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Abstract

Chemotactic stimulation of neutrophils results in translocation
of CD11b/CD18 (Mac-1) from intracellular storage pools to
the cell surface. Though results from several laboratories indi-
cate that the newly arrived surface Mac-1 is not involved in the
adherence induced by the initial stimulus, the present study
addresses the hypothesis that this Mac-1 plays a role in subse-
quent adherence-dependent functions. The response of human
neutrophils to changing concentrations of a chemotactic stimu-
lus was evaluated by determining the amount of newly arrived
surface Mac-1, and Mac-1-dependent adhesion and locomo-
tion. Small step-wise increases in the concentration of f-Met-
Leu-Phe (FMLP) resulted in proportional stepwise increases
in surface Mac-1 that plateaued within 2-4 min. This newly
arrived Mac-1 supported adhesion to protein-coated surfaces
only when the cells were exposed to an additional increase in
the FMLP stimulus level. Adherence-dependent cellular loco-
motion was evaluated in chambers that allowed rapid changes
in the stimulus concentration. Repeated small increments in the
stimulus level at 200-s intervals resulted in significantly longer
migration paths than a single-step increase in the stimulus. The
results support the hypothesis that small increments in the che-
motactic stimulus bring Mac-1 to the cell surface, and this
newly mobilized Mac-1 is available for adherence-dependent
locomotion with subsequent increases in the concentration of
the stimulus. (J. Clin. Invest. 1992. 90:1687-1696.) Key
words: adhesion « CD18 » chemotaxis « Mac-1 ¢ neutrophil

Introduction

Neutrophils from patients with CD18 deficiency exhibit little
ability to migrate in vitro after chemotactic stimulation. This is
especially evident on some protein-coated two-dimensional
surfaces (1) and monolayers of endothelial cells (2, 3), in that
adhesion of chemotactically stimulated neutrophils to artificial
surfaces involves CD11b/CD18 (Mac-1) and, on endothelial
cells, both Mac-1 and CD11a/CD18 (LFA-1) (3). Chemotac-
tic stimulation of normal neutrophils induces Mac-1-depen-
dent adhesion to many protein-coated surfaces (4-7), and re-
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sults in an increased quantity of CD11b/CD18 (Mac-1) on the
cell surface (4, 8, 9). This newly arrived Mac-1 appears to be
the result of exocytosis of a subset of secondary granules con-
taining Mac-1 in the perigranular membrane (10-14). Recent
evidence indicates that the constitutively expressed Mac-1 is
sufficient for the increased adhesion induced by a single che-
motactic stimulus (15-19), leaving in doubt the functional
significance of the Mac-1 brought to the cell surface by the
stimulus. In this report, we address the hypothesis that the
newly arrived Mac-1 can participate in adhesion if the neutro-
phil subsequently experiences an increase in the chemotactic
stimulus.

Methods

Isolation of neutrophils

Neutrophils obtained from healthy adult individuals were purified
from citrate anticoagulated, dextran-sedimented venous blood samples
over Ficoll-Hypaque gradients and were suspended in Dulbecco’s phos-
phate-buffered saline (PBS; Gibco, Grand Island, NY), pH 7.4, con-
taining 0.2% dextrose as described (20). The isolation steps were
carried out at room temperature, and then neutrophils were main-
tained at 4°C in PBS at a concentration of 107/ml.

Monoclonal antibodies (mAbs)

The anti-CD18 mAb, R15.7 (IgG1) (21) and the anti-CD11a mAb,
R3.1 (IgG1) (3) were provided by Dr. R. Rothlein (Boehringer Ingel-
heim Pharmaceuticals, Inc., Ridgefield, CT) and prepared as previ-
ously described (3). The anti-CD11b mAbs, M1/70 (IgG2b) (4),
LM2/1 (IgG1) (22), Leu-15 (tagged with phycoerythrin [PE]'), 904
(IgG1), and 2LPM19c (IgG1, tagged with phycoerythrin PE) were
obtained from American Type Culture Collection (Rockville, MD),
Dr. T. Springer (Center for Blood Research, Boston, MA), Becton,
Dickinson & Co. (Mountain View, CA), Coulter Immunology (Hia-
leah, FL), and Dako Corp. (Carpinteria, CA), respectively. The iso-
type-matched nonbinding control mAb IgG1 was obtained from Da-
mon Biotech, Inc. (Needham Heights, MA). All mAbs that bind to
neutrophils were titered using flow cytometry (FACScan; Becton Dick-
inson & Co.) to determine the concentration that saturated surface
binding sites of unstimulated and stimulated cells (i.e., stimulation
with 10 nM f-Met-Leu-Phe [FMLP; Sigma Chemical Co., St. Louis,
MO], 37°C, 15 min). In most functional studies, mAbs were initially
used at twice the saturating concentration. R15.7 and 904 were biotin-
ylated according to established protocols.

