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Abstract

Humangranulocyte-macrophage colony-stimulating factor (GM-
CSF) has been shown to inhibit migration of mature granulocytes
and to enhance their antibody-dependent cellular cytotoxicity.
We found that human recombinant GM-CSF also enhanced
granulocyte-granulocyte adhesion and increased by two- to
threefold the surface expression of Mol and LeuM5 (P150, 95),
two members of a family of leukocyte adhesion molecules (Leu-
CAM). Increased Mol surface expression occurred within 15
min at 370C and was maximal at the migration inhibitory con-
centration of 500 pM. One-half maximal rise in the expression
of Mol on the cell surface occurred at 5 pM. The chemotactic
peptide f-Met-Leu-Phe produced a comparable rise in surface
Mol with one-half maximal expression occurring at 7 nM. Both
GM-CSF and f-Met-Leu-Phe produced optimal granulocyte-
granulocyte adhesion at 500 pMand 100 nM, respectively. This
adhesion-promoting effect induced by either stimulus was inhib-
ited by a mouse monoclonal antibody directed against Mol an-
tigen. These data indicate that GM-CSFpromotes cell-to-cell
adhesion, presumably through enhanced expression of leukocyte
adhesion molecules. This mechanism may explain, in part, the
known effects of GM-CSFon the function of mature granulo-
cytes.

Introduction

Human granulocyte-macrophage colony-stimulating factor
(GM-CSF)' is a glycoprotein produced by mitogen- or antigen-
stimulated lymphocytes (1). The sequences encoding both hu-
man- and mouse-derived GM-CSFhave recently been cloned,
greatly facilitating the production of substantial quantities of the
pure proteins. Human GM-CSFhas been expressed in mam-
malian cells. The recombinant product (2, 3) migrates on sodium
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1. Abbreviation used in this paper: GM-CSF, granulocyte-macrophage
colony-stimulating factor.

dodecyl sulphate-polyacrylamide gel electrophoresis as a broad
band, ranging in molecular mass between 18 and 35 kD (due
to variable glycosylation) with the major glycoprotein at 22 kD
(2, 3). The availability of the pure recombinant CSFhas greatly
facilitated the analysis of its biological properties both in vitro
(4-9) and in vivo. (Donohue, R. E., E. A. Wang, D. Stone, R.
Kamen, G. G. Wong, P. K. Sehgal, D. G. Nathan, and S. C.
Clark, manuscript submitted for publication). These studies have
demonstrated that in addition to its ability to induce proliferation
and differentiation of several classes of bone marrow progenitor
cells (4), it has a number of effects on mature granulocyte func-
tion, such as inhibition of migration, enhancement of antibody-
dependent cell-mediated cytotoxicity, and enhanced superoxide
anion production in response tof-Met-Leu-Phe (9, 10) (Dono-
hue, R. E., E. A. Wang, D. Stone, R. Kamen, G. G. Wong,
P. K. Sehgal, D. G. Nathan, and S. C. Clark, manuscript sub-
mitted for publication). Recently, a family of leukocyte adhesion
molecules (Leu-CAM) consisting of three surface antigens known
as Mo1, LFA-1, and LeuM5 (P150, 95) were identified using
monoclonal antibodies (1 1-13). Each molecule consists of a dis-
tinct alpha subunit noncovalently linked to an identical beta
subunit (1 1-13). Inherited deficiency of this family of molecules
is associated with impairment in granulocyte adhesion-depen-
dent functions such as chemotaxis, leukoaggregation, antibody-
dependent cell-mediated cytotoxicity, and complement receptor
type 3 (14). In this study we investigated the possibility that
some of the effects of GM-CSFon mature granulocytes may be
secondary to enhanced cell adhesion mediated by increased sur-
face expression of one or more members of the Leu-CAM family.

Methods

Recombinant GM-CSFwas produced in Chinese hamster ovary cells (to
be published elsewhere) and purified to homogeneity using reverse-phase
high performance liquid chromatography as previously described (2, 3).
The undiluted material contained < 0.2 ng of endotoxin/ml, as deter-
mined by a Limulus amoebocyte lysate assay kit (M.A. Bioproducts,
Walkersville, MD). Dilutions from the stock were made in Dulbecco's
modified Eagle's medium (Gibco, Grand Island, NY) containing 0.5%
bovine serum albumin and kept frozen at -70°C until use.

