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Eosinophils, cells that are associated with asthma (1, 2), helminthic infections
(3), and other clinical disorders, are thought to reside in the peripheral blood
for <12 h and in connective tissues for several days (4). The in vitro survival of
human peripheral blood eosinophils is limited to <2 d. Because the eosinophilia
that normally accompanies helminthic infections is suppressed in athymic mice
(5) and in normal rats or mice that have been depleted of their T lymphocytes
(6-10), it has been concluded that eosinophilopoiesis is modulated by T cell
factors. Granulocyte/macrophage colony-stimulating factor (GM-CSF)' is
thought to be one of the T cell-derived factors that regulates eosinophils in vivo .
Upon intravenous infusion in primates, GM-CSF is known to induce granulocy-
tosis with eosinophilia (11), .and will induce human bone marrow progenitors to
form colonies of eosinophils in vitro (12) . Mature peripheral blood eosinophils
may possess high-affinity GM-CSF receptors (13), and recent studies (14) have
demonstrated that the short-term in vitro exposure of human eosinophils to
biosynthetic (recombinant) human GM-CSF (rH GM-CSF) augments their anti-
body-dependent killing ofSchistosoma mansoni larvae and their calcium ionophore
A23187-stimulated generation of leukotrieneC4 (LTC4). Hypodense eosinophils,
defined by their lower-than-normal densities in discontinuous metrizamide or
Percoll gradients, have been isolated from patients with idiopathic hypereosino-
philic syndromes or from hosts chronically infected with S. mansoni. These less
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dense eosinophils exhibit enhanced antibody-dependent cytotoxicity (15), and
generate more LTC4 when stimulated with calcium ionophore (16), suggesting
that this hypodense phenotype may be important in helminthic infections . We
now report that normodense human peripheral blood eosinophils cultured with
rH GM-CSF in the presence of mouse 3T3 fibroblasts survive for at least 14 d .
The resulting eosinophils become hypodense and have an augmented capacity
to generate LTC4 and to kill S. mansoni larvae .

Materials and Methods
Isolation of Eosinophil- and Neutrophil-enriched Cell Preparations .

	

Human eosinophils
and neutrophils were isolated using the technique of Vadas et al . (17) modified by Owen
et al. (18) from the peripheral blood of seven different donors, none of whom were
ingesting aspirin, other nonsteroidal antiinflammatory drugs, or corticosteroids . Three of
these donors had no diagnosed clinical disorder and had normal white blood counts and
differentials, whereas a fourth donor had 12% eosinophilia . The other three donors were
diagnosed as having allergic rhinitis, allergic conjunctivitis, and/or asthma, and 2-5% of
their white blood cells were eosinophils . Whole blood (45-ml aliquots) was aspirated into
60-ml syringes, each containing 1,000 U ofsterile heparin (Sigma Chemical Co., St . Louis,
MO) in HBSS. All subsequent steps were performed under sterile conditions in a laminar
flow hood using reagents that were filtered through 0.45-PM filters . To each syringe we
added 9 ml of prewarmed PBS containing 4.5% (wt/vol) of 150,000-200,000 M, dextran
(BDH Chemicals, Poole, England), pH 7.3 . After a 45-min incubation at 37 ° C, the buffy
coats were collected, an equal volume of enriched MEM (Eagle's modified essential
medium containing 100 U/ml of penicillin G, 100 jug/ml of streptomycin, 2 MM L-
glutamine, and 1 mM Hepes [Gibco Laboratories, Grand Island, NY]) was added along
with 45 U/ml ofdeoxyribonuclease 1 (Sigma Chemical Co.), and the cells were centrifuged
at 250 g for 10 min at VC.C. The mixed leukocyte preparations were resuspended in
enriched MEM containing 10% FCS (Gibco Laboratories) at a density of 3 .3 X 10'
cells/ml .

Metrizamide at concentrations of 18, 20, 21, 22, 23, and 24% (wt/vol) (Nyegaard and
Co., Oslo, Norway) was dissolved in Tyrode's buffer, pH 7.2, containing 0.1% gelatin
and 45 U/ml of deoxyribonuclease 1 . Gradients were prepared by pipetting 2 ml of each
density of metrizamide stepwise into 15-ml conical bottom tubes or 7 ml of each density
into 50-ml tubes . After the addition of 1 .5 ml of the leukocyte suspension, each tube was
centrifuged at 1,000 g for 45 min at room temperature . The cells at the interface of each
layer of metrizamide were collected, diluted with an equal volume of enriched MEM, and
analyzed for differential cell types after staining with Wright's and then Giemsa stains . In
these experiments, only the cells combined from the 22/23% and 23/24% gradient
interfaces and pellets were used . The eosinophils were 89 ± 3% pure (mean ± SEM, n =
15), with neutrophils constituting the remaining contaminating leukocyte . Residual con-
taminating erythrocytes in eosinophil preparations were eliminated by hypotonic lysis. As
assessed by Trypan blue exclusion, cell viability in all fractions was >98%.

Preparation ofMouse 3T3 Fibroblasts.