Immunofluorescence flow cytometry

The quantitation of mAb binding to neutrophils involved the use of
indirect and direct labeling with PE. In some instances, the fluoro-
chrome was directly attached to the primary antibody and in others it

1. Abbreviations used in this paper: ACLB, albumin-coated latex beads;
KLH, keyhole limpet hemocyanin; PE, phycoerythrin; SA, streptavi-
din.
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was attached to a F(ab’), goat anti-mouse second antibody, or strepta-
vidin (SA) for indirect detection of the biotinylated primary antibody
binding. Analysis was performed on a FACScan.

The purpose of the first protocol was to assess the extent of up-regu-
lation on Mac-1 after a single-step increase in the concentration of
FMLP [FMLP] over a wide concentration range. In order to assess the
newly arrived Mac-1, the epitope on Mac-1 recognized by the mAb
used to detect newly arrived Mac-1 was blocked by incubating the
neutrophils in the initial [FMLP] and three-fold excess saturating
amounts of mAb for 20 min. The cells were then washed three times in
PBS containing the initial [FMLP] to remove the excess mAb. The
efficiency of this blocking step was evaluated by exposing the washed
neutrophils to biotinylated mAb followed by SA-PE. Though blocking
was never found to be completely efficient, binding of biotinylated
mADb was most often reduced by > 90%. If the unlabeled blocking mAb
was not removed, blocking efficiency was usually > 95%. Thus, to as-
sess the newly up-regulated Mac-1, neutrophils with bound unlabeled
mADb were exposed to an increased [FMLP] for 15 min and then bio-
tinylated mAb was added for 15 min. Cells were then washed twice in
PBS, exposed to SA-PE for 15 min, then prepared for flow cytometry
using the Becton Dickinson lysing reagent, followed by fixation in 1%
paraformaldehyde. Because the level of binding of the biotinylated
mAb in these experiments represented a combination of newly upregu-
lated sites and those exposed by washing off some of the blocking mAb,
experiments consistently contained controls to assess the efficiency of
blocking. Two biotinylated mAbs were used in these experiments, 904
(anti-CD11b) and R15.7 (anti-CD18).

A second protocol was used to assess the kinetics of Mac-1 mobili-
zation. Neutrophils were suspended for 3 min at 37°C in PBS contain-
ing the primary antibody (Leu 15-PE, or 2LPM 19c, both anti-CD11b)
at saturating concentrations. This preparation was directly sampled in
the flow cytometer to determine the baseline level of fluorescence of
these viable cells. The stepwise increases of chemotactic stimulus were
then added at 10-min intervals and the suspension was sampled to
determine the changes in fluorescence by analyzing 3,000 viable cells at
1-min intervals. Temperature was maintained at 37°C using a heat
block, and cells were maintained in suspension by periodic gentle vor-
texing.

The following procedure was used to estimate the number of bind-
ing sites for antibodies 904 and R15.7 on the neutrophil surface. Sim-
ply cellular microbeads (Flow Cytometry Standards Corp., Research
Triangle Park, NC) were stained in parallel with neutrophils. These
8-um diam beads have covalently bound goat anti-mouse antibodies
on their surface with a known number of binding sites per bead. Analy-
sis was performed using a FACScan flow cytometer calibrated with
quantitative PE microbead standards (Flow Cytometry Standards
Corp.) to determine the fluorescence/protein ratio. By using this ratio,
the number of binding sites for these antibodies on neutrophils could
be estimated (20).

Adhesion assays

Protein-coated glass. A previously published assay was used (23, 24)
that involves coating 25-mm round coverglasses with keyhole limpet
hemocyanin (KLH; Sigma Chemical Co.) for 30 min at 37°C. The
coverglasses were washed in PBS and mounted in adhesion chambers
(23). Isolated neutrophils suspended in PBS were allowed to settle onto
this surface for 500 s, and the chamber was inverted for an additional
500 s. The percentage of neutrophils remaining attached to the protein-
coated surface was determined as previously described (23). The che-
motactic tripeptide, FMLP, used to stimulate adhesion was added im-
mediately before the neutrophils were injected into the adhesion
chamber, and remained with the neutrophils throughout the assay.
Albumin-coated latex beads (ACLB). Latex beads (0.6 um, Sigma
Chemical Co.) were coated with human serum albumin ( Sigma Chemi-
cal Co.) and used to evaluate cell adherence as previously described
(23). Neutrophils were exposed to sequential, carefully timed stepwise
changes in [FMLP] in order to not only stimulate adhesion of ACLB to
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the neutrophil surface, but to stimulate transport of the bound ACLB
to the uropod of polarized cells (24). The first stimulus (1 nM FMLP)
added in the presence of ACLB for 5 min at 37°C. The second stimulus
(5 nM FMLP) was added in the presence or absence of mAbs 5 min,
37°C. The third stimulus (10 nM FMLP) was added and cells were
incubated 20 s, 37°C before being fixed in 1% glutaraldehyde. In this
protocol, the first stimulus has been shown previously (24) to promote
adhesion of ACLB, the second stimulus to induce transport of bound
ACLB to the uropod, and the third stimulus to promote binding of new
ACLB to the highly ruffled regions of the polarized cell opposite the
uropod. Adding the mAbs during the second stimulus allowed evalua-
tion of the effects of the mAbs on ACLB binding induced by the third
stimulus. A visual count of the numbers of beads bound to each cell
was made using a Leitz differential interference contrast microscopy
with a X100 oil objective.