The chemotactic peptide f-Met-Leu-Phe and lipopolysaccharide B
(Escherichia coli 026:B6) were obtained from Sigma Chemical Co., St.
Louis, MOand Difco Laboratories, Inc., Detroit, MI, respectively. Me-
dium RPMI 1640, human serum albumin, and Linbro-96 round bottom
microtiter plates were purchased from M.A. Bioproducts, Alpha Ther-
apeutic Corp., Los Angeles, CA, and Flow Laboratories, Inc., McLean,
VA, respectively.
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Mouse monoclonal antibodies directed against Mol, LFA-1, LeuM5
(P150,95), and their common beta subunit were kindly provided re-
spectively by Drs. R. F. Todd III (Ann Arbor, MI) (15), Hergen Spits
(University of Amsterdam) (16), Louis Lanier (Becton-Dickinson &Co.,
Mountain View, CA) (17), and SamWright (The Rockefeller University,
New York) (13). The Fab fragment of monoclonal antibodies directed
against MoI or Mo5, another granulocyte surface antigen (18), was gen-
erated as described ( 19).

Humangranulocytes were purified at 40C from EDTA-anticoagulated
blood by Ficol-Hypaque centrifugation followed by hypotonic lysis of
contaminating red blood cells as previously described (20).

Immunofluorescence analysis. After incubation with medium, GM-
CSF, orf-Met-Leu-Phe, granulocytes were washed, incubated with sat-
urating amounts of the monoclonal antibodies (30 min, 40C), washed,
and then incubated with fluorescein-labeled goat anti-mouse Ig (Meloy
Laboratories, Inc., Springfield, VA) for 30 min at 40C. The washed cells
were then fixed with 1% formaldehyde and fluorescence-measured on a
FACS IV fluorocytometer (Becton-Dickinson & Co., FACS Division,
Sunnyvale, CA). The analysis was displayed as single parameter histo-
grams with the x-axis representing relative fluorescence intensity (log
scale, 256 channels, 48 channels/log decade) and the yaxis representing
cell number. Fluorescence measurements were converted from a loga-
rithmic to a linear scale using a calibration factor.

Leukoaggregation assays. Enhanced cell-to-cell adhesion in response
tof-Met-Leu-Phe or GM-CSFwas measured using two different assays.
(a) The microtiter plate assay was performed as previously described
(2 1). Briefly, to 50 ul of granulocytes (8 X 106/ml in isotonic Tris-NaCl,
pH 7.4) various concentrations off-Met-Leu-Phe or GM-CSFwere added.
The final volume was brought to 400 ,l with RPMI 1640 medium con-
taining 0. 1I% human serum albumin. Cells were rapidly resuspended and
200-Ml aliquots were placed in duplicate wells in a 96-round bottom
microtiter plate. After a 25-min incubation at 370C in a humidified
atmosphere containing 5%C02, the cell settling patterns were assessed
by visual inspection. Untreated cells settled to a round pellet at the center
of the well (0 aggregation). Aggregated cells settled in a diffuse manner
covering the bottom of the well ( 1+4+ aggregation). In each case ag-
gregation was confirmed by removing an aliquot of cells obtained from
replicate wells, fixing the cells in 1% formaldehyde, and then determining
their aggregation status by phase microscopic examination. The effect
of an anti-Mol monoclonal antibody on leukoaggregation was tested by
including the Fab fragment of anti-Mol (or the control anti-Mo5 mono-
clonal antibody) in the reaction mixture (at 15 gg/ml) before addition
of the aggregant.

(b) Granulocyte aggregation was also measured nephelometrically
using a platelet aggregometer (model 300 BD; Payton Associates, Buffalo,
NY) as previously described (22). Aggregation in response tof-Met-Leu-
Phe (10-6 M) or GM-CSF(2 X 10-9 M) was recorded as an increment
in light transmission (AT) on an arbitrary scale. Calibration was based
on a granulocyte suspension diluted by 25%.

Results

Increase of Mol and LeuMs (P150, 95) surface expression on
mature granulocytes by GM-CSF. Granulocytes incubated with
GM-CSF(10 ng/ml, 5 X 10-1° M) for 15 min at 370C increased
their surface expression of Mol and LeuM5 (P150, 95) as well
as their commonbeta subunit by 2.8-fold, 2.0-fold, and 2.3-fold,
respectively (Fig. 1). No significant rise in the surface expression
of LFA- I was detected. The increased expression of Mol (both
alpha and beta subunits) was rapid, reaching - 85% of the max-
imal response within 5 min at 370C (not shown). One-half max-
imal increase in Mo1 surface expression occurred at a GM-CSF
concentration of 5 X 10-12 Mwith maximal expression reached
at 5 X 10-10 M(Fig. 2). This latter GM-CSFconcentration max-

imally inhibited granulocyte migration by 33% (Wang, E. A.