	

The Swiss albino mouse 3T3 fibroblast cell line
(American Type Culture Collection, Rockville, MD) was initially seeded into 75-cm' tissue
culture flasks containing enriched RPMI (RPMI 1640 [Gibco Laboratories] supplemented
with 100 U/ml penicillin, 100 jug/ml streptomycin, 10 1g/ml gentamycin, 2 MM L-
glutamine, 0.1 mM nonessential amino acids, and 10% FCS), and was cultured at 37°C
in a humidified atmosphere of 5% COz . The culture medium was changed every 2-3 d
until the fibroblasts reached confluence, which generally took 1 wk . 1 d after confluence
was achieved, the fibroblasts were passaged by washing the layers twice with 10 ml of
calcium and magnesium-free HBSS (Gibco Laboratories) followed by a 10-min incubation
at 37°C with 0.05% trypsin (Gibco Laboratories) in 5 ml of HBSS . After the addition of
20 ml of fresh, enriched RPMI to each flask, ^-5 X 10 4 fibroblasts were seeded into 75-
On2 tissue culture flasks . For coculture experiments, -2 X 104 fibroblasts were seeded
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onto 35-mm culture dishes in 2 ml of enriched RPMI; confluence was achieved generally
after 7 d, and corresponded to 0.5-1.0 X 106 fibroblasts .

Culture ofHuman Eosinophils.

	

For most experiments, freshly isolated eosinophils at a
density of 0.25-0 .5 X 10 6 cells/ml were resuspended in enriched RPMI containing rH
GM-CSF2 and 2 ml of this suspension was seeded into each 35-mm culture dish of
confluent 3T3 fibroblasts . The cultures were maintained at 37°C in a humidified atmos-
phere of 5% C02 . At 48-h intervals, the culture medium containing the suspension of
eosinophils was aspirated, and 1 ml of fresh, enriched RPMI was added directly to each
culture dish . The eosinophils in each aspirate were centrifuged at 250 g for 10 min at
4°C, resuspended in 1 .0 ml of fresh enriched RPMI 1640 containing rH GM-CSF, and
added back to the appropriate original culture dish . For 7-d culture experiments, the
medium was not changed on day 6 . In some experiments, eosinophils (106 cells) were
seeded onto fibroblasts, and rH GM-CSF was either not added during the culture or was
included only at the time of the initial seeding. In other experiments, eosinophils (0.5-
1 .0 X 106 cells) were seeded into culture dishes without 3T3 fibroblasts, and rH GM-CSF
(final concentrations, 0.1-100 pM) was added to the initial culture and at each feeding.

Analysis of the Viability and Density ofEosinophils After Culture.

	

The eosinophils were
recovered from each culture plate by pooling the cells in suspension with those liberated
by washing each plate three times with 2 ml of enriched RPMI . The pooled cells were
centrifuged at 250 g for 10 min at 4°C and resuspended in 1 m1 of enriched MEM. A 50-
A1 sample was added to an equal volume of Trypan blue, and those eosinophils that
excluded Trypan blue after a 10-min incubation at room temperature were considered
viable . Replicate samples of cells were quantitated using a Neubauer hemacytometer
chamber, and were stained with Wright's and then with Giemsa stains . After 7 d ofculture
all of the leukocytes were similar to freshly isolated peripheral blood eosinophils in that
they possessed segmented nuclei and granules that stained reddish-orange ; therefore,
the survival of the cultured eosinophils was calculated as follows : 100 X [(total number
of cells) X (percent of cells excluding Trypan blue)]/[original number of eosinophils
seeded] .
To assess the relative density of the eosinophils after 7 d of culture, 1-2 X 106 cells

were suspended in 1 .5 ml of enriched MEM, layered over discontinuous gradients of
metrizamide, and the initial centrifugation procedure described above was repeated . The
cells at each metrizamide interface were collected and diluted with 8 ml of enriched MEM.
After centrifugation at 250 g for 10 min at 4 °C, the eosinophils were resuspended in 1
ml of enriched MEM and counted . Viability and morphologsy were assessed as described
for fresh eosinophils . When freshly isolated eosinophils (10 cells in 1 .5 ml) were again
layered onto discontinuous metrizamide gradients and centrifuged, they were recovered
from the interfaces of normodense fractions .

Calcium Ionophore-induced Generation of LTC4.

	

Freshly isolated and cultured eosino-
phils (5 X 10 5 cells) were suspended in 3 ml of modified Tyrode's buffer, pH 7 .5,
containing 0.3 mM potassium, 0.1 % gelatin, and 20 MM L-serine; the latter amino acid
was added to prevent HOCI-dependent oxidative metabolism of LTC4 (18) . After two
successive washes with modified Tyrode's bufferat 110 g for 10 min at 4'C, the eosinophils
were pooled and resuspended in the same buffer at a density of 2 X 106 cells/ml . Samples
(100 A1) of each cell suspension were prewarmed for 10 min at 37'C in a humidified
atmosphere of 5% C02 and mixed with 100 A1 of modified Tyrode's buffer with or
without 200 pM rH GM-CSF . The eosinophil suspensions were incubated for an additional
60 min at 37°C in a 5% C02 atmosphere and activated by incubating the cells for 30 min
at 37°C with an additional 200,u1 of modified Tyrode's buffer containing 5.0 UM calcium
ionophore A23187 . The reaction was terminated by the addition of 2 ml of methanol at
4°C . Each methanolic suspension was placed under argon at 4°C for 14 h, centrifuged at
500 g for 30 min at 4°C to remove proteins and cell debris, and stored at -20°C under
argon .
To quantitate immunoreactive LTC4 by RIA, methanolic extracts were evaporated to

