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Abstract

A purified recombinant human granulocyte-macrophage colony
stimulating factor (rH GM-CSF) was a powerful stimulator of
mature human eosinophils and neutrophils. The purified rH GM-
CSF enhanced the cytotoxic activity of neutrophils and eosino-
phils against antibody-coated targets, stimulated phagocytosis
of serum-opsonized yeast by both cell types in a dose-dependent
manner, and stimulated neutrophil-mediated iodination in the
presence of zymosan. In addition, rH GM-CSF enhanced N-
formylmethionylleucylphenylalanine(FMLP)-stimulated de-
granulation of Cytochalasin B pretreated neutrophils and FMLP-
stimulated superoxide production. In contrast, rH GM-CSF did
not promote adherence of granulocytes to endothelial cells or
plastic surfaces. rH GM-CSF selectively enhanced the surface
expression of granulocyte functional antigens 1 and 2, and the
Mol antigen. rH GM-CSF induced morphological changes and
enhanced the survival of both neutrophils and eosinophils by 6
and 9 h, respectively. These experiments show that granulocyte-
macrophage colony stimulating factor can selectively stimulate
mature granulocyte function.

Introduction

Colony stimulating factors (CSF)! are a group of cell-derived
products responsible for the proliferation and differentiation of
progenitor cells (1). Recent evidence also suggests that CSF
functionally activate mature cells, a process that takes place in
a lineage-specific fashion (2-4). In humans, naturally occurring
CSF have been only partially purified biochemically (5-7); how-
ever, their first definitive identification has been recently achieved
by recombinant DNA technology (8, 9).
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1. Abbreviations used in this paper: ADCC, antibody-dependent cell-
mediated cytotoxicity; CR3, complement receptor type 3 for the C3bi
portion of C3; CSF, colony-stimulating factor; FACS, fluorescence-ac-
tivated cell sorter; FCS, fetal calf serum; FITC, fluorescein-isothiocyanate;
FMLP, N-formylmethionylleucylphenylalanine; GFA, granulocyte-
functional antigen; G, granulocyte; GM, granulocyte-macrophage;
HPCM, human placental conditioned medium; LPS, lipopolysaccharide;
MADb, monoclonal antibodies; M, macrophage; PMA, phorbol-myristate
acetate; rH GM-CSF, recombinant human granulocyte-macrophage
colony-stimulating factor.
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One of these recombinant human granulocyte-macrophage
CSF (tH GM-CSF) was cloned from a complementary DNA
library prepared from Mo cell messenger RNA and was found
to stimulate in cultures of human bone marrow the formation
of granulocyte-macrophage (GM) and eosinophil (Eo) colonies
(4, 8), exhibiting all the functions of thie previously described
CSF-a obtained from human placenta (6). In all assays used,
this was different from CSF-8 that has no effect on eosinophil
proliferation (6) and from a human-active murine eosinophil-
CSF that has no effect on neutrophil progenitor cells (10). In
this paper we definitively show that this tH GM-CSF activates
mature human neutrophils as well as eosinophils and that this
stimulation is selective as rH GM-CSF does not enhance the
adherence of these cells to endothelium or plastic surfaces. In
addition, we show that activation is associated with an increase
in the expression of certain surface antigens associated with
function and with a significant prolongation of cell survival.

Methods

Purification of human neutrophils and eosinophils

These cells were obtained from the peripheral blood of healthy volunteers
after dextran sedimentation and centrifugation on a gradiént of hypertonic
Metrizamide (Nyegaard, A/C, Oslo) as previously described (11). The
purity was >95% for neutrophils and >92% for eosinophils. The cells
were resuspended in Eagle’s minimal essential medium supplemented
with 10% fetal calf serum (FCS), 20 mM Hepes buffer, and antibiotics.
In experiments involving polarization, iodination, and adherence, blood
was collected by using 0.2% ethylenediaminetetraacetic acid as antico-
agulant. The neutrophils were isolated by density gradient centrifugation
in Hypaque-Ficoll, sedimentation in dextran, and hypotonic lysis of
erythrocytes as previously described (12). The preparation, which always
contained >97% neutrophils with an average purity of 98-99%, was
suspended in 0.9% sodium chloride at 5 X 107 neutrophils per milliliter.

rH GM-CSF, conditioned media containing CSF, and
recombinant human tumor necrosis factor o (rH TNFa)

rH GM-CSF was obtained from the supernatant of COS cells that had
been transfected with cloned human GM-CSF ¢DNA in the p91203 (B)
vector as described (8) and incubated in serum-free medium for 4 d. The
supernatant was concentrated by ultrafiltration and the GM-CSF was
purified to homogeneity as described (8). Silver-staining of the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of the purified GM-
CSF revealed a major band of 19,000 molecular weight. The specific
activity of this rH GM-CSF was 40 U/ng of protein. This material con-
tained <0.2 ng/ml of endotoxin as determined by a limulus amoebocyte
lysate assay. CSF-a and CSF-B were obtained after fractionation of me-
dium conditioned by the human bladder cell carcinoma line U5637 by
phenyl-sepharose chromatography (13), and were a gift from Dr. N. A.
Nicola (Walter and Eliza Hall Institute, Melbourne, Australia). rH TNFe
was a gift from Genentech, Inc., South San Francisco, CA and contained
3.6 X 107 U/mg, as assayed (by the supplier) for its cytotoxic activity on
actinomycin D-treated L929 mouse fibroblast cells. rH TNFa was pro-
duced in Escherichia coli (14) and purified to 99.8% purity. This material



contained 0.8 ng/ml endotoxin as determined by a limulus amoebocyte
lysate assay.