Adherence-dependent neutrophil migration

Glass parallel plate flow chambers (20) (depth of 500 um) were filled
with 2% human serum in PBS for 2 min and washed by exchanging the
volume of the chamber (~ 50 ul) three times with PBS. This proce-
dure for coating glass has been shown previously to produce a marked
reduction in the adhesion of isolated human neutrophils suspended in
PBS without protein supplements, and a spherical cell shape for those
cells that adhere (23). Neutrophil adherence was shown to be increased
by chemotactic stimulation (23-27), and this increase was found to be
largely Mac-1 dependent (4). Neutrophils suspended in PBS or a given
[FMLP] were introduced into inverted chambers and allowed to settle
onto the upper wall (i.e., ceiling) of the chamber. The chambers were
then turned upright and nonadherent cells were removed by exchang-
ing the chamber volume with PBS containing the initial [FMLP]. Sub-
sequent exchanges of the chamber volume allowed exposure of adher-
ent cells to stepwise increases in [FMLP]. This procedure assured that
cell migration resulting from the chemotactic stimulus was adherence-
dependent in that the cells hanging from the chamber ceiling could
only migrate if they remained attached to this surface. For the determi-
nation of migration tracks (paths and lengths) 25-30 neutrophils per
chamber were analyzed on videotapes of each experiment. Paths were
traced from a video monitor screen during replay of the videotapes,
and distance migrated over the observation interval (10-15 min) was
determined by the distance traversed by the uropod of each cell (or to
the point where the cell detached from the protein-coated surface).
Mean path lengths were calculated for each experiment and the
mean=+SD was calculated for the replicates of the experiment. In some
instances, outlines of cells were traced at ~ 100-s intervals to provide
representative figures of neutrophil behavior. The number of neutro-
phils per five X400 microscopic fields was determined at the beginning
and at 400, 1,200, and 2,000 s to assess percentage of cells remaining
attached.

Scanning electron microscopy

Cells in suspension or attached to protein-coated glass were fixed in
cold 1.0% glutaraldehyde in 0.1 M PBS for 2 h, then dehydrated in a
graded ethanol series. Cells were critical-point dried, and preparations
mounted on aluminum stubs, sputter-coated with 20-30 nm of gold,
and examined in a scanning electron microscope (International Scien-
tific Instruments, Inc., Santa Clara, CA).

Results

Evaluation of newly arrived surface Mac-1 in cell adhesion.
KLH-coated glass was chosen as a substrate because we have
previously found that contact with this surface does not appear
to directly activate the neutrophil (24), and that adhesion of
neutrophils to this surface requires chemotactic stimulation
and is Mac-1 dependent (24 ). The mean adherence of unstim-
ulated neutrophils to this surface was less than five cells per five
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Figure 1. Newly arrived surface Mac-1 and the adhesion of neutro-
phils to KLH-coated glass. The results of five experimental conditions
(labeled a-e) are shown, each involving three incubation steps. In
the first incubation, isolated neutrophils were suspended in PBS, mAb
904 (10 ug/ml), or 1 nM FMLP for 15 min at room temperature,
and then washed in PBS to remove the unbound mAb 904. In the
second incubation, these neutrophils were exposed to 1 nM FMLP
or mAb 904 for 15 min, and then without washing, cells were either
maintained in 1 nM FMLP or the concentration of FMLP was in-
creased to 10 nM immediately before being injected into the adhesion
chambers (third incubation). Upper panel: the number of new bind-
ing sites for mAb 904 were determined in aliquots of neutrophils
taken 15 min after stimulation of the cells with 1 nM FMLP. These
values are expressed as the number of new binding sites for mAb 904
(mean in thousands with SEM, n = 3). None of the results were sig-
nificantly different. Lower panel: adhesion to KLH-coated glass was
determined after a 500-s contact time with the protein-coated glass
surface, and is plotted as number of neutrophils per five X40 micro-
scopic fields (mean=SEM, n = 8). The level of adhesion represented
by the second bar is 49% of the neutrophils originally contacting the
KLH-coated surface. Baseline adhesion (i.e., that in the absence of
any chemotactic stimulus) was < 3% (n = 45, data not shown). Sta-
tistical evaluations: Experimental condition g, P < 0.01 compared

to baseline adhesion (without chemotactic stimulation); b, P < 0.01
compared with the results in a; ¢, not significantly different from
baseline adhesion; d, P < 0.01 compared with results in ¢, e, not sig-
nificantly different from c.