2 rH GM-CSF, expressed in monkey COS cells (26), was purified to homogeneity (27), diluted in
PBS containing 0.1% BSA, sterilized by filtration, and stored at 4°C .
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Dose-dependent survival of eosin-
ophils cultured for 7 d with incremental con-
centrations of rH GM-CSF. Each data point is
the mean ± SEM of three experiments with
eosinophils isolated from different donors .

dryness under negative pressure (Speed Vac Concentrator ; Savant Instruments, Inc .,
Hicksville, NY) and resuspended in Tris-Isogel buffer (0 .1 M Tris-HCI, 0 .14 M NaCl,
0 .1 % gelatin), pH 7 .4 . RIA was performed in a 250-,ul volume of Tris-Isogel buffer
containing 100 Ell of sample, 50 E<l of 'H-labeled LTC4 (-40 Ci/mmol; New England
Nuclear, Boston, MA), and 100 Eel of immune rabbit plasma (18) . Unbound 'H-labeled
LTC4 was absorbed during a 15-min incubation at 4°C with I ml of a 10:1 (wt/wt)
suspension ofcharcoal/dextran T-40 in 10% Tris-Isogel buffer . The charcoal was removed
by centrifugation at 2,000g for 15 min at VC;C; the residual radioactivity in the supernatant
was quantitated by 0-scintillation counting. In this RIA, synthetic LTC4 was detectable on
the linear portion of the radioligand inhibition-binding curves at concentrations of 0.1-
1 .0 ng .

Cytotoxicity Assay .

	

Freshly isolated and cultured eosinophils were washed three times
with 1 .5 ml of enriched MEM by centrifugation at 110 g for 10 min at 4°C . Cells were
resuspended at a density of 2 X 106 cells/ml in enriched MEM, and 50-Ell samples
containing 105 cells were added to each well ofa 96-well round-bottomed microtiter plate .
50 Ecl of enriched MEM with or without 200 pM rH GM-CSF was added, and the cells
were incubated for 15 min at 37°C in a sealed, humidified box . A 50-Ell portion of
enriched MEM containing pooled, heat-inactivated sera from patients who had been
infected with S. mansoni (1 :100 final dilution) was added to each well along with 50 Eel of
mechanically transformed S. mansoni larvae (2 X 10' worms/ml) (14) . The viability of the
larvae was assessed 24 h later by microscopy using motility, contractility, and toluidine
blue exclusion as criteria (19) . In some wells, eosinophils were omitted, and it was found
that the remaining reagents had no direct effect on the schistosomula .

Results

Development ofConditions For Culture ofHuman Eosinophils with rH GM-CSF in
the Presence of 3T3 Fibroblasts . In initial experiments, when human eosinophils
were isolated under sterile conditions and cultured for 7 d at a density of 106
cells in 2 ml of enriched RPMI alone or enriched RPMI containing 0 .1-100 pM
concentrations of rH GM-CSF, there was a dose-dependent enhancement of cell
survival . Eosinophil viability began to be enhanced at 1 pM rH GM-CSF and
reached a plateau at 10 pM rH GM-CSF (Fig . 1) . Viability was 50% maximal at
-3 pM rH GM-CSF. When cultured in enriched RPMI alone, no cells survived
to day 7 . As viewed by light microscopy, eosinophils that were cultured in
enriched RPMI containing rH GM-CSF had large well-delineated eosinophilic
staining cytoplasmic granules and segmented nuclei .
Because mouse 3T3 fibroblasts have been shown to influence the viability of

mast cells (20, 21) and lymphocytes (22) of various species, the 7-d survival of
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Culture conditions

TABLE I
7-d Survival ofEosinophils under Different Culture Conditions

Enriched RPMI 1640 alone
Culture with 3T3 fibroblasts alone
rH GM-CSF alone
Culture with 3T3 fibroblasts and rH GM-CSF

FIGURE 2.

	

Effects of 3T3 fibroblasts on rH
GM-CSF-dependent eosinophil viability. Dose-
dependent survival ofeosinophils from a single
donor cultured for 7 d with incremental con-
centrations of rH GM-CSF in the presence (0)
or absence (O) of mouse 3T3 fibroblasts .