Antibody-dependent cell-mediated

cytotoxicity assay (ADCC)

ADCC was performed as previously described (2). In brief, 40 ul of 3'Cr-
labeled, trinitrophenyl (TNP)-coupled P815 cells (4 X 10%) were incubated
with 24 ul of rabbit IgG anti-TNP (Miles-Yeda, Rehovot, Israel), 80 ul
of purified human neutrophils or eosinophils (1.3 X 10°) as effector cells,
and 16 ul of rH GM-CSF for 2 h at 37°C in V-bottom microtiter plates.
Percent cytotoxicity was calculated from the formula: (test — control/
total — control) X 100, where “control” was the >'Cr released by P815
cells in the presence of medium alone, and “total” was the *'Cr released
by the addition of 5% Triton X-100.

Phagocytosis assay

This assay measured the phagocytosis of serum-opsonized baker’s yeast
and was performed as described (15) and modified (4). In brief, 100 ul
purified neutrophils (2 X 10’/ml) were incubated with 250 ul baker’s
yeast, 100 ul diluted fresh autologous serum, and 50 ul rH GM-CSF or
medium with FCS for 1 h at 37°C. After this, the cells were centrifuged
at 4°C, resuspended in 50 ul of cold phosphate-buffered saline (PBS),
and smeared onto a slide. When eosinophils were tested, this assay was
scaled down because of the relatively low numbers of eosinophils routinely
obtained. The volumes were 20 ul of cells (107/ml), 50 ul of baker’s yeast,
20 ul of freshly obtained human serum, and 10 ul of rH GM-CSF or
medium. After incubation, cytocentrifuge preparations were made. Slides
were fixed in methanol and stained with Giemsa before being examined
for the number of cells showing different numbers of phagocytosed yeast.
The data are expressed as percentages after counting a minimum of 200
cells per slide.

Degranulation assay

This was carried out as previously described (16). Briefly, purified neu-
trophils (5 X 10%/ml) pretreated with cytochalasin B (Sigma Chemical
Co., St. Louis, MO) for 15 min at 37°C were incubated with different
stimuli for 15 min at 37°C. To these mixtures different concentrations
of FMLP (Sigma Chemical Co.) were added and the cells incubated a
further 30 min at 37°C. After incubation the cells were centrifuged and
the released lysozyme was assayed against Micrococcus lysodeikticus
(Sigma). The O.D. at 450 nm was measured in triplicate at 10 sec. intervals
for 3 min. and the amount of lysozyme released was calculated from a
standard curve generated by egg white lysozyme (Sigma Chemical Co.).
Maximum values were obtained by using supernatants from neutrophils
lysed with Triton X-100.

Todination

Iodination was measured by the conversion of radioiodide to a trichlo-
roacetic acid (TCA)-precipitable form as previously described (17).
Zymosan (ICN Pharmaceuticals, Inc., Cleveland, OH) was prepared by
homogenization in water, after which it was boiled for 20 min, washed
twice, and suspended in water at 10 mg/ml. The reaction mixture con-
tained 4 X 1073 M sodium phosphate buffer, pH 7.4, 0.128 M NaCl, 1.2
X 102 M KCl, 1073 M CaCl,, 2 X 107> M MgCl,, 8 X 10 M Na I (4
nmol; 0.05 Ci '), 2 X 107> M glucose, 0.25 mg albumin, 2.5 X 10°
neutrophils, and where indicated, 2 ng/ml rH GM-CSF, 0.5 mg zymosan,
or both. The components of the reaction mixture were incubated for 60
min at 37°C in 12 X 75-mm polystyrene test tubes on a Rotor-Rack
(Fisher Scientific Co., Pittsburgh, PA) and the reaction was stopped by
the addition of 1 ml of cold 10% TCA. The precipitate was collected by
centrifugation at 2,500 g for 5 min in a refrigerated centrifuge, washed
four times with 2 ml of 10% TCA, and the counts per minute were
determined in a gamma scintillation counter. A blank containing the
standard salt solution, iodine and albumin, was run with each experiment
and the results were subtracted from the experimental values. <0.05%
of the total added radioiodide was TCA-precipitable in the blank. A
standard containing the total '>°I added to each experimental tube was
counted and the percent iodination was determined as follows: (cpm
experimental — cpm blank X 100)/(cpm standard). The results are ex-
pressed as nanomoles of iodide converted to a TCA-precipitable form
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per 107 PMN per hour or percent iodide converted to a TCA-precipitable
form. Each experimental value was determined in duplicate and averaged
for statistical analysis of stated number of experiments.

Superoxide production

Purified neutrophils were incubated with medium or different concen-
trations of rH GM-CSF for 2 h at 37°C. After this, 150 ul of cells (10°)
were mixed with 100 ul freshly prepared cytochrome-c (Sigma Chemical
Co., type VI, 12.4 mg/ml), 100 ul FMLP (10~ M), and made up to 1
ml with medium. The mixtures were then incubated at 37°C for 5 min,
after which the cells were rapidly cooled, centrifuged at 4°C, and the
supernatants were transferred to plastic disposable cuvettes. Superoxide
production was measured by the reduction of cytochrome-c (18) using
an extinction coefficient of 21.1 mM™" (19).

