and e) or to the "S-labeled sense hTNF-a riboprobe (c and g), and then stained

with Giemsa. Autoradiographic exposure time was for 24 h at 40C. (b, d, f and h) Fluorescent visualization of the same four fields shown in

a, c, e, and g, respectively, using a rhodamine filter to demonstrate the Giemsa-enhanced fluorescence of human eosinophils. a-h, x500.
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Table L Percentage of Eosinophils that Express mRNAfor TNF-a or MIP-I -a by In Situ Hybridization

TNF-a (%) MIP-la (%)

Subjects Intensely positive Weakly positive Negative Intensely positive Weakly positive Negative

Hypereosinophilic
1. HES*

Sample I 88t 6 6 82 14 4
Sample 2 100 0 0 91 6 3
Sample 311 58 13 29 66 18 16

2. Benign hypereosinophilia ND ND ND 39 29 32
3. Hyper IgE syndrome 44* 16 40 (44)§ (18) (38)
4. Eosinophilic gastroenteritis 55 18 27 69 16 15

Normal
1. 77 13 10 (28) (42) (30)
2. 12 (48) 28 (13) 60 (39) (12) (33) (55)
3. 12 (76) 20 (4) 67 (20) (0) (11) (89)
4. ND(83) ND(I1) ND(6) (0) (25) (75)

* Three specimens (samples 1-3) were obtained from the same patient on three different occasions. * 50 consecutive eosinophils were scored. In
all other instances, 100 eosinophils were scored. I Values in parentheses are from specimens evaluated after a 5-d exposure; all other specimens
were evaluated after an overnight exposure. 11 Purified over Ficoll-Hypaque; all other specimens were prepared by dextran sedimentation and
hypotonic lysis of erythrocytes. ND, Not done.

preparations were > 98% pure with < 1%contaminating neu-
trophils or mononuclear cells and < 0.5% monocytes as deter-
mined by the nonspecific esterase technique. Supernatants
from mononuclear cells isolated from the same donors were
used as positive controls. Eosinophil supernatants showed de-
tectable activity ranging from 60-218 pg/ml. Thus, under
these conditions of culture, eosinophils produced on average

- 12%as much TNF-a as did mononuclear cells. Considering
that monocytes represented < 0.5% of the cells in the eosino-
phil-enriched preparations, monocytes probably did not ac-
count for the TNF-a detected in the eosinophil supernatants.
Moreover, immunohistochemical examination of eosinophils
after the collection of supernatants demonstrated TNF-a im-
munoreactivity in - 50% of the eosinophils. These data con-
firm that highly purified eosinophils separated from normal
donors can release TNF-a during in vitro culture. Addition of
cycloheximide (100 sg/ml) completely inhibited production
of detectable TNF-a by the eosinophil preparations and vir-
tually eliminated release of TNF-a by the mononuclear cell
preparations (Table II), indicating that the release of TNF-a by
these cells required protein synthesis. According to assessment
of trypan blue exclusion, cycloheximide had little or no effect
on cell viability.

Blood eosinophils from hypereosinophilic patients, but not
normal subjects, express high levels of mRNAfor MIP-JI a by in
situ hybridization. To evaluate whether eosinophils might be
capable of forming another proinflammatory cytokine, MIP-
1 a, we evaluated peripheral blood leukocytes from eosino-
philic and normal donors for evidence of MIP- 1 a mRNAex-
pression. By in situ hybridization with a MIP- 1 a antisense ri-
boprobe, we observed intense labeling of eosinophils from a
donor with HES(Fig. 3, a and b). Moreover, exposure of these
same specimens to control 35S-labeled MIP- 1 a sense probes
resulted in no detectable hybridization to any cell type (Fig. 3,c
and d). Similarly, in situ hybridization detected specific ex-

pression of mRNAfor MIP- 1 a within eosinophils from three
other eosinophilic donors (Table I). All were found to contain
large percentages of eosinophils with positive hybridization sig-
nals for MIP- 1 a, with a range of 39-91% of eosinophils exhibit-
ing intense labeling for MIP- 1 a mRNA. No cells other than
eosinophils were labeled by the MIP- 1 a antisense probe. As
with TNF-a, there was considerable variation among individ-
ual subjects in the percentage of intensely labeled eosinophils
(Table I), suggesting heterogeneity in the expression of MIP-
l a as well.