Survival*
n

<1

	

6
1t0 6

43 t 7#

	

8
67 ± 6t

	

8
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* Survival was calculated as described in Materials and Methods. All data are expressed as mean t
SEM.
When eosinophil samples cultured with rH GM-CSF alone were compared with paired samples
cultured with rH GM-CSF in the presence of fibroblasts, the increase in survival was significant as
determined by the two-tailed Student's t-test (p <0.01).

eosinophils in culture was examined with incremental concentrations of rH GM-
CSF in the presence or absence of a confluent monolayer of mouse fibroblasts .
Eosinophil survival increased modestly at 7 d when eosinophils were cultured
with rH GM-CSF in the presence of 3T3 fibroblasts as compared with eosinophils
cultured with rH GM-CSF alone, as depicted in the experiment shown in Fig. 2.
Few eosinophils (<I%) cultured with fibroblasts alone survived to day 7. In two
experiments, the addition of 10-50% fibroblast-conditioned medium to enriched
RPMI supplemented with 50 pM rH GM-CSF produced no increase in eosinophil
survival at 7 d, as compared with eosinophils cultured in 50 pM rH GM-CSF
alone. When the data for survival at 7 d for all culture conditions were tabulated,
survival of eosinophils in enriched RPMI alone or with 3T3 fibroblasts alone was
!51% . When cells were cultured with 50 pM rH GM-CSF alone 43% of the
eosinophils survived . A statistically significant further increase in eosinophil
survival to 67% occurred when cultured with 50 pM rH GM-CSF in the presence
of fibroblasts (Table 1, p < 0.01) . These findings led us to select the combination
of 50 pM rH GM-CSF and fibroblasts as the standard culture condition.
When 50 pM rH GM-CSF was present only at the initial seeding of the

eosinophils onto the fibroblast layer, an average of 28% of the eosinophils were
viable after 7 d in culture (n = 2) . In contrast, 83% of these cells survived when
50 pM of rH GM-CSF was maintained at each change of media, indicating the
need to continually expose the eosinophils to rH GM-CSF during culture with
fibroblasts . The time course of eosinophil survival in culture with fibroblasts was



134

	

REGULATION OF HUMAN EOSINOPHILS

àe
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Time course of viability of eosinophils in
culture. Eosinophils from a single donor were main-
tained in culture with 3T3 fibroblast alone (A) or with
3T3 fibroblasts and 50 pM rH GM-CSF (0) . Each
data point is the average value of duplicate plates .

examined in the presence or absence of 50 pM rH GM-CSF. As is depicted in
the representative experiment in Fig. 3, there was a gradual decrease in the
percentage of surviving eosinophils through day 10 with no further decline to
day 14 for cells cultured with GM-CSF and fibroblasts . The viability of cells
cultured with fibroblasts alone declined in a linear fashion such that <10%
remained after day 3. After 7 d of culture with 50 pM rH GM-CSF in the
presence of fibroblasts in three experiments, including that shown in Fig. 3,
eosinophil survival was 56 ± 2% (mean {- SEM), and at 14 d was 48 ± 5% (p >
0.2) . These results indicate substantial stability for cells that were viable at 7 d.
Morphologically, the eosinophils cultured for 7 d with rH GM-CSF in the
presence of fibroblasts were uniform in appearance, as illustrated by the repre-
sentative Wright-Giemsa stain of cytocentrifuged eosingphils after 7 d of culture
(Fig . 4) . No mitotic figures were seen during culture.

In separate experiments to assess the specificity of this culture system, poly-
morphonuclear leukocytes were harvested from the 21/22% metrizamide inter-
face consisting of 95% neutrophils and 5% eosinophil's and were seeded onto
fibroblasts with 50 pM rH GM-CSF. In these two experiments, <2% of the
original seeded neutrophils were present after 4 d of coculture, while 100% of
the eosinophils were viable . Theeffect of modest neutrophil contamination upon
eosinophil survival was analyzed by comparing the survival of eosinophil prepa-
rations of the highest and least purity isolated from comparable metrizamide
fractions . When the eosinophils were 98 ± 0% pure (mean ± SEM, n = 4),
survival after 7 d of culture with 50 pM rH GM-CSF and fibroblasts was 58 ±
7% . Likewise, when eosinophil purity was 73 ± 4% (n = 3), the viability at 7 d
was similar (p > 0 .50), being 60 ± 8%.

Effect of Culture on the Centrifugation Density of Normodense Eosinophils .

	

The
initial population of eosinophils that was seeded onto 3T3 fibroblasts with 50
pM rH GM-CSF was uniformly normodense, as defined by its equilibration at
the 23/24% metrizamide interface and pellet (Fig. 5A). After 7 d of culture with
50 pM rH GM-CSF in the presence of fibroblasts, the eosinophils were washed,
resuspended in enriched MEM, layered onto discontinuous metrizamide gra-
dients, and centrifuged. No eosinophils were recovered at the density of the
starting cells . Instead, 99% of the cultured eosinophils were harvested from the
supernatant/18%, 18/20% (Fig . 5B), and 20/21% metrizamide interfaces, indi-
cating a marked shift to lesser densities and acquisition of the hypodense
phenotype . In four experiments, including that depicted in Fig. 5, with eosino-
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FIGURE 4.

	

Photomicrograph ofcultured eosinophils . Normodense eosinophils were cultured
with 50 pM rH GM-CSF in the presence of 3T3 fibroblasts for 7 d, and stained with Wright's
and Giemsa, respectively .

FIGURE 5.