The medium used throughout these assays was RPMI (free of phenol
red) containing 2% FCS. In control experiments, rtH GM-CSF did not
reduce cytochrome-c in the absence of cells, and superoxide dismutase
(Sigma Chemical Co.) completely abolished the reduction of cytochrome-
c. The results are expressed as the means of triplicate determina-
tionsx1 SD.

Neutrophil adherence assays

These assays measured the adherence of neutrophils to human endothelial
cells and to plastic. Neutrophils were first radiolabelled with 5'Cr by the
method of Gallin et al. (20). Briefly, neutrophils were suspended in Hank’s
balanced salt solution (HBSS) (Gibco, Grand Island, NY) with 1 mM
calcium, 2 mM magnesium, and 0.1% gelatin at 24 X 10°/ml and in-
cubated with 24 Ci/ml *'Cr (as sodium chromate, 200-500 Ci/g, New
England Nuclear, Boston, MA) at 37°C for 1 h with periodic gentle
agitation. After incubation, free 3'Cr was removed by washing twice with
HBSS. Labeled neutrophils were resuspended in RPMI 1640 medium
(MA Bioproducts, Walkersville, MD) or in RPMI 1640 medium with
5% FCS at a final concentration of 10%/ml.

Adherence to endothelial cells. Endothelial cells were isolated by col-
lagenase treatment of human umbilical cord veins and were maintained
in endotoxin-free RPMI 1640 medium with 10% FCS as previously de-
scribed (21). In the adherence assay, human endothelial cells were plated
in RPMI 1640 medium with 20% FCS in 16-mm-diam wells (Costar,
Cambridge, MA) at 10° cells/cm® and grown to confluence. Prior to
assay, the medium was decanted and the endothelial cell monolayers
were washed once with RPMI 1640 medium containing 5% FCS. To
each well, a total volume of 250 ] was added, containing 5 X 10° *'Cr-
labeled neutrophils and the test substance. The mixture was then gently
agitated and the cells were incubated with the endothelial cell monolayers
at 37°C with 5% CO,. After a 30-min incubation, the supernatant me-
dium and the nonadherent *'Cr-labeled neutrophils were aspirated and
each well was washed once with RPMI 1640 medium containing 5%
FCS. Aspirated nonadherent neutrophils, incubation medium, and the
wash medium from each well were pooled in individual counting tubes
and were counted in a gamma spectrophotometer. The endothelial cell
monolayers and the adherent *'Cr-labeled neutrophils were then lysed
for at least 2 h with 1 M NH,OH. The NH,OH lysate and wash from
each well were counted in a gamma spectrophotometer. Adherence was
determined as the percent of the total *'Cr-cpm added: percent adherence
= (*'Cr-cpm in adherent neutrophils)/(Total 5'Cr-cpm added) X 100.
Total 3'Cr-cpm added was calculated for each well as the sum of 3'Cr-
cpm in supernatant medium, washes, and lysate. Total >'Cr-cpm varied
between wells by <10%.

Adherence to plastic. 100 ul of *'Cr-labeled neutrophils (5 X 10%) in
HBSS containing 0.5% bovine serum albumin were added to round-
bottom polyvinylchloride microtiter plates together with 5 ul of stimulus
and incubated at 37°C. After this, the nonadherent cells were removed
as above and adhered and nonadherent cells counted in a gamma counter.
Adherence was calculated as above. In each case quadruplicate deter-
minations were made.

I mmunoﬂ uorescence assay
This was carried out as previously described (22). Briefly, purified neu-
trophils (107/ml) were incubated with medium or 2 ng/ml of tH GM-
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CSF for 1 h at 37°C after which they were washed three times and mixed
with monoclonal antibodies (MAb) directly conjugated with fluorescein
isothiocyanate (FITC) (23). The mouse MAb used were WEM-G1, an
IgM directed against granulocyte-functional antigen (GFA)-1 (24), WEM-
G11 F(ab'), directed against GFA-2 (15), Mo!1-FITC (Coulter Electronics,
Inc., Hialeah, FL), an IgM directed against the Mo-1/OKM!1 antigen
(25, 26) in the CDy; cluster, anti-8; microglobulin (an IgG2b anti-8,m,
gift from Dr. I. F. C. Mackenzie), K7 (IgM anti-TNP), and PB10 (an
IgG1 against the chicken theta antigen, gift from Dr. P. Bartlett, The
Walter and Eliza Hall Institute.) The incubation was carried out in mi-
crotiter plates for 45 min at 4°C. After being washed three times the
cells were fixed before analysis by flow cytometry as described (22).

Polarization
Changes in cell shape of neutrophils accompanying activation have been
described previously (27) and involve an elongation and assumption of
irregular shape by the cell. Granulocytes were incubated with rH GM-
CSF or medium at 37°C in a 100-ul volume in conical polypropylene
tubes. After incubation, the cells were fixed as previously described (22)
and duplicate samples of more than 100 cells were examined in a cell-
counting chamber. These changes were accompanied by an increase in
the flow cytometric parameter of forward or 0° light scatter (28) which
were measured in a flow microfluoremeter (Ortho cytofluorograph) and
are expressed as the mean of 15,000 cells. Besides the magnitude of the
0° scatter signal, the pulse width of this signal was also significantly
increased.

In eosinophils, a shape change was also observed. The cells assumed
a triangular shape with the granules clearly concentrated toward the
base. The appearance was strikingly similar to candy corn.