microscopic fields. To assess the ability of newly mobilized
Mac-1 to support adhesion, constitutive Mac-1 was blocked
with mAb 904, an anti-CD1 1b antibody previously shown to
block Mac-1 dependent adhesion (24). To accomplish this,
unstimulated neutrophils were incubated with 904 for 15 min,
and then washed to remove the unbound mAb before the ini-
tial stimulation with the chemotactic factor. In contrast to con-
trol cells where constitutive Mac-1 was not blocked by 904,
904-blocked cells exhibited a level of adherence that was not
significantly different from unstimulated neutrophils (Fig. 1,
lower panel, experimental conditions a and c). This failure to

increase adherence occurred even though the increase in bind-
ing sites for 904 after the initial chemotactic stimulus was not
significantly different for both control and 904-pretreated cells
(Fig. 1, upper panel). Thus, as other investigators have con-
cluded, it appeared that the newly arrived Mac-1 did not partici-
pate in adhesion. However, cells on which constitutive Mac-1
had been blocked by mAb 904 (Fig. 1, experimental condition
d) increased their adhesiveness as well as normal cells (Fig. 1,
experimental condition b) when exposed to an increase in the
[FMLP]. These results are consistent with the interpretation
that Mac-1 arriving at the cell surface during the first (1 nM)
FMLP stimulus period was stimulated to participate in the ad-
hesion induced by the second (10 nM) FMLP stimulus. This
interpretation is further supported by the finding that neutro-
phils exposed to 904 after the initial 1 nM stimulus exhibited
no increase in adhesion following the 10 nM stimulus (Fig. 1,
experimental condition e).

The experiments shown in Fig. 1 and described above were
repeated (n = 4) with the exception that mAb R15.7 (anti-
CD18 previously shown to block Mac-1 dependent adhesion)
(21, 24) was substituted for mAb 904. R15.7 produced the
same statistically significant effects as 904 and revealed the
same level of new binding sites following the chemotactic stim-
ulations (data not shown).

Surface distribution of newly expressed adhesion sites.
ACLB assay was used to assess surface distribution of Mac-1-
dependent adhesion sites on neutrophils. As shown in previous
studies (25, 26), unstimulated neutrophils in suspension bind
few ACLB. However, when exposed to a single (first) stimulus
of FMLP neutrophils demonstrate bipolar morphology, and
avidly bind ACLB in a generalized and apparently random
distribution. With a second stimulus of 5 nM FMLP the ACLB
move to the uropod. A third stimulus of 10 nM FMLP creates
new binding sites at the anterior region of the cell as evidenced
by bead binding to this area of membrane ruffling (Fig. 2).
Over a period of 5 min these ACLB move to the uropod. In
previously published studies we have shown that with a single
stimulus of FMLP in the presence of either anti—-CD18 or anti-—
CD11b both the percentage of cells binding ACLB and the
numbers of beads bound per cell were greatly inhibited (4). In
those studies anti-CD1 1a had no affect on binding, indicating
that the binding of ACLB is Mac-1 dependent. In the present
study, the mAbs R15.7 (anti-CD18), LM2/1 (anti-CD11b),
904 (anti-CD11b), M1/70 (anti-CD11b), R3.1 (anti-
CDl11a), or a nonbinding IgG1 were introduced coincident
with the second FMLP stimulus (5 nM) in the protocol given
above, and retained with the cells and ACLB through the third
stimulus (10 nM). Thus, the antibodies were available to block
binding after ACLB binding was induced by the first (1 nM)
FMLP stimulus, the objective being to determine if these mAbs
would block subsequent ACLB binding induced by the second
and third levels of FMLP stimulation. Because the ACLB that
bound after the first (1 nM) stimulus move to the uropod of the
cell, only ACLB on the body or lamella of the cell (Fig. 2) were
enumerated. These would reflect beads bound as a result of the
subsequent chemotactic stimuli. Anti-Mac-1 antibodies al-
most completely inhibited this ACLB binding (Fig. 2). In con-
trast, nAb R3.1 (anti-CD11a) and IgG1 (nonbinding control )
were without effect.