	

Theeffect ofculture on the relative distribution
of eosinophils in density gradients. (A) The gradient sedi-
mentation characteristics of the freshly isolated eosinophils .
(B) The density gradient profile of the replicates after 7 d of
culture. Fractions 1-6 refer to the percent of eosinophils at
the medium/18, 18/20, 20/21, 21/22, 22/23, and 23/24%
metrizamide interfaces, respectively, and fraction 7 to the
combined 24% metrizamide layer and the cell pellet . Recov-
ery of the total number of eosinophils loaded onto the
gradient in A was 100% and in B was 82%.

phils isolated from different donors, the eosinophils became uniformly hypodense
after 7 d of culture with rH GM-CSF in the presence of ftbroblasts (Table I1) .

Generation ofLTC4 by Freshly Isolated and by Cultured Eosinophils. The calcium
ionophore-stimulated generation of LTC4 by eosinophils incubated for 1 h with
50 pM rH GM-CSF was compared with that obtained after 7 d of culture with
50 pM rH GM-CSF in the presence of fibroblasts . In comparison to freshly
isolated eosinophils stimulated in buffer alone, acute exposure to rH GM-CSF
for 1 h or exposure for 7 d in culture resulted in an ^.2 .5-fold enhancement of
calcium ionophore-stimulated LTC4 generation (Table 111) . This degree of
enhancement was statistically significant (p < 0.05) when compared with freshly
isolated eosinophils stimulated in buffer alone . However, no statistical difference
in ionophore-stimulated LTC4 generation (p > 0.5) was obtained between those
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TABLE II
Density of Eosinophils before and after Culture

* Fractions 1-6 refer to cells recovered at the medium/I8, 18/20, 20/21, 21/22, 22/23, and 23/24%
metrizamide interfaces, respectively, and fraction 7 refers to the combined 24% metrizamide layer
and the cell pellet . The overall recovery of cultured eosinophils after. centrifugation was 71 t 7%
(mean ± SEM, n = 4). The data are expressed as percent oftotal eosinophils recovered.

LTC4 Generation by Eosinophils before and after Culture
TABLE III

Assay conditions

Freshly isolated cells were exposed to buffer alone or rH GM-CSF for 1 h before calcium ionophore
activation . Eosinophils cultured for 7 d were washed and activated in the absence of added rH GM-
CSF . All values are the average of duplicate samples expressed as nanograms/10 6 cells . Eosinophil
survival for cells cultured for 7 d with 50 pM rH GM-CSF and 3T3 fibroblasts was 68 ± 9% (mean
± SEM, n = 5).

* The statistical significance of differences between sample means for each population was based
upon comparisons to freshly isolated eosinophils stimulated in buffer alone as determined by the
paired two-tailed Student's t test .

eosinophil populations exposed for either 1 h or cultured with rH GM-CSF in
the presence of fibroblasts .

Cytotoxicity of Freshly Isolated and of Cultured Eosinophils .

	

Freshly isolated
eosinophils killed 8 ± 3% (mean ± SEM, n = 4) of the S. mansoni larvae at 24 h,
and the percentage increased to 51 ± 9% (n = 4) when the assay was performed
in the presence of 50 pM rH GM-CSF (Table IV) . After 7 d of culture with 50
pM rH GM-CSF in the presence of 3T3 fibroblasts, the resulting eosinophils
were washed and their ability to kill S . mansoni larvae was assayed . These cultured
eosinophils killed 57 ± 15% (n = 4) of the larvae during the 24-h assay (Table
IV) . When eosinophils were exposed to rH GM-CSF for 1 h or 7 d, their

Freshly isolated (fraction*) Cultured (fraction*)
Exp .

1 2 3 4 5 6 7 1 2 3 4 5 6 7

1 0 0 0 0 0 70 30 68 24 6 2 0 0 0
2 0 0 0 0 0 0 100 30 20 45 4 1 0 0
3 0 0 0 0 0 62 38 57 43 0 0 0 0 0
4 0 0 0 0 45 45 10 56 40 4 0 0 0 0

Mean 0 0 0 0 11 44 45 53 32 14 1 0 0 0
± SEM ±6 ±14 ±17 t7 ±5 f9 t1

Exp . Freshly isolated

Buffer alone

eosinophils challenged in :

rH GM-CSF
added

Cultured eosinophils
challenged in buffer

alone

1 13 23 37
2 22 93 85
3 25 37 88
4 25 77 52
5 14 21 27
6 43 87 ND
Mean ± SEM 21 ± 4 56 ± 13 58 ± 12
n value 6 6 5
p value* - <0.05 <0.05
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TABLE IV
Antibody-dependent Cytotoxicity ofEosinophils against S. mansoni before and after Culture

Discussion

Assay conditions

Freshly isolated cells were exposed to enriched MEM alone or rH GM-CSF at the time of assay .
Eosinophils cultured for 7 d were washed and assayed in medium alone. All values are the average
ofduplicate or triplicate samples expressed as percent oflarvae killed after 24 h. Eosinophil survival
for cells cultured for 7 d with 50 pM rH GM-CSF and 3T3 fibroblasts was 68 t I1% (mean ±
SEM, n = 4) . No loss of viability of the larvae occurred in the control wells in which all the reactants
except eosinophils were present.

*n=4.
t The statistical significance of differences between sample means for each population was based
upon comparison to freshly isolated cells assayed in medium alone as determined by the paired
two-tailed Student's t test .

antibody-dependent cytotoxicity to helminths was enhanced six- to sevenfold (p
< 0 .05) . There was no statistical difference (p > 0.5) in the augmented cytotox-
icity for eosinophil populations exposed to rH GM-CSF for only 1 h or in culture
with rH GM-CSF and fibroblasts for 7 d .