Granulocyte survival assay

Details of this assay are described elsewhere (Begley, C. G., A. F. Lopez,
N. A. Nicola, D. J. Warren, C. J. Sanderson, and M. A. Vadas, manuscript
submitted for publication). In brief, purified neutrophils and eosinophils
were placed in Terasaki wells and cultured in the presence of serial two-
fold dilutions of rH GM-CSF in medium containing 10% FCS. After
regular intervals, the cells were examined by phase contrast and eosin
exclusion, and the number of viable cells was recorded. The data are
expressed as mean viable cells from duplicate wells.

Statistical analysis

The P values given were derived after comparing the values obtained
with cells from the same individual before and after stimulation with
CSF by the Student’s method of paired differences unless stated otherwise.

Results

~ Effect of rH GM-CSF on ADCC by human neutrophils and eo-
sinophils. tH GM-CSF was found to stimulate the ADCC of
tumor cells by both neutrophils and eosinophils. A typical titra-
tion curve with neutrophils and eosinophils purified from the
same individual showed (Fig. 1) that rtH GM-CSF was active on
both cell types over a wide range of concentrations. Eosinophils
consistently responded to a greater degree than neutrophils. In
other experiments rH GM-CSF increased the percentage of
ADCC by eosinophils from 5.8% to 48.6% (mean of four ex-
periments, P < 0.0001) and in the case of neutrophils, from
12.5% to 31.5% (mean of four experiments, P < 0.001). In the
presence of lipopolysaccharide (LPS) at 1 ng/ml the percentage
ADCC by neutrophils was 12.8% (mean of two experiments,
not significant). The cytotoxicity observed was not due to toxic
effects of rH GM-CSF since this material did not induce killing
of P815 cells in the absence of either granulocytes or anti-TNP
antibody (data not shown).

Effect of rH GM-CSF on neutrophil and eosinophil-mediated
phagocytosis. Fig. 2 shows one representative experiment out of
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Figure 1. Stimulation by rH GM-CSF
of the ADCC of tumor cells by human
neutrophils (open circles) and eosino-
ﬂ phils (closed circles) from the same in-
540 dividual. Dose-response. Each point is
the mean of triplicate determinations.

Percent cytotoxicity
R
]

Neutrophils

6 20 6k 200
[rHGM-CSFlpg/ml

four performed in which neutrophils phagocytosed baker’s yeast
in the presence of different concentrations of normal human
serum. Very little phagocytic activity was observed in the absence
of serum. The addition of 2 ng/ml of rH GM-CSF resulted in
an increase in neutrophil-mediated phagocytosis of baker’s yeast
at serum concentrations of 2.5% and 1.25% (Fig. 2) but not 5%,
a concentration that appeared to saturate this system. This stim-
ulatory effect of rH GM-CSF was seen both in terms of the
number of neutrophils showing phagocytosis and in the number
of ingested yeast per neutrophil.

In order to establish the concentration of rH GM-CSF nec-
essary to stimulate neutrophil-mediated phagocytosis, a titration
of rH GM-CSF was carried out using 1.2% serum. In one ex-
periment that was representative of three performed, rH-CSF
stimulated phagocytosis by neutrophils at 2 and 0.2 ng/ml, but
was ineffective at 0.02 ng/ml (Fig. 3).

To test whether this rH GM-CSF was also able to stimulate
phagocytosis of serum-opsonized baker’s yeast by mature eosin-
ophils, rH GM-CSF was used at 2 ng/ml over a range of serum
concentrations. In two experiments performed, rH GM-CSF ac-
tivated eosinophil-mediated phagocytosis when baker’s yeasts
were opsonized with 2.5% or 1.2% human serum. One of these
experiments is illustrated in Fig. 4. Similar to its effect on neu-
trophils, rH GM-CSF increased both the number of eosinophils
showing phagocytosis, and the number of ingested yeasts per
eosinophil. No stimulation was seen if human serum was omitted
or heat-inactivated at 56°C for 40 min. LPS at a concentration
between 0.1 and 1 ng/ml (at least 10 times higher than that
present in rH GM-CSF) was found not to have an effect in this
system (data not shown).

Figure 2. Stimulation by rH GM-CSF
of neutrophil-mediated phagocytosis
of yeast organisms opsonized with dif-
ferent concentrations of fresh human
serum. Closed symbols show the val-
ues obtained in the presence of 2 ng/
ml of rH GM-CSF and open symbols
show those obtained in the presence of
medium at serum concentrations of
5% (), 2.5% (O), 1.25% (2), and none
(0). Each point is the mean of tripli-
cate determinations. The values ob-
tained with neutrophils treated with
rH GM-CSF were significantly differ-
ent from those obtained with neutro-

Q ~ phils treated with medium by x? anal-
21 22 23 24 25 26  Ysis (P < 0.001) at a 2.5% serum con-
Cumulative No. of yeast/cell  centration.




Figure 3. Stimulation by rH GM-CSF
of neutrophil-mediated phagocytosis
of yeast organisms opsonized with
1.25% human serum: dose response.
The concentrations of rH GM-CSF
tested were 2 ng/ml (¢), 0.2 ng/ml (Q),
0.02 ng/ml (a), and none (0). Each
point is the mean of triplicate determi-
nations. The values obtained with
neutrophils treated with rH GM-CSF
at 2 ng/ml were significantly different
from those obtained with neutrophils
07 >3 =, treated with medium by x? analysis (P
Cumulative Na of yeast/ cell < 0.001).