FLUORESCENCEINTENASITY
Figure 1. Effect of GM-CSF(5 X 10-10 M) on the surface expression
of the alpha subunits of Mol (Mol ,), LFA-I (LFA-la), LeuM5
(LeuM5.), and their common beta subunit (fi). Quantitative expres-
sion of these antigens on cells treated with medium alone (A) or GM-
CSF (B) was performed using a FACSIV flow cytometer. The mean

peak channel fluorescence was converted into a linear value, as indi-
cated in parentheses. GM-CSF-induced rise in surface expression
(compared with medium alone) of Mol, LFA-1, and LeuM5 was:

(Mean±SD) 2.4±0.36-fold, 1.125±0.15-fold, and 2.05±0.68-fold
(n = 4), respectively.

and S. C. Clark, unpublished observations). In comparison, f-
Met-Leu-Phe induced one-half maximal Mol expression at 7
X 10-9 M (Fig. 2). At 1 X 10-6 M, anf-Met-Leu-Phe concen-

tration that inhibited chemotaxis (23), Mol surface expression
was maximal (2.6-fold±0.37, mean±SD, n = 5) and comparable
to that induced by GM-CSF at 5 X 10-'° M (2.4-fold±0.36,
mean±SD, n = 4). The effects of GM-CSFon Mol surface
expression were not produced by lipopolysaccharide B in con-

centrations between 1 and 50 Ag/ml. (data not shown).
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Figure 2. Dose-response curves showing the effects of varying concen-
trations of GM-CSForf-Met-Leu-Phe on the surface expression of
Mo1 on granulocytes. Mo1 expression of cells exposed to medium for
15 min at 37°C were arbitrarily assigned a value of 100 immunofluo-
rescence units (IF). Points represent the mean of two independent ex-
periments. Maximal expression of Mol was induced by GM-CSFat a
molar concentration that is -1000-fold lower than the concentration
off-Met-Leu-Phe required to produce a similar effect.

Enhancement of granulocyte-granulocyte adhesion (leu-
koaggregation) by GM-CSF. As shown in Fig. 3, granulocytes
aggregated (as reflected by an increase in light transmission) when
exposed to GM-CSF(2 X 10-9 M) (tracing A) or tof-Met-Leu-
Phe (10-6 M) (tracing C). The effect of medium used to dilute
GM-CSF(tracing B) was not significantly different from buffer
alone (tracing D). Since changes in light transmission not only
reflect aggregation but also changes in cell shape (24), a more
direct microtiter plate assay was also used to measure aggregation.
As shown in Fig. 4 (top), untreated granulocytes did not aggregate
and settled to a spot at the center ofthe well (well a). Granulocytes
treated with GM-CSF(5 X 10-0 M) (well c) orf-Met-Leu-Phe
(10-6 M) (well b) aggregated and settled in a diffuse manner
uniformly covering the base of the wells (4+ aggregation). Leu-
koaggregation was confirmed by microscopic examination of a
cell aliquot from replicate wells treated with medium alone or

Figure 3. Effect of GM-CSF(2 X 10-9 M) andf-Met-Leu-Phe (10-6
M) on granulocyte aggregation. Leukoaggregation was recorded as an
increase in light transmission (AT, yaxis) over the time in minutes (x-
axis). Tracings A and Cshow the aggregation responses to GM-CSF
andf-Met-Leu-Phe, respectively. The addition of buffer (tracing D) or
medium (tracing B) to granulocytes resulted in a dilution artifact with
no significant aggregation responses. Arrows indicate the point in time
at which stimulus or buffer was added to the cell suspension. Similar
results were obtained in two additional experiments.

with GM-CSF. Cells treated with medium alone did not aggregate
(Fig. 4, bottom, panel 1). GM-CSF-treated (5 X 10-10 M) cells,
however, formed large aggregates (Fig. 4, bottom, panel 2). f-
Met-Leu-Phe produced one-half maximal aggregation (2+) in
the microtiter assay at 10-8 Mwhile GM-CSFproduced a similar
response at 10-" M(not shown). Significantly, aggregation in-
duced by GM-CSForf-Met-Leu-Phe was inhibited by the Fab
fragment of a monoclonal antibody to Mol (Fig. 4, top, wellsf
and g, respectively) but not by a control antibody directed against
Mo5, another granulocyte surface antigen (Fig. 4, top, wells d
and e).