Whenthe eosinophils from normal donors were examined,
the same donor whose eosinophils had demonstrated intense
hybridization signals for TNF-a after only an overnight expo-
sure displayed no eosinophils or other cells that hybridized to
the MIP- 1 a antisense riboprobe. Prolongation of the exposure
time to 5 d revealed the presence of a population of positively
labeled eosinophils, but the percentage of positive cells and the
intensity of the hybridization signal were much less than that
observed with TNF-a (Table I and Fig. 3, e-h). Once again,
even with prolonged exposure, no cell type other than eosino-
phils hybridized to the MIP- 1 a antisense probe. In situ hybrid-
ization studies of leukocytes from three other normal donors
demonstrated only low percentages of weak MIP-l a labeling
after 5-d autoradiographic exposures (Table I), whereas strong
hybridization signals had been observed after identical dura-
tions of exposure to the TNF-a antisense probe. Thus, the ex-
pression of MIP- 1 a mRNAby human eosinophils appears simi-
lar to the previously described expression of TGF-a (9) and
TGF-fB ( 1) by this cell type. For all three of these cytokines,
expression of mRNAis much greater in blood eosinophils de-
rived from hypereosinophilic patients than in eosinophils from
normal subjects.

Eosinophils infiltrating nasal polyps express mRNAfor
TNF-a and MIP-J a. Since in situ hybridization analysis clearly
demonstrated the presence of mRNAfor both TNF-a and

Eosinophils Express TNF-a and Macrophage Inflammatory Protein-la 2677
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Figure 2. Immunohistochemical detection of human TNF-a protein in peripheral blood leukocytes from a patient with HES. Bright field exam-
ination of cells stained with anti-hTNF-a antiserum (a) or control serum (c). (b and d) Visualization of the same two fields shown in a and
c by fluorescence microscopy at 365 nmwith a 4',6 diamidino-2-phenylindole filter to demonstrate the aniline blue fluorescence of eosinophils.
(a) Only the eosinophils (three of them indicated by arrows) demonstrate staining with the anti-hTNF-a antiserum whereas peripheral blood
mononuclear cells (two of them indicated by arrowheads) do not. (c) Neither eosinophils (two of them indicated by arrows) nor any other cells
stained with the control antiserum. a-d, x735.

MIP- I a within peripheral blood eosinophils, we next evaluated
whether eosinophils infiltrating lesions in vivo also contained
detectable transcripts for these two cytokines. Nasal polyps,
which typically are eosinophil-enriched lesions, were examined
by in situ hybridization for the cellular expression of TNF-a
and MIP- l a. Eosinophils within the nasal polyps resected from
two patients specifically hybridized to the 35S-labeled TNF-a
antisense probe (Fig. 4, a and b), but not to the control sense
probe (Fig. 4, c and d). Although there was some variability in

the intensity of grains over the eosinophils in this specimen, the
vast majority of eosinophils displayed intense hybridization
signals. No other cell type within these sections appeared to
hybridize to the TNF-a antisense probe. Exposure of the nasal
polyp tissue to the MIP- 1a probes yielded similar results. In-
tense labeling of eosinophils by the MIP- 1 a antisense probe
was observed after only an overnight exposure. Even when au-
toradiographic exposure of these sections was extended to 5 d,
no cell type other than the eosinophil was positively labeled

Table II. Measurement of TNF-a in Supernatants of Peripheral Blood Eosinophils or Mononuclear Cells after 18 h Culture In Vitro