These experimental conditions were used to address again
the question of whether newly mobilized Mac-1 can participate
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Figure 2. Top: the distribution of ACLB on stimulated
neutrophils. Isolated neutrophils were suspended in PBS
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containing ACLB (0.6 um diameter) and 1 nM FMLP
for 5 min at 37°C. The [FMLP] was then increased to 5
nM for an additional 15 min before the cells were fixed

in glutaraldehyde. Under differential interference contrast
microscopy cells were examined for surface-bound
ACLB. Greater than 90% were polarized with most of
the ACLB clustered on the uropod (arrow), as depicted
by the cell in the left photograph. Additional cells were
treated the same with the exception that a third concen-
tration of FMLP (10 nM) was introduced for 20 s before
the fixation in glutaraldehyde. Greater than 90% of these
cells had five or more beads bound to sites other than
the uropod (arrow), as illustrated by the cell in the mid-
dle photograph. Additional cells were processed for scan-
ning electron microscopy to confirm that the newly
bound ACLB were on the cell surface. Larger ACLB (1.0
um in diameter) were introduced coincident with the

third stimulus using techniques previously reported (25) in order to identify those beads that adhered as a result of the third chemotactic stimu-
lus. A representative cell is shown in the right photograph. Bottom: the results of including mAbs (10 ug/ml) in this protocol are shown in the
bar graph. The results are derived from four separate experiments with > 100 cells being evaluated for each experimental condition in each ex-
periment, and results are plotted as mean+SD. * P < 0.01 compared with control; **P < 0.01 compared with cells receiving the third FMLP
stimulus without added mAb. LM2/1 and M1/70 are anti-CD11b mAbs; R15.7, anti-CD18; R3.1, anti-CD1 la.

in adhesion. Constitutively expressed Mac-1 was blocked by
preincubation with mAbs as described above. The neutrophils
were washed to remove unbound mAb, and then stimulated
with 2 nM FMLP. The percentage of cells binding ACLB was
determined as described above. A value (18.3+4.7%, n = 9)
was obtained that was not significantly different from those
values shown in Fig. 2 where the blocking mAbs were retained
with the cells during exposure to ACLB. However, when these
cells were exposed at 5 min after the initial FMLP stimulus to a
10 nM stimulus, the percentage of cells with newly bound
ACLB was 72.6+5.3 (n =9, P <0.01).

Stepwise increases in concentration of FMLP result in step-
wise increases of surface Mac-1. The results using ACLB are
consistent with the experiments in Fig. 1, and further support
the interpretation that Mac-1 arriving at the cell surface during
the initial stimulus was stimulated to participate in the adhe-
sion induced by the second stimulus. Such a mechanism might
play a role in cell locomotion if neutrophils repeatedly experi-
enced changes in the concentration of a chemotactic factor
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(i.e., Mac-1 brought to the surface by a prior stimulus would
function in adhesion with the next stimulus). This would re-
quire repeated activation of the adhesiveness of surface Mac-1,
and translocation of additional Mac-1 to the cell surface in
response to very small changes in the chemotactic stimulus. In
that the results presented above followed large steps in
[FMLP], we sought to determine if Mac-1 up-regulation
would follow small stimulus increments.

In these studies neutrophils were exposed to a given
[FMLP] for 15 min in the presence of anti-Mac-1 mAb. Cells
were then washed in PBS containing this concentration of
FMLP in order to remove the unbound mAb without changing
the [FMLP]. These cells were then exposed to an increase in
[FMLP] for 15 min. The newly up-regulated Mac-1 was de-
tected using the same mADb biotin labeled, followed by SA-PE.
The results of such studies over a wide concentration range are
shown in Fig. 3 4. Fig. 3 B illustrates the effect of increasing the
size of the second step on the magnitude of the new surface
Mac-1. Leukocytes isolated from four donors were studied us-
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Figure 3. Effect of a single-step change in [FMLP] on the binding of
mAb 904 to isolated human neutrophils. Isolated neutrophils were
suspended in PBS containing the concentration of FMLP shown as
the initial value in the pair of concentrations under each bar for 15
min at room temperature in the presence of mAb 904. The cells were
then washed in PBS containing this concentration of FMLP in order
to remove the unbound mAb. Cells were then resuspended in the
second concentration of FMLP, and incubated for an additional 15
min. The ability of this second stimulus to increase surface binding
sites for 904 was evaluated using biotinylated 904 and SA-labeled PE.
In order to distinguish only that Mac-1 up-regulated by the new
stimulus, parallel controls were prepared without increasing the
[FMLP]. The values plotted are the difference between these controls
and the test condition where [FMLP] was increased. Thus, changes

in mAb binding resulting simply from the incubation conditions were
subtracted out, leaving only changes induced by the new level of
FMLP. The mean increase in cell-associated PE fluorescence is plot-
ted. These data are the mean of duplicate determinations using neu-
trophils from a single donor and are representative of results from
four separate experiments. (4) Increases in Mac-1 after single steps
in [FMLP] from different levels. (B) Increases in Mac-1 after in-
creasing steps in [FMLP] from the same initial level.

ing these protocols. In each case, the extent of Mac-1 mobilized
by the second stimulus was greatest when the initial [FMLP]
was below ~ 8 nM. Above this level, little new Mac-1 could be
detected following the second stimulus level. When the pri-
mary [FMLP] was below ~ 6 nM, the amount of Mac-1 mobi-
lized by the second stimulus appeared to be proportional to the
size of the change in [FMLP]. This was easily shown in experi-
ments (e.g., Fig. 3 B) where the initial [FMLP] was the same
and the second stimulus was increased. However, the sensitiv-
ity of the neutrophils to a change in [FMLP] appeared to di-
minish as the primary stimulus level was increased. For exam-
ple, a change from 1.2 to 1.5 nM resulted in a greater increase
in Mac-1 than from 5.0 to 6.0 nM.