In this study, we describe the biological and biochemical properties of hypo-
dense eosinophils generated in vitro by the culture of normodense peripheral
blood eosinophils with rH GM-CSF in the presence of mouse 3T3 fibroblasts . In
the presence of 50 pM rH GM-CSF alone, human peripheral blood eosinophils
were maintained ex vivo for 1 wk with 43% survival (Table I) . Because no
corrections were made for cell losses that might have occurred during media
changes, the percent survival may have been underestimated . The dose-response
characteristics of the eosinophils in this assay of survival (Fig . 1) were nearly
identical to those described for the acute GM-CSF-dependent enhancement of
human eosinophil-mediated, antibody-dependent cytotoxicity and calcium iono-
phore-stimulated leukotriene synthesis (14) . This effect of rH GM-CSF on
eosinophil viability occurs in a range of concentrations that could be mediated
by a high-affinity GM-CSF binding site, such as that of human neutrophils, which
has an apparent Kd of 20 pM (13).
Because mouse 3T3 fibroblasts have been shown to influence the viability of

mast cells and lymphocytes of various species (20-22), the ability of these cells
to improve the viability of eosinophils cultured with rH GM-CSF was examined .
Although fibroblasts alone did not maintain eosinophil viability, the mean sur-
vival of eosinophils cultured with confluent fibroblasts and rH GM-CSF improved

Exp.
Freshly isolated

lenged

Medium
alone

eosinophils chal-
in :

rH GM-CSF
added

Cultured eosino-
phils challenged in
medium alone

1 2 43 88
2 12 62 48
3 13 70 73
4 3 30 20
Mean f SEM* 8 t 3 51 ± 9 57 ± 15
p value$ <0.01 <0.05
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to 67% at 7 d (Table I) and this level of viability was maintained at 14 d (Fig . 3) .
As assessed by light microscopy, the cultured cells appeared similar to the initially
seeded eosinophils (Fig . 4) . The addition of fibroblast-conditioned medium to
enriched RPMI supplemented with 50 pM GM-CSF had no beneficial effect .
This suggests that if a soluble fibroblast factor was responsible for the enhanced
survival, it was short lived . A detoxification role for 3T3 fibroblasts has been
proposed for the growth of B cell clones (22) ; similarly, fibroblasts may act as
scavengers during eosinophil culture, removing cytotoxic granular proteins
released when the eosinophils are manipulated . Enhanced eosinophil survival in
culture was dependent upon the continued addition of fresh rH GM-CSF to the
culture system during each change of media, as demonstrated by the decreased
survival of eosinophils that were exposed only once to rH GM-CSF at the initial
seeding .

In earlier studies (23, 24) with femtomolar doses of rH GM-CSF, the survival
of both human eosinophils and neutrophils increased only 6-9 h . In the present
study, the remarkably prolonged survival of eosinophils to 14 d obtained with
GM-CSF and 3T3 fibroblasts is probably a consequence of using concentrations
of rH GM-CSF that are appropriate to the apparent Kd of its receptor on other
cells, and culturing the eosinophils in dishes that permit the media to be changed
frequently and replenished with fresh media containing rH GM-CSF. When
neutrophils were cultured for 4 d, either as a contaminating cell type or as the
major population of leukocytes, only viable eosinophils were recovered, indicat-
ing that in this culture system with mouse 3T3 fibroblasts, rH GM-CSF prefer-
entially enhances the survival of eosinophils.
The eosinophils used in this study were specifically selected for their normal

density, as distinct from the less dense eosinophils of most hypereosinophilic
donors . Whereas the cells were initially isolated from the metrizamide density
interfaces >22/23%, after culture they were recovered in the supernatant/18%,
18/20%, and 20/21% metrizamide interfaces (Fig. 5 and Table II), indicating a
change to hypodense. These hypodense eosinophils exhibited enhanced calcium
ionophore-stimulated generation of LTC4 and enhanced antibody-dependent
cytotoxicity to S. mansoni larvae . The levels of LTC4 that were generated by
eosinophils that survived 7 d of culture with rH GM-CSF in the presence of
fibroblasts were comparable to those obtained by incubation of cells with rH
GM-CSF for only 1 h (Table III). This finding indicates that the 2 .5-fold
augmentation of this function achieved during short-term exposure to GM-CSF
is not diminished with prolonged exposure of the cell to the cytokine . Exposure
to rH GM-CSF acutely augmented the ability of eosinophils to mediate antibody-
dependent cytotoxicity for S. mansoni by approximately sevenfold, and this also
did not diminish over 7 d of culture (Table IV). Both enhanced ionophore-
stimulated LTC4 generation and helminthic cytotoxicity have been ascribed to
hypodense eosinophils freshly isolated from hypereosinophilic donors (15, 16).
The observation that normodense eosinophils cultured with GM-CSF in the
presence of 3T3 fibroblasts can be transformed to hypodense cells with an
augmented capacity to elaborate LTC4 and to mediate antibody-dependent
cytotoxicity suggests that this phenotypic change may be regulated in vivo by
GM-CSF.
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The demonstration that rH GM-CSF both prolongs the survival of human
eosinophils and is associated with enhancement of their biochemical and cytotoxic
capacities is further evidence of the ability of specific human colony-stimulating
factors to exhibit activity for normal mature peripheral blood polymorphonuclear
leukocytes . In addition, it suggests that a cytokine released locally in the tissues
might act to prolong the life span ofrecruited eosinophils in vivo . Theaugmented
biological activities and the enhanced survival of eosinophils exposed to GM-CSF
would be ofobvious benefit to the host at those tissue sites where helminths have
penetrated (25) .