TNF-a

Cells* Cycloheximide Experiment I Experiment 2 Experiment 3 Mean±SEM

pg/mt

Eosinophils 218 89 60 122±63
Eosinophils + <10 <10 <10 <10
Mononuclear cells 1,140 1,202 620 987±245
Mononuclear cells + 15 22 ND 18±3

* In each experiment, purified eosinophils or mononuclear cells derived from the same subject were incubated (2 x 106 cells/ml) for 18 h
in culture medium in the presence or absence of cycloheximide (100 ,jg/ml). Cell-free supernatants were assayed for TNF-a activity as described
in Methods. ND, Not done.
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Figure 3. Localization of cellular sources of MIP-la mRNAin peripheral blood leukocyte preparations by in situ hybridization. Eosinophil-
enriched granulocyte preparations from a patient with HES(a-d) or a normal donor (e-h). Bright field visualization of sections hybridized to
the IIS-labeled antisense human macrophage inflammatory protein-la (hMIP-la) riboprobe (a and e) or to the "IS-labeled sense hMIP-I a

riboprobe (c and g), and then stained with Giemsa. Autoradiographic exposure time was for 24 h (a and c) or 5 d (e and g) at 40C. (b, d, f and
h) Fluorescent visualization of the same four fields shown in a, c, e, and g, respectively, using a rhodamine filter to demonstrate the Giemsa-en-
hanced fluorescence of human eosinophils. a-h, x3 12.
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with the MIP- 1 a antisense probe (Fig. 4, e and f), nor was
there significant hybridization to the control MIP- 1 a sense
probe (Fig. 4, g and h). Taken together, these data demonstrate
that human eosinophils resident in tissues can contain abun-
dant mRNAfor both TNF-a and MIP-l a.

Differential expression of mRNAfor TNF-a and MIP-JI a in
blood eosinophils from a patient with idiopathic HES. The ob-
servation that large numbers of eosinophils from the hypereo-
sinophilic patients or within nasal polyp tissue displayed in-
tense hybridization signals for both TNF-a and MIP- I a
mRNA, whereas eosinophils from normal subjects expressed
mRNAfor TNF-a to a much greater extent than MIP- 1 a sug-
gested that these cytokines might be subject to differential regu-
lation. To examine this possibility, we used Northern analysis
to determine the relative levels of mRNAfor these two cyto-
kines in eosinophil-enriched granulocytes from an HESdonor.
The experiment was performed twice, with both experiments
yielding the same results.

Total RNAisolated from eosinophil-enriched granulocytes
contained an intense TNF-a hybridization signal (Fig. 5, lane
5). The molecular size of the human granulocyte TNF-a mes-
sage was identical to that present in HL-60 cells both before
(Fig. 5, lane 1) and especially after PMAinduction (lanes 2
and 3). By comparison with RNA size standards, both the
HL-60 and the human eosinophil-enriched granulocyte TNF-
a mRNAswere - 1.7 kb, as expected. The steady-state level of
TNF-a mRNAin eosinophils decreased 1.5 h after incubation
of freshly isolated eosinophils in media supplemented with
FBSbut without additional exogenous growth factors (lane 6).
However, levels of TNF-a mRNAwere sustained equally well
in the cultures that had been stimulated by addition of either
calcium ionophore or PMAfor 1.5 h (lanes 7and 8). Although
TNF-a expression was maintained through 6 h in the iono-
phore- or PMA-stimulated cells (lanes 9 and 10), after 20 h of
culture, neither the unstimulated cells nor those to which iono-

1 23 4 5 67 8
-. r-;