Kinetics of stepwise increases in surface Mac-1. To study
the kinetics of sequential stepwise increases in the [FMLP] on
the surface expression of Mac-1, we used directly labeled anti—
CD11b mAbs Leu-15 or 2LPM19¢, and FMLP concentrations
within what appeared in Fig. 3 4 to be the optimum range for
up-regulating Mac-1. Cells were repeatedly exposed to changes
in [FMLP], each step resulting in rapid increases in surface
Mac-1 (Fig. 4). In experiments with neutrophils from five do-
nors, increases in Mac-1 after each step were rapid in the first 2
min and then appeared to plateau by 3—4 min.

Evaluation of Mac-1-dependent cell locomotion. In order
to evaluate the effect of stepwise increases in [FMLP] on adher-
ence-dependent cell locomotion, neutrophils were allowed to
attach to the upper wall (i.e., ceiling) in a parallel plate flow
chamber. This glass surface was coated with serum before in-
troduction of the neutrophils. The attached cells were observed
under phase-contrast optics, and their behavior recorded on
videotape for subsequent analysis. To expose the cells to
changes in [FMLP], the chamber volume was replaced with
PBS containing the specified [ FMLP]. As seen in previous stud-
ies (25), a single step in [FMLP] to a level that stimulated
shape change (e.g., | nM FMLP) induced migration for a short
distance. Then progressive detachment ensued until many cells
were simply hanging by the tip of the uropod (Fig. 5). If, how-
ever, the attached neutrophils were exposed to progressive
steps in the [FMLP], they remained attached and continued to
migrate (Fig. 6). As shown in Fig. 7, step increases of 10% (i.e.,
the new [FMLP] was 110% of the previous [FMLP]) intro-
duced into the chamber at 200-s intervals significantly in-
creased the percentage of neutrophils that remained attached,
and significantly increased the distance migrated from a mean
of 20+15 um (with a single step of 1-10 nM FMLP) to 71+16
um over the observation period (P < 0.01, n = 5 separate ex-
periments with 25-30 cells analyzed per experiment). Step in-
creases of 33% at 200-s intervals almost completely inhibited
detachment, and increased migration to a mean of 173+35 um
(P < 0.01, n = 5 separate experiments with 25-30 cells ana-
lyzed per experiment). If the intervals between steps in
[FMLP] were lengthened to 400 s, many cells detached before
the next [FMLP] was introduced (data not shown).

Extracellular calcium is needed for Mac-1-dependent neu-
trophil locomotion. A possible role for extracellular Ca** in
Mac-1-dependent neutrophil locomotion was suggested by the
studies of Berger et al. (8). They have shown that extracellular
Ca™* is needed for optimum up-regulation of Mac-1. In order
to confirm that this is true following a change in the [FMLP],
neutrophils after the initial stimulus were washed and main-
tained in Ca**-free PBS. As shown in Fig. 8, mobilization of
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Figure 4. Kinetic study of the increases in surface Mac-1 after in-
creases in [FMLP]. Isolated neutrophils were suspended in PBS con-
taining 30 ug/ml of PE-labeled anti-CD11b mAb (Leu-15, upper
graph; 2LPM19c, lower graph) and incubated for 3 min. Sufficient
FMLP was added to the cell suspension to attain the final concentra-
tion (nM) shown, and cells ( 3,000) were repeatedly sampled directly
for flow cytometry. At 10 and at 20 min the [FMLP] was increased as
shown. These data are from studies with two donors, and are repre-
sentative of results with cells from five separate donors.

Mac-1 after an additional step increase in [FMLP] was signifi-
cantly reduced when extracellular Ca** was removed.