Summary
Normodense human peripheral blood eosinophils were isolated under sterile

conditions from the 22/23 and 23/24% interfaces and the cell pellet of metri-
zamide gradients. After culture for 7 d in RPMI media in the presence of 50
pM biosynthetic (recombinant) human granulocyte/macrophage colony-stimu-
lating factor (rH GM-CSF), 43 ± 7% (mean ± SEM, n = 8) of the cells were
viable ; in the absence of rH GM-CSF, no eosinophils survived . The rH GM-
CSF-mediated viability was concentration dependent; increased survival began
at a concentration of 1 pM, a 50% maximal response was attained at -3 pM, and
a maximal effect was reached at concentrations of >_ 10 pM rH GM-CSF. In the
presence of rH GM-CSF and mouse 3T3 fibroblasts, 67 ± 6% (mean ± SEM, n
= 8) of the eosinophils survived for 7 d. In a comparative analysis, there was no
difference in eosinophil viability after 7 and 14 d (n = 3) in the presence of 50
pM GM-CSF and fibroblasts . Culture with fibroblasts alone did not support
eosinophil survival . The addition of fibroblast-conditioned media to rH GM-CSF
did not further improve eosinophil viability, indicating a primary role for GM-
CSF in supporting these eosinophil cell suspensions ex vivo and a supplementary
role for 3T3 fibroblasts . Eosinophils cultured for 7 d localized on density gradient
sedimentation at the medium/18, 18/20, and 20/21 interfaces of metrizamide
gradients, indicating a change to the hypodense phenotype from their original
normodense condition . In addition, the cultured eosinophils generated -2.5-
fold more LTC4 than freshly isolated cells when stimulated with the calcium
ionophore A23187 and manifested sevenfold greater antibody-dependent killing
of S. mansoni larvae than the freshly isolated, normodense cells from the same
donor. Thus we demonstrate the rH GM-CSF dependent conversion in vitro of
normodense human eosinophils to hypodense cells possessing the augmented
biochemical and biological properties characteristic of the hypodense eosinophils
associated with a variety of hypereosinophilic syndromes. In addition, these
studies provide a culture model of at least 14 d suitable for the further charac-
terization of hypodense eosinophils .

Received for publication 9 March 1987 .

References
1 . Horn, B. R., E . D . Robin, J . Theodore, and A . Van Kessel . 1975 . Total eosinophil

counts in the management of bronchial asthma . N. Engl . J . Med. 292:1152 .



140

	

REGULATION OF HUMAN EOSINOPHILS

2. Samter, M., and R. F. Beers, Jr. 1968 . Intolerance to aspirin . Ann. Intern . Med.
68:975 .

3. Conrad, M. E. 1971 . Hematologic manifestations of parasitic infections. Semin.
Hematol. 8:267 .

4. Spry, C. J. F. 1971 . Mechanism of eosinophilia : kinetics of normal and accelerated
eosinopoiesis . Cell Tissue Kinet. 4:351 .

5. Phillips, S. M., J. J. Diconza, J. A. Gold, and A. R. Willis . 1977 . Schistosomiasis in
the congenitally athymic (nude) mouse: thymic dependency of eosinophilia, granu-
loma formation, and host morbidity.J. Immunol. 18:594 .

6. Basten, A., and Beeson, P. B. 1970 . Mechanism of eosinophilia 11 . Role of the
lymphocyte . J. Exp. Med. 131 :1288.

7. Rivera, E., N. Maldonado, E. Velen-Garcia, A . J. Grillo, and G. Malaret. 1972 .
Hyperinfection syndrome with Strongyloides stercoralis. Ann. Intern . Med. 72 :199 .

8. Colley, D. G. 1980 . Lymphokine-related eosinophil responses. Lymphokine Res. 1 :133 .
9. Walls, R. S., A. Basten, E. Leuchars, and A. J. S. Davies . 1971 . Mechanisms for

eosinophilic and neutrophilic leucocytosis . Br. Med. J. 3:157 .
10 . Mahmoud, A. F., M. K. Store, and J. W. Tracy. 1979 . Eosinophilopoietin production :

relationship to eosinophilia of infection and thymus function . Trans. Assoc. Am . Phys.
92:355 .

11 . Donahue, R. E., E. A. Wang, D. K. Store, R. Kamer, G. G. Wong, P. K. Sehgal, D.
G. Nathan, and S. C. Clark. 1986 . Stimulation of hematopoiesis in primates by
continuous infusion of recombinant human GM-CSF . Nature (Lond.) . 321 :872 .