Effect of rH GM-CSF on neutrophil degranulation. To test
the effect of rH GM-CSF on neutrophil degranulation, a stimulus
which is a complete secretagogue for neutrophils was used and
the amount of lysozyme released into the supernatant was mea-
sured. rH GM-CSF increased FMLP-stimulated degranulation
of Cytochalasin B-treated neutrophils (Table I). Semi-purified
CSF-a had similar effects as did F(ab'), fragments of the MAb
WEM-G11, which was used as a positive control (15). Neither
rH GM-CSF nor CSF-« stimulated lysozyme secretion by them-
selves (absence of FMLP). Similarly, no lysozyme secretion was
detected if neutrophils were not treated with Cytochalasin B or
if neutrophils were treated with LPS at 1 ng/ml. In two other
experiments rH GM-CSF was found to enhance lysozyme se-
cretion from neutrophils treated with Cytochalasin B and
stimulated by 10®* M FMLP in a dose-dependent manner
(Table II).

Stimulation of neutrophil-mediated iodination by rH GM-
CSF. In the absence of a stimulus no iodination by neutrophils
takes place during an incubation period of 1 h. The addition of
rH GM-CSF alone induced a very low degree of iodination by
neutrophils (Table III). By contrast, and as described previously
(29), rH GM-CSF strongly stimulated iodination by eosinophils
(data not shown). Similarly to rH GM-CSF, zymosan stimulated
very little neutrophil-mediated iodination by itself. However,
the addition of rH GM-CSF and zymosan appeared to have a
synergistic effect, enhancing iodination by neutrophils to levels
significantly greater (P < 0.001) than those obtained by either
stimulus alone.

Figure 4. Stimulation by rH GM-
CSF of eosinophil-mediated phago-
cytosis of yeast organisms opson-
ized with different concentrations
of human serum. Values obtained
100 in the presence of 2 ng/ml of tH
GM-CSF are shown as closed sym-
bols, and those obtained in the
presence of medium were shown as
open symbols. The serum concen-
0k trations used were 2.5% (D), 1.2%

“ (2), and none (o). Each point is the
g mean of triplicate determinations.
R The values obtained with eosino-
phils treated with rH GM-CSF
20+ were significantly different from

those obtained with eosinophils
. treated with medium by x? analy-
21 22 23 >, sis (P <0.001) at 2.5% and 1.2%
Cumulative No.of yeast per cell serum concentrations.
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Table I. rH GM-CSF Enhances Lysozyme
Secretion from Cytochalasin B-treated Human
Neutrophils Stimulated with FMLP

Lysozyme*
Preincubation with:
WEM-Gl1

rH GM-CSF F(ab?),
Stimulus:FMLP (2 ng/ml) CSF-a (1:100) (60 ng/ml) Medium
107’ M 340+9% 193+3 20519 105+10
108 M 245+10 145+0 167+6 60+0
None 00 0+0 20+10 00

* Units of measure, U/ml per minute per 10° cells.

1 Arithmetic means of triplicate determinations followed by 1 SD.
Maximum, 372+12 U/ml per minute per 10° cells.

Purified neutrophils (5 X 10%/ml), pretreated with 5 ug/ml cytochal-
asin B for 15 min at 37°C were incubated with different stimuli for 30
min at 37°C. To these mixtures different concentrations of FMLP
were added and the cells were incubated a further 30 min at 37°C. Af-
ter incubation the cells were centrifuged and the released lysozyme
was assayed against Micrococcus Lysodeikticus. The O.D. at 450 nm
was measured in triplicate at 10 s intervals for 3 min and the amount
of lysozyme released was calculated from a standard curve generated
by egg white lysozyme. Maximum values were obtained by using su-
pernatants from neutrophils lysed with Triton X-100.

Stimulation of neutrophil superoxide production by rH GM-
CSF. A titration of rH GM-CSF showed that neutrophils re-
sponded with an increased production of Oz upon stimulation
with FMLP as judged by the increased reduction of cytochrome-
C observed. Fig. 5 shows one representative experiment out of
six performed. Very little reduction of cytochrome-C was de-
tected with neutrophils preincubated with rH GM-CSF without
the addition of FMLP. LPS at 1 ng/ml did not enhance the
neutrophil response to FMLP. That rH GM-CSF but not LPS
was responsible for the stimulatory effect on neutrophils was
further demonstrated by one experiment in which preincubation
of rH GM-CSF with polymyxin B did not reduce its stimulatory
activity.

Effect of rH GM-CSF on neutrophil adherence. The effect of
rH GM-CSF on the ability of neutrophils to adhere to human
endothelial cells from umbilical cord veins and plastic surfaces
was measured, as these phenomena appear to be the earliest
steps leading to neutrophil migration into inflammatory sites.
rH GM-CSF was unable to stimulate neutrophil adherence to

Table II. Enhancement of Lysozyme Secretion
by Cytochalasin B-treated, FMLP-stimulated Neutrophils
by rH GM-CSF at Different Concentrations

Lysozyme*

[rH GM-CSF], [rH GM-CSF], [rH GM-CSF],
Experiment 2 ng/ml 0.2 ng/ml 0.02 ng/ml None
1 230+9% 225+4 1153 70+3
2 2076 200+4 1270 1056

* Units of measure, U/ml per minute per 106 cells.