The need for extracellular Ca** in the movement of ACLB
over the cell surface was also evaluated. Though the removal of
extracellular Ca** does not affect the neutrophil’s ability to
develop a bipolar shape after exposure to a chemotactic stimu-
lus (23), the movement of ACLB to the uropod was signifi-
cantly reduced in Ca**-free PBS (Table I). In the assay of
Mac-1-dependent cell locomotion, using Ca**-free PBS re-
vealed that after multiple stepwise increments in [FMLP]
where each step was 33% higher than the previous concentra-
tion (i.e., the same protocol used in Fig. 7), the migration path
was a mean of 51+4 um (n = 5). This is a significantly reduced
value when compared with migration under Ca** sufficient
conditions (P < 0.01) over the same observation period.
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Figure 5. Neutrophil detachment from protein-coated glass. Isolated
neutrophils hanging from the upper wall of a parallel plate flow
chamber were exposed to a single step in [FMLP] from 0.3 to 1.0 nM.
(A4) A frequently observed behavior is depicted by tracings of the
outlines of cells moving right to left over a 10-min observation period.
Video recordings were made under phase contrast microscopy (X100
objective, focal plane was that of the tip of the uropod ). The dotted
line indicates portions of the cell out of focus and the dark spot indi-
cates the position of the attached uropod when the cell was hanging
from the surface. (B) At 10 min after the second stimulus, the cells
were fixed and processed for scanning electron microscopy. Two rep-
resentative cells showing different degrees of detachment are shown.
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Figure 6. Effects of stepwise increases in [FMLP] on adherence-de-
pendent migration of isolated neutrophils. Neutrophils hanging from
the upper wall of a parallel plate flow chamber were exposed to three
steps (/) from 0.3 to 2.4 nM, (2) from 2.4 to 3.2 nM, and (3) from
3.2 t0 4.3 nM at 200-s intervals. The fluid in the chamber was sta-
tionary after each new [FMLP] was attained. A frequently observed
behavior is depicted by tracings of the outlines of a cell moving right
to left over a 15-min observation period. Video recordings were made
under phase-contrast microscopy (X100 objective, focal plane was
that of the tip of the uropod). The dotted line indicates portions of
the cell out of focus and the dark spot indicates the position of the
attached uropod when the cell was hanging from the surface.

Discussion

Several published reports using sustained, saturating concen-
trations of stimuli (i.e., conditions that inhibit neutrophil loco-
motion ) demonstrated that the newly mobilized Mac-1 did not
contribute to the adhesive events provoked by the stimulus.
Why the newly arrived Mac-1 does not participate in the coin-
cident adhesive events is unknown. Three general possibilities
are readily apparent: (a) The stored Mac-1 is incapable of func-
tioning in adhesion. (b) There is a temporal dissociation, i.e.,
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five separate experiments. All values for detachment of cells exposed
to increasing [FMLP] were significantly different (P < 0.01) from
the single-step condition.
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Figure 8. Effect of a single-step change in [FMLP] on the binding of
mAb 904 to isolated human neutrophils, requirement for extracellular
Ca**. The experimental conditions were the same as described in
Fig. 3 with the exception that cells were resuspended in Ca**-free PBS
containing | mM EGTA immediately before increasing [FMLP] to
2.4 nM. The mean increase in cell-associated PE fluorescence is plot-
ted. The results are given as mean+SD for five separate experiments.
*P<0.01.

the activation event is so rapid that it precedes the arrival of
Mac-1 from the intracellular pools, but once present at the
surface, the new Mac-1 is potentially functional. A dissociation
between adhesion and arrival of new Mac-1 was seen by Phil-
lipsetal. (15). (c) The translocated Mac-1 must undergo some
change after it arrives at the cell surface before it can be acti-

Table I. Need for Extracellular Ca** in the Transport of
Surface-bound ACLB to the Neutrophil Uropod

ACLB distribution

Experimental conditions* Random Uropod
PBS, 1| nM FMLP 91+3 4+1
PBS, 1-10 nM FMLP 1412 84+2%
Ca**-free PBS,

1 nM FMLP 90+2 2+2
Ca**-free PBS,

1-10 nM FMLP 82+1 12+3¢%

* Isolated neutrophils were suspended in PBS containing ACLB and 1
nM FMLP for 5 min, and then washed in either PBS containing 1
nM FMLP or Ca** free PBS containing | mM EGTA and 1 nM
FMLP. The washed cells were either fixed in flutaraldehyde or ex-
posed to an increase in [FMLP] to 10 nM. The distribution of sur-
face-bound ACLB was then evaluated, and cells categorized into
three groups, those with ACLB randomly distributed on the cell sur-
face, those with ACLB only on the uropod, and those without surface
bound ACLB.

# P < 0.01 compared with PBS and 1 nM FMLP.

§ P < 0.01 compared with PBS and 1-10 nM FMLP.
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vated, and this change is not complete until after the events
that activate the constitutive Mac-1 have waned. Though the
nature of such a change is not apparent, evidence for structural
changes in Mac-1 is provided by recent studies indicating some
regulatory control over the Mac-1 present at the cell surface.
Detmers et al. (18) found an association of increased Mac-1
function with ultrastructural evidence of transient clustering of
surface Mac-1, and speculated that such clustering would con-
tribute to the increased strength of adhesion. Dransfield and
Hogg (28) identified a monoclonal antibody that recognizes
what appears to be an activated state of Mac-1, suggesting that
this heterodimer undergoes a structural change associated with
its ability to function in adhesion.