Discussion

In this study, recombinant GM-CSF rapidly increased the
expression of Mo1 and LeuM5 antigens on the surface of mature
granulocytes and enhanced adhesion of granulocytes to each
other. Cell-to-cell adhesion was blocked by the Fab fragment of
an anti-Mo 1 monoclonal antibody, suggesting that the Mo1 an-
tigen is involved in this GM-CSF-induced function. GM-CSF
is thus similar to a number of stimuli, such as f-Met-Leu-Phe,
phorbol esters, complement C5a, calcium ionophore A23187,
and tumor necrosis factor (25-27) that increase expression of
Mo1 on the surface membrane of granulocytes. Increased Mo1
surface expression induced by these stimuli occurs within min-
utes and may be due, as in the case of calcium ionophore A23 187,
to a translocation of Mo1 from an intracellular pool present in
the secondary and/or tertiary granules to the cell surface (25,
28). Although both GM-CSFandf-Met-Leu-Phe induced com-
parable amounts of surface Mo1 expression (Fig. 2), GM-CSF
was approximately 1,000 times more potent than f-Met-Leu-
Phe, on a molar basis. This significant difference was also seen
in the granulocyte aggregation response (Figs. 3 and 4). One-
half maximal stimulation of Mo1 surface expression and of ag-
gregation occurred at 5-10 pM(Fig. 2 and data not shown), in
agreement with the recently derived binding affinity of '251I-GM-
CSF to neutrophils (dissociation constant, 17 nM) (29).

It has previously been established thatf-Met-Leu-Phe is che-
motactic to human granulocytes at concentrations below 10-8
M. At higher concentrations (10-6 M), f-Met-Leu-Phe inhibits
granulocyte migration (so-called chemotactic deactivation) (23).
One possible mechanism for the latter effect appears to be in-
creased adhesion of cells to the substratum produced by the
higher concentration of the stimulus (23). It is interesting to
note that in this concentration range, f-Met-Leu-Phe produced
maximal Mo1 surface expression (Fig. 2) and adhesion of gran-
ulocytes to each other (Figs. 3 and 4). GM-CSFin concentrations
that inhibit granulocyte migration (5 X 1010 M) also produced
similar phenotypic and functional cell responses (Figs. 1, 2, and
3). It appears likely, therefore, that the migration inhibitory effects
of GM-CSFmay be mediated, in part, by enhanced cell adhesion
secondary to increased surface expression of certain leukocyte
adhesion molecules.

Finally, this adhesion-promoting function of GM-CSFon
mature granulocytes may be important in vivo. GM-CSFpro-
duced locally may help in trapping granulocytes at the inflam-
matory site and in enhancing their cytotoxic functions. Systemic
production of this cytokine, on the other hand, may impair vas-
cular egress of these phagocytic cells and predispose to systemic
leukoaggregation and bacterial dissemination. This may be of
importance in devising protocols for using this cytokine thera-
peutically in humans.
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Figure 4. (Top) Effects of
GM-CSF(5 x 1010 M) andf
Met-Leu-Phe (1 X 10-6 M)
on granulocyte aggregation.
Both GM-CSFandf-Met-
Leu-Phe caused granulocytes
to aggregate and therefore set-
tle in a diffuse manner totally
covering the bottom of the
microtiter well (4+ aggrega-
tion) (wells c and b, respec-
tively). Cells treated with me-
dium alone did not aggregate
and therefore settled to a
round pellet at the center of
the microtiter well (0 aggrega-
tion) (well a). The Fab frag-
ment of anti-Mo 1 mono-
clonal antibody inhibited
granulocyte aggregation when
the latter was induced either
by GM-CSF(wellf) offMet-
Leu-Phe (well g). The control
monoclonal antibody had no
inhibitory effect (wells d and
e). Each assay was performed
in duplicate. Similar results

2 were obtained in four inde-
pendent experiments. (Bottom) Light microscopic examination of cells treated with medium alone (panel 1) or with GM-CSF(5 X 10-0 M)
(panel 2). Granulocyte aggregation was seen only in the latter. Magnification, X 100.
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