} Arithmetic means of triplicate determinations followed by 1 SD.
Maximum for experiment 1, 268+12, and for experiment 2, 248+10.
Details are as for Table 1. Neutrophils were stimulated with FMLP at
1078 M.
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Table III. rH GM-CSF Enhances Iodination
by Neutrophils Stimulated with Zymosan

rH GM-CSF
Iodination rH GM-CSF Zymosan + zymosan P*
nmol/h per
107 cells 0.10+0.04 (5) 0.44+0.19 (4) 5.98+0.84 (3) <0.001
Percentt 0.6410.26 (5) 2.65+1.2 (4) 38.4+5.50 (3) <0.001

The reaction mixture contained 4 X 10~ M sodium phosphate buffer, pH 7.4,
0.128 M NaCl, 1.2 X 1072 M KCl, 1073 CaCl,, 2 X 1072 MgCl,, 8 X 107 Nal (4
nmol; 0.05 xCi '2I), 2 X 1073 M glucose, 0.25 mg albumin, 2.5 X 10° neutro-
phils, and 2 ng/ml rH GM-CSF, 0.5 mg zymosan, or both. The final volume was
0.5 ml and the incubation was for 1 h. The data are expressed as the mean+SE
of (n) experiments.

* P value for the difference between zymosan and tH GM-CSF + zymosan.

$ Percent iodide converted to a TCA-precipitable form.

endothelial cells (Fig. 6 A). This was in contrast to the effects of
PMA, and of rH-TNFa, which increased neutrophil adherence
to endothelial cells in a dose-dependent manner (Fig. 6 B). LPS
at 1 ng/ml was also a strong stimulus for neutrophil adherence
(not shown).

rH GM-CSF was also a very poor stimulus at promoting
adherence of neutrophils to plastic (Fig. 7). In six individuals,
the mean adherence in the absence of any stimulus (control)
was 4.3+2.2 (percentage+SE). The addition of rH GM-CSF into
the reaction increased adherence to 6.4+2.5 (not significant).
By contrast, rH TNF stimulated adherence by 18.9+4.2 (different
from control, P < 0.001). In two individuals, however, neutro-
phils adhered to a relatively larger extent in the absence of stim-
ulus, and in one of these the adherence could be increased by
the addition of rH GM-CSF. PMA, used as a positive control,
increased adherence to 50.7+9.6 (n = 8, different from control,
P < 0.001).

Regulation of expression of granulocyte functional antigens
by rH GM-CSF. rH GM-CSF was found (Fig. 8) to enhance the
expression of GFA-1, GFA-2, and Mol as measured by the
binding of FITC-labeled MAb WEM-G1, WEM-G11 F(ab'), and
anti-Mol1 to these antigens. This assay, monitored by flow cy-
tometry, showed that the mean and median values obtained
with these MAb increased when neutrophils were incubated with
rH GM-CSF. Thus, the mean fluorescence values obtained with
these MAD increased by 40% (range, 20-77%) with WEM-G1,
by 38% (range, 11-59%) with WEM-G11 F(ab'),, and by 81%
(range, 52-119%) with anti-Mo1 upon stimulation of neutrophils
with 2 ng/ml of rH GM-CSF. The increase in the binding of
MAD was rapid (evident at 10 min) and appeared to reach a
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Figure 6. Adherence of neutrophils to endothelial cells. (A) Mean ad-
herence+SE of neutrophils from five different individuals in the pres-
ence of medium, rH GM-CSF (2 ng/ml), or rtH TNF-« (10° U/ml).
(B) Dose response of neutrophils from one individual in the presence
of different concentrations of rH GM-CSF (solid line) and rH TNF
(dashed line). Each point is the mean of duplicate determinations. In
this experiment 10 ng/ml PMA induced 75.9% adherence.

plateau at 1 h of incubation at 37°C (data not shown). In contrast,
very little or no increase was seen in the binding of MADb anti-
B.m, or the isotype matched but nonbinding controls K7 or
PB10.

The selective upregulation of functional antigens was also
demonstrable on human eosinophils. Thus, rH GM-CSF en-
hanced the expression of GFA-1 by 58% and of Mol by 68%
but no increase was seen in the binding of anti-8,m, K7, or
PB10. LPS at a concentration of 3 ng/ml had no effect on the
upregulation of neutrophil and eosinophil functional antigens.

Effect of rH GM-CSF on granulocyte morphology. Upon in-
cubation with rH GM-CSF at 37°C a change in the shape of
granulocytes was noted. The neutrophils appeared irregular in
shape and elongated and eosinophils assumed a triangular shape
with the granules concentrated near the base. These changes
were interpreted as polarization. The change in shape in neu-
trophils was similar to that seen with FMLP and other stimuli.
A titration of rH GM-CSF showed that most neutrophils were
polarized at 15 min at rH GM-CSF concentrations of 0.2 ng/
ml and above (Fig. 9 4). Eosinophils and neutrophils showed a

Figure 7. Adherence of neu-
trophils from eight individ-
uals to plastic in the pres-
ence of medium, rH GM-
CSF (2 ng/ml), and rH
TNF-« (10° U/ml). Each
point is the mean of qua-
druplicate determinations.
The lines join the values
obtained with neutrophils
from the same individual.
The broken line shows the
values obtained with neu-
trophils from a high re-
sponder individual.
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Figure 8. Fluorescence-activated cell sorter (FACS) profiles of the
binding of MAb WEM-G1, WEM-G11 F(ab'),, anti-Mol, anti-g8,, K7,
and PB10 to human neutrophils preincubated with medium (dotted
line) or rtH GM-CSF (continuous line) at 2 ng/ml. The increase in
binding obtained with MAb WEM-G1, WEM-G11, F(ab'),, and anti-
Mol was significantly higher (P < 0.001) than the coefficient of varia-
tion of the FACS (<3%).