12 . Metcalf, D., C. G. Begley, G. R. Johnson, N. A. Nicola, M. A. Vadas, A. F. Lepez,
D. J. Williamson, G. G. Wong, S. C . Clark, andE. A. Wang . 1986 .Biologic properties
in vitro of a recombinant human granulocyte-macrophage colony-stimulating factor.
Blood. 67:37.

13 . Gasson,J. C., S. E. Kaufman, R. H . Weisbart, M . Tomanaga, andD. W. Golde. 1986 .
High-affinity binding ofgranulocyte-macrophage colony-stimulating factor to normal
and leukemic human myeloid cells. Proc. Nod. Acad . Sci . USA. 83 :669 .

14 . Silberstein, D. S., W. F. Owen,J. C. Gasson, J. F. Di Pierso, D. W. Golde, J. C. Bina,
R. J. Soberman, K. F. Austen, and J. R. David . 1986 . Enhancement of human
eosinophil cytotoxicity and leukotriene synthesis by biosynthetic (recombinant) gran-
ulocyte-macrophage colony-stimulating factor . J. Immunol. 137:3290.

15 . Prin, L., M. Capron, A-B. Tonnel, O. Bletry, and A. Capron . 1983 . Heterogeneity
of human peripheral blood eosinophils : variability in cell density and cytotoxic ability
in relation to the level and the origin of hypereosinophilia. Int. Arch . Allergy Appl.
Immunol. 72:336 .

16 . Kajita, T., Y. Yui, H . Mita, N. Taniguchi, H. Saito, T. Mishima, and T. Shida. 1985 .
Release of leukotriene Ca from human eosinophils and its relation to the cell density.
Int. Arch . Allergy Appl . Immunol. 78:406 .

17 . Vadas, M. A., J. R. David, A. E. Butterworth, N. T. Pisani, and T . Siongok. 1979 . A
new method for the purification of human eosinophils and neutrophils and a com-
parison of the ability of these cells to damage schistosomula of Schistosoma mansoni.
J . Immunol. 122 :1228.

18 . Owen, W. F., R. J. Soberman, T. Yoshimoto, A. L. Sheffer, R. A. Lewis, and K. F.
Austen . 1986 . Synthesis and release of leukotriene C, by human eosinophils . J.
Immunol. 138:532 .

19 . Dessein, A. J., A. E. Butterworth, M. A. Vadas, and J. R. David. 1983 . Maturation
in vivo of Schistosoma mansoni schistosomula after culture in vitro with granulocytes
and antibody . Infect. Immun. 39:225 .

20 . Levi-Schaffer, F., K. F. Austen, P. M. Gravallese, and R. L. Stevens. 1986 . Co-culture



OWEN ET AL .

	

141

of interleukin 3-dependent mouse mast cells with fibroblasts results in a phenotypic
change of the mast cells. Proc. Natl . Acad . Sci . USA. 83 :6485 .

21 . Levi-Schaffer, F ., K . F . Austen,J . P . Caulfield, A. Hein, W. Bloes, and R . L . Stevens .
1985 . Fibroblasts maintain the phenotype and viability of the rat heparin-containing
mast cell in vitro. J. Immunol . 135 :3454 .

22 . Pike, B . L ., and G. J . V . Nossal . 1985 . A high-efficiency cloning system for single
hapten-specific B lymphocytes that is suitable for assay of putative growth and
differentiation factors . Proc . Natl . Acad. Sci. USA. 82:3395 .

23 . Lopez, A . F ., D . J . Williamson, J . R . Gamble, C . G . Begley, J . M . Harlan, S . J .
Klebanoff, A . Waltersdorph, G. Wong, S . C . Clark, and M. A . Vadas . 1986 . A
recombinant human granulocyte-macrophage colony-stimulating factor (rH GM-CSF)
stimulates in vitro mature human neutrophil and eosinophil function, surface receptor
expression and survival .J. Clin . Invest. 78:1220 .

24 . Begley, C . G ., A . F . Lopez, N. A. Nicola, D . J . Warren, M. A . Vadas, C . J . Sanderson,
and D. Metcalf. 1986 . Purified colony-stimulating factors enhance the survival of
human neutrophils and eosinophils in vitro: a rapid and sensitive microassay for
colony-stimulating factors . Blood. 68 :162 .

25 . Butterworth, A . E. 1985 . Cell-mediated damage to helminths . Adv. Parasitol. 23:143 .
26 . Wong, G . G.,J . S . Witek, P . A . Temple, K . M . Wilkins, A . C . Leary, D . P . Luxenberg,

J . S . Jones, E . L . Brown, R . M . Kay, E. D. Orr, C . Shoemaker, D . W . Golde, R . J .
Kaufman, and R . M . Hewick . 1985 . Human GM-CSF : molecular cloning of the
cDNA and purification of the natural and recombinant proteins. Science (Wash. DC).
228:810 .

27 . Gasson, J . C ., R . H . Weisbart, S . E . Kaufman, S . C . Clark, R . M . Hewick, and G . G .
Wong. 1984 . Purified human granulocyte-macrophage colony-stimulating factor:
direct action on neutrophils. Science (Wash. DC). 226:1339 .