9 10 11 12 13

TNFa

MIP-la

GAPDH

Figure 5. Northern blot analysis of peripheral blood leukocytes from a
patient with HES. As a control, we also examined 20 ,g of total RNA
from unstimulated HL-60 cells (lane 1), or HL-60 cells cultured in
the presence of 20 ng/ml PMAfor 1 h (lane 2), 4 h (lane 3) or 24 h
(lane 4). (Lanes 5-13) Eosinophil-enriched granulocyte preparations
(62% eosinophils, 38% neutrophils) obtained after dextran sedimen-
tation and centrifugation through Ficoll-Hypaque. Cells were har-
vested for total RNAimmediately (lane 5) or after 1.5 h (lanes 6-8),
6 h (lanes 9 and 10) or 20 h (lanes 11-13) of culture in RPMI me-
dium with 10%1o FBS. The cells in lanes 7, 9, and 12 were stimulated
with the calcium ionophore A23187, at a final concentration of 1
juM. The cells in lanes 8, 10, and 13 were stimulated with PMA, at a
final concentration of 50 ng/ml.

phore or PMAhad been added demonstrated significant levels
of TNF-a message (lanes 11-13).

Fig. 5 also depicts the same Northern blot stripped and
re-probed for MIP- 1 a gene expression. In contrast to TNF-a,
expression of MIP- la by HL-60 cells was not observed in un-
stimulated cells (lane 1) and was only detected in the cultures
stimulated with PMAfor 4 h (lane 3). However, there was an
intense MIP- 1 a hybridization signal of the appropriate size
( - 0.8 kb) in freshly isolated eosinophil-enriched granulocytes
(lane 5). As had been observed with TNF-a, short-term culture
( 1.5 h) of these cells in media alone resulted in near-complete
loss of MIP-l a message (lane 6), but both calcium ionophore
and PMAstimulated sustained MIP-la mRNAexpression
(lanes 7 and 8). Weobserved enhanced induction of MIP- 1 a
expression after 6 h of culture in the presence of either iono-
phore or PMA(lanes 9 and 10) as compared to the intensity of
the hybridization signal from the freshly isolated cells (lane 5).
In addition, after 20 h of culture in media without exogenous
growth factors, a strong MIP-la mRNAband was observed
(lane 11). A hybridization signal of similar intensity was also
detected in the cultures stimulated with calcium ionophore or
PMAfor 20 h (lanes 12 and 13).

The Northern blot was then stripped and reprobed to
assess glyceraldehyde-3-phosphate (GAPDH) gene expression.
GAPDH transcript levels are relatively constant among
various cell types and are refractory to induction (37). Compar-
ison of the GAPDHhybridization signals from the HL-60 cells
(20 ,ug total RNA) and the peripheral blood granulocytes
clearly demonstrated that the RNAin the granulocyte prepara-
tions was intact, although they contained smaller quantities of
RNAthan did the HL-60 preparations. In this light, the inten-
sities of the TNF-a and MIP-l a hybridization signals in the
freshly isolated, unstimulated granulocyte preparation were
proportionally greater than would be expected based on the
different quantities of RNAloaded in the gel. This is consistent
with the in situ hybridization findings, and suggests that the
eosinophils from this HESpatient constitutively contained rela-
tively high levels of these messages. Similarly, given the faint
GAPDHbands observed in the 20 h cultures, the strong MIP-
1 a hybridization signals detected indicate that there were rela-
tively high levels of MIP- 1 a mRNAin these cells. In fact, in
situ hybridization analysis of the cells from the 20 h cultures for
MIP-l a revealed a positive hybridization signal in 72-84% of
these eosinophils, with 31-50% displaying intense labeling of
these cells. Thus, even within a population of eosinophils with
a high level of constitutive cytokine gene expression, either
calcium ionophore- or protein kinase C-dependent activation
appear able to increase and/or sustain expression of MIP-la
mRNA,while induction of TNF-a mRNAappears more tran-
sient.