similar dose response with rH GM-CSF. Four other experiments
gave similar results but with up to a fourfold variation in the
dose of rH GM-CSF required to induce maximal responsiveness
depending on the individual tested. The polarization of neutro-
phils by rH GM-CSF was seen within 5 min (Fig. 9 B). The
changes observed by light microscopy were also reflected by an
increase in the 0° light scatter of neutrophils as measured by
flow cytometry (Fig. 9 B). The 0° light scatter also reflected the
dose response relationship (data not shown).
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Figure 9. Morphological changes induced on human neutrophils (e)
and eosinophils (0) by rH GM-CSF at 15 min of incubation. (A) Dose
response of rH GM-CSF expressed as percent polarized cells after vi-
sual examination. (B) Time course of the effect of rH GM-CSF (2 ng/
ml) on neutrophils expressed as percent polarized cells based on visual
examination (e) and as mean channel number in the 0° scatter mea-

sured by flow cytometry (a). Each point is the mean of duplicate de-
terminations.

Effect of rH GM-CSF on the survival of mature neutrophils
and eosinophils. tH GM-CSF increased the survival of mature
neutrophils as well as eosinophils in vitro. In four experiments
performed, determinations of the time points at which 50% of
plated cells were still alive revealed that rH GM-CSF significantly
enhanced the median survival in vitro of eosinophils from 30 h
(medium control) to 39 h (P < 0.005), and that of neutrophils
from 22 h (medium control) to 28 h (P < 0.0025). In each case
a titration of rH GM-CSF was carried out. A representative ex-
periment out of eight performed is shown in Fig. 10 where neu-
trophils were examined after 28 h and eosinophils were examined
after 31 h of incubation. rH GM-CSF at a concentration as low
as 5 pg/ml was enough to support maximum levels of survival
of both neutrophils and eosinophils. As the rH GM-CSF was
diluted out, the number of viable cells rapidly decreased. The
percentage of viable cells in cultures containing only medium
with FCS was ~25% of that seen with optimal amounts of rH
GM-CSF at these time points.

Discussion

In this paper we definitively show that a purified recombinant
human GM-CSF (rH GM-CSF) stimulates the function of ma-
ture neutrophils as well as eosinophils, enhances the expression
of functional antigens, and prolongs their survival in vitro.

Previous experiments in the mouse have shown that mac-
rophages could be stimulated by GM-CSF to kill parasites (30)
and by macrophage-CSF (M-CSF) to produce plasminogen ac-
tivator (31). Furthermore, both granulocyte-CSF (G-CSF) and
GM-CSF purified to homogeneity were shown to activate mouse
neutrophils and G-CSF also stimulated human neutrophil but
not eosinophil function (3).

In the human, early experiments had strongly suggested that
one of the chief effects of CSF was the activation of mature
granulocytes. For example, human placental conditioned me-
dium (HPCM), a rich source of CSF, stimulated the killing of
parasites by eosinophils (32), and HPCM as well as semipurified
CSF-a and CSF-8 enhanced the ADCC of tumor cells by human
neutrophils (2). In addition, human mononuclear cell super-
natants with CSF activity were found to enhance the helmin-
thotoxic capacity of eosinophils (33) and stimulated neutrophils
to kill microorganisms and tumor cells (34, 35). More impor-
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tantly, fractionation of these mononuclear cell supernatants
showed that the fractions with CSF activity co-chromatographed
with fractions showing stimulation of killing by neutrophils and
eosinophils (35).

Subsequent studies showed that GM-CSF purified from Mo
cells-conditioned medium inhibited the migration of human
neutrophils in agarose (7), and that the purified recombinant
GM-CSF molecule increased superoxide anion production by
neutrophils stimulated with FMLP (36). Preliminary experi-
ments also showed that this material enhanced the cytotoxic
and phagocytic activities of neutrophils (4). In this paper we
confirm some of these findings and extend these observations
to show that rH GM-CSF stimulates several but not all param-
eters of granulocyte function and is active on eosinophils as well
as on neutrophils.

The first point of interest was that rH GM-CSF stimulated
both neutrophil and eosinophil function (Figs. 1-5, Tables I-
III). This is notable since the stimulation of function in both
cell types previously seen with CSF-a (2) can now be attributed
to a single molecule. It should also be pointed out that in some
assays (e.g., ADCC), the stimulation of eosinophil function was
stronger than that of neutrophil function, a pattern not seen
with CSF-a (2; and our unpublished observations). Thus, it is
still possible that another stimulatory molecule was present in
CSF-a which was responsible for the strong stimulation of neu-
trophil function.

A second point of interest was the enhancement of the
expression of GFA-1, GFA-2, and Mo-1 but not S,m by rH
GM-CSF, which suggests that CSFs, like the bacterial products
LPS and FMLP (22), and the complement component C5a (37),
selectively up-regulate the surface expression of functionally im-
portant molecules. In fact, the increase in binding of both ra-
diolabeled C3bi (38) and of antibody to the complement receptor
type 3 (CR3) for C3bi (39) on neutrophils incubated with Raji
cell supernatants may be due to the up-regulation of this receptor
(which is located on the Mol antigen) by CSF present in such
supernatants. The upregulation of granulocyte functional anti-
gens may be one important mechanism by which CSF and other
factors play a role in vivo.