It should be noted that these preparations of eosinophil-
enriched granulocytes contained neutrophils as the only identi-
fiable contaminating cell, which raised the possibility that the
hybridization signal observed on the Northern blot represented
mRNAthat was not of eosinophil origin. The earlier in situ
work, which failed to reveal any positive hybridization signals
for TNF-a or MIP- 1 a in the neutrophils from hypereosinophi-
lic or normal donors made this seem unlikely. Nevertheless, we
used in situ hybridization to examine cytokine message expres-
sion in both the freshly isolated eosinophil-enriched granulo-
cytes, as well as in those cultures stimulated with either calcium
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ionophore or PMAfor 20 h. No cell other than the eosinophil
demonstrated a positive hybridization signal for either of these
cytokines. These data strongly suggest that the hybridization
signals observed on the Northern blots primarily reflect the
levels of TNF-a and MIP- 1 a mRNAspresent within the eosin-
ophils in these cultures.

Discussion

Wefound that blood eosinophils from patients with hypereo-
sinophilia, as well as eosinophils infiltrating nasal polyps, ex-
press intense hybridization signals for TNF-a and MIP- la
mRNA,and that the eosinophils of hypereosinophilic donors
contain TNF-a protein which is detectable by immunohisto-
chemistry. In addition, we showed that > 98% pure prepara-
tions of blood eosinophils from atopic but otherwise normal
donors spontaneously release TNF-a protein during overnight
culture in vitro. The amount of TNF-a released by these eosin-
ophils was 12% that released under identical culture condi-
tions by blood mononuclear cells from the same subjects. The
release of TNF-a by either the purified eosinophils or the mono-
nuclear cells was inhibited virtually entirely by cycloheximide,
indicating that such TNF-a production required protein syn-
thesis.

Beyond demonstrating that human eosinophils represent a
potential source of TNF-a and MIP- 1 a, this study has uncov-
ered several other new facets of cytokine gene expression by
eosinophils. The in situ hybridization data in Table I clearly
demonstrate that there is very variable expression of TNF-a or
MIP-la mRNAwithin the blood eosinophils of hypereosino-
philic patients. These findings stand in contrast to the earlier
study of TGF-f3, expression by human eosinophils, in which
100% of the blood eosinophils from hypereosinophilic subjects
demonstrated positive hybridization signals (11). We also
found that blood eosinophils obtained from normal donors
expressed significant levels of TNF-a mRNAby in situ hybrid-
ization, while examination of the same specimens for MIP- 1 a
mRNA(this study) or TGF-f31 mRNA(our previous study
[11]) revealed only weak or undetectable expression of these
cytokines. These findings raise the possibility that the circulat-
ing eosinophils of normal donors, as well as those from patients
with hypereosinophilia, can influence biological responses
through TNF-a-dependent mechanisms. On the other hand,
the differences in the expression of mRNAfor TNF-a or MIP-
1 a by blood eosinophils of normal subjects suggest that the
expression of these two cytokines may be differentially regu-
lated. This concept is further supported by the Northern blot
analysis of eosinophils derived from a patient with HES. Treat-
ment of these cells with either calcium ionophore or PMAhad
only weak effects upon levels of TNF-a message. By contrast,
either agent stimulated a marked induction of MIP- 1 a mRNA,
an effect that was sustained through 20 h of culture.

The expression of TNF-a and MIP- 1 a mRNAwas not re-
stricted to blood-borne eosinophils. In situ hybridization analy-
sis of human nasal polyps revealed intense labeling of eosino-
phils with antisense probes for each of these cytokines, and in
contrast to the variable proportions of blood eosinophils that
expressed mRNAfor TNF-a or MIP- 1 a, the great majority of
eosinophils in the nasal polyp specimens was intensely labeled
for each cytokine. This finding suggests that eosinophil TNF-a
and MIP- 1 a cytokine expression can be upregulated by mi-

croenvironmental factors encountered by eosinophils infiltrat-
ing tissues in vivo.

Many of the specific biologic effects attributable to TNF-a
share the common feature of promoting inflammation. Thus,
TNF-a can induce cytokine genes, protein synthesis and secre-
tion in a wide variety of cell types, alter the expression of cell
surface molecules critical to cell-cell interactions (e.g., adhe-
sion proteins and histocompatibility antigens), promote degra-
dation of extracellular matrix components, induce activation
of neutrophils, macrophages or eosinophils, induce angiogene-
sis, and stimulate the proliferation of several different cell types
(38, 39). MIP-la is a member of the C-C subfamily of the
intercrine or chemokine cytokine supergene family (40, 41).
Although its biological effects have been less extensively char-
acterized than those of TNF-a, MIP- I a also appears to exert a
spectrum of proinflammatory properties, including the ability
to promote leukocyte recruitment and activation and to en-
hance macrophage proliferation, cytotoxicity, and cytokine se-
cretion (40-43). Indeed, it has recently been shown that MIP-
1 a can stimulate macrophages to release TNF-a, IL-6 and IL-
Ila (26). If eosinophils that express MIP-la mRNAalso release
the product, this might represent a mechanism by which eosin-
ophils can augment the ability of macrophages and perhaps
other leukocytes at sites of inflammation to release additional
proinflammatory mediators.

Eosinophils have long been regarded as potentially impor-
tant participants in a variety of inflammatory processes. While
eosinophils can promote inflammation through the release of
previously characterized products such as cytoplasmic granule
proteins or eicosanoids, our findings suggest that some of the
effects of eosinophils in inflammation may reflect their ability
to elaborate proinflammatory cytokines such as TNF-a and
MIP- I a. On the other hand, the factors that regulate eosinophil
cytokine expression in vivo are not understood, and both TNF-
a and MIP- I a can be produced by several cell types in addition
to the eosinophil. As a result, the extent to which eosinophils,
as opposed to other cells, constitute a significant source of
TNF-a or MIP- I a in individual biological responses can only
be assessed by directly evaluating the patterns of cytokine ex-
pression in each of these conditions.

Nevertheless, the relative importance of the eosinophil as a
source of TNF-a or other cytokines generally may be greatest
in those responses in which eosinophils represent an especially
prominent component of the inflammatory infiltrate. Accord-
ingly, it may be of particular interest to investigate eosinophils
participating in responses to certain parasites or tumors, or in
the lesions of asthma and other allergic diseases ( 1-4). TNF-a
may contribute to eosinophil recruitment in these settings by
inducing upregulation of the leukocyte adherence structures,
endothelial-leukocyte adhesion molecule-i, intercellular adhe-
sion molecule- 1, and vascular cell adhesion molecule- 1, on vas-
cular endothelial cells (44-46). Although mast cells may repre-
sent an important initial source of TNF-a in some of these
conditions (18-22, 47,48), production of TNF-a by recruited
eosinophils might serve to augment and perpetuate leukocyte
infiltration at these sites. Beyond effects on inflammation per
se, TNF-a production by eosinophils might have additional
clinically significant consequences, such as enhancement of eo-
sinophil-dependent toxicity to Schistosoma mansoni larvae
(49) or granuloma formation during experimental models of
schistosomiasis (50, 51 ). In mice, host resistance to certain
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tumor cells can be greatly enhanced by transfecting the tumor
cells with IL-4, and the inflammatory infiltrates at sites of tu-
mor rejection contain large numbers of eosinophils (52). This
finding, taken together with studies demonstrating prominent
infiltrates of eosinophils in association with certain spontane-
ous malignancies in man (reviewed in reference 9), suggest
that eosinophil-derived TNF-a might contribute to host de-
fense against neoplasms.

In atopic asthmatics, increased airways hyperresponsive-
ness has been associated with increased numbers of activated
eosinophils in bronchial biopsies (53) and increased levels of
eosinophil-derived mediators in bronchoalveolar lavage fluids
(54). Moreover, recent evidence from rats indicates that TNF-
a can promote bronchial hyperresponsiveness (55). These find-
ings raise the possibility that eosinophil-derived TNF-a might
not only amplify leukocyte infiltration in asthma, but also
might contribute to the bronchial hyperreactivity, which is
characteristic of this disorder (56).
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