The stimulation of granulocytes by rH GM-CSF involved
two types of functions. One was opsonin-dependent and encom-
passsd ADCC (Fc-mediated) and fresh serum-dependent
phagocytosis (complement-mediated). Enhancement of this type
of function may be useful in vivo where activation of granulo-
cytes by GM-CSF may not take place until granulocytes en-
counter the appropriate target. Although it can be argued that
stimulation of this type of function is secondary to an increase
in the relevant receptors (i.e. Fc, CR3) on granulocytes (Fig. 8),
the magnitude of the different responses and the lack of effect
of rH GM-CSF on adherence (see below) would suggest that
this is not the only mechanism by which rH GM-CSF exerts its
function. The second type of functions stimulated by CSF de-
pends on a secondary stimulus, FMLP in the case of O3 pro-
duction and degranulation, and zymosan in iodination experi-
ments. While the stimulation of these functions may reflect
changes in FMLP and zymosan receptor numbers or behavior,
note that the stimulation observed is much greater than that
seen with maximal FMLP doses, which suggests an increased
intrinsic responsiveness to this agent.

The failure of rH GM-CSF to enhance the adhesiveness of
neutrophils to plastic or endothelial surfaces was a notable neg-
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ative finding, showing that the stimulation of granulocyte func-
tion by rH GM-CSF is selective.

The adherence of granulocytes to vascular endothelium is
the initial step in the emigration of these cells into the tissues,
and as such is central to the process of inflammation (40). This
adherence of granulocytes to endothelium has been shown to
be influenced by bacterial products and components of the com-
plement cascade (41), platelet products (42), and more recently
by rH TNFa (43). These data suggest that while GM-CSF may
be of great importance in stimulating human neutrophil and
eosinophil function at the site of inflammation, cell-derived
products other than GM-CSF are responsible for stimulating
granulocyte adherence leading to their emigration into inflam-
matory sites. This is an important point in future considerations
involving the therapeutic administration of CSF, as it would
suggest that the clinical use of CSF may be safe inasmuch as
thrombotic reaction would not be predicted to occur. ‘

Since these adhesive phenomena appear to involve the sur-
face glycoproteins with C3bi receptor function (43), our negative
findings are also important when contrasted with the results with
phagocytosis also apparently dependent on the same neutrophil
structure (44). This would support the notion that the stimulatory
phenomena involve mechanisms dpart from up-regulation of
these surface receptors.

The rapid induction of morphological changes was similar
to those noted in neutrophils incubated with FMLP (45) and
phorbol myristate acetate (PMA) (27), and in the latter case
these changes could be correlated with superoxide release and
activation of protein kinase C. FMLP was also shown to cause
polarization of human neutrophils which parallelled F-actin de-
polymerization and redistribution (46). The polarization of neu-
trophils by rtH GM-CSF could also be detected by flow cytometry
as judged by the increase in forward light scatter, an increase
also seen when neutrophils were stimulated with FMLP and
PMA (28). Taken together, these data suggest that rH GM-CSF
induces morphological changes in neutrophils also seen with
other activating agents and that these' may be a reflection of
cytoskeleton modifications and the state of activation of the cells.

The last parameter examined of granulocyte stimulation by
rH GM-CSF was the survival in vitro. CSF is known to prolong
the survival of bone marrow progenitor cells (1), and mouse M-
CSF (CSF-1) has been shown to be required for the survival of
bone marrow, resident peritoneal, and cultured peritoneal ex-
udate macrophages (47). The demonstration that rH GM-CSF
can extend the survival of both human neutrophils and eosin-
ophils is in agreement with the specificity shown in functional
assays. This effect may be beneficial in vivo by giving granulo-
cytes a longer life span to carry out their effector function.

rH GM-CSF prolonged the survival of neutrophils for ~6
h and that of eosinophils for ~9 h. While the in vivo relevance
of this phenomenon is not yet known the prolongation of gran-
ulocyte survival in peripheral blood may account for rapid
changes in blood neutrophil numbers not previously explicable
by demargination or bone marrow production. The low amounts
of rH GM-CSF required to induce this phenomenon points to
its possible use in therapy.

Also note, however, that CSF may be harmful if present in
high concentration at sites of inflammation where it could play
a role in the pathogenesis of certain diseases. Preliminary ex-
periments have suggested that this may be the case in rheumatoid
arthritis where CSF can be found in the fluid of diseased joints



(Williamson, D. J., C. G. Begley, M. A. Vadas, and D. Metcalf,
unpublished observations).

The effects of rH GM-CSF on mature cells clearly encom-
passes activation, enhanced antigen expression, and survival.
The degree to which these three parameters are related is not
yet clear and it is possible that most parameters of activation
may be explicable by the effect on receptor numbers and on
survival. Regardless of the exact mechanism involved, the func-
tional effects of rH GM-CSF on mature cells is likely to be bio-
logically significant, and one that could be exploited therapeu-
tically. For example, CSF may be a useful adjunct in the treat-
ment of infections as well as in the ex vivo prolongation of
granulocyte survival. In addition, the effect on mature cells will
have to be taken into account when these substances are ad-
ministered systemically to stimulate the proliferation and dif-
ferentiation of bone marrow cells.
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