Our results indicate that the newly mobilized Mac-1 is capa-
ble of functioning in adhesion only if cells are subsequently
exposed to an additional stimulus level. The time needed for
this change and the nature of the change are the subjects of
future studies, but it is reasonable to assume that the sustained
migration of neutrophils under conditions where adhesion was
Mac-1-dependent (Fig. 7) was linked to the ability of newly
mobilized Mac-1 to function in adhesion following each stimu-
lus increment. In this model, steps in [FMLP] serve two func-
tions, to induce adherence through the surface Mac-1, and to
mobilize stored Mac-1 that can be activated when the stimulus
concentration increases again. Studies of migrating neutrophils
by Francis et al. (29) are consistent with the hypothesis that the
intracellular pools replenish surface Mac-1 that is transported
to the uropod and filopodia during migration. Using rhoda-
mine- and fluorescein-labeled anti-CD11b antibodies they
were able to clearly show a polarized distribution of CD11b/
CD18 on migrating cells, with newly expressed CD11b/CD18
at the leading edge of the migrating cell. Our results suggest that
this newly expressed CD11b/CD18 is subsequently used dur-
ing adherence-dependent migration.

In the present studies we found that small increases in
[FMLP] augmented CD11b/CD18 (Mac-1)-dependent ad-
hesion and translocated Mac-1 from intracellular stores to the
cell surface. These events occurred repeatedly in the same popu-
lation of neutrophils exposed to sequential stepwise increases
in [FMLP] over a concentration range known to promote opti-
mal orientation and chemotactic migration. Under circum-
stances where cell locomotion was principally dependent on
Mac-1 adhesion, cell migration was maintained only when
[FMLP] was periodically increased. Otherwise, in the presence
of a constant [FMLP], a high percentage of neutrophils de-
tached after a short migration path. These results indicate that
following stimulation, Mac-1-dependent adhesion was only
briefly augmented. Translocation of Mac-1 from intracellular
stores also appeared to be briefly promoted by steps in
[FMLP], in that the increase in surface levels appeared to
plateau within a few minutes after each stimulus increment.
Thus, there appears to be a qualitative and quantitative rela-
tionship between the stimulus level and the observed changes
in surface Mac-1.

Chemotactic factors, therefore, induce changes in the
amount and function of CD11b/CD18 adhesive events neces-
sary for locomotion on a flat protein-coated substratum, and
these changes may contribute to directional migration in a che-
motactic gradient. A spatial chemotactic gradient appears to
bias the cell’s first pseudopod toward the higher concentration
of chemotactic factor (30), but a temporal mechanism may
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operate in the cell’s continued sensing of a gradient (31). Over
time, there appears to be an adaptive response to a stimulus
concentration (32), after which an increase leads to pseudopod
formation (32), and as we have shown, new Mac-1 adhesion
sites. A decrease results in pseudopod withdrawal (32), and as
we have found, in failure to form Mac-1-dependent adhesion.
Under conditions where neutrophil migration depends on
Mac-1, directional migration may depend on mobilization of
Mac-1 from intracellular pools.

Marks and Maxfield (33) have presented data that neutro-
phils in a Ca** free incubation medium failed to migrate,
though the cells exhibited the capacity to spread and assume
the bipolar shape characteristic of migrating cells. These au-
thors provided visual evidence of these phenomena and specu-
lated that cellular attachment to the substratum was of suffi-
cient strength to tether the cells thereby preventing migration.
In such a model [Ca**]; transients would be required to free
the cells from the anchor so that locomotion could proceed.
Our observations indicate that Mac-1-dependent migration is
also sensitive to depletion of extracellular Ca**, and indicate
that extracellular Ca** is needed for both mobilization of Mac-
1 from intracellular pools following increases in chemotactic
stimulation and transport of adhesion sites to the tail of a polar-
ized neutrophil. While [Ca**]; transients may not be needed
for movement of neutrophils under some conditions (34),
Marks et al. (35) have recently shown that the dependency of
neutrophil locomotion on extracellular Ca** is in some still
poorly defined way influenced by adhesive factors. Jaconi et al.
(36) provided evidence that Mac-1-mediated adhesion of neu-
trophils generates multiple [Ca**]; transients that may control
events associated with cell movement.

Transendothelial migration of neutrophils in response to a
gradient of chemotactic factors across a confluent monolayer
of endothelial cells can be readily shown in vitro. Furie et al.
(37) have recently shown that this migration involves Mac-1.
The significance of Mac-1 to transendothelial migration in
vivo has been shown in two settings. Patients with secondary
granule deficiency, and therefore, a marked reduction in the
intracellular pool of Mac-1, exhibited no increase in surface
Mac-1 after chemotactic stimulation and poor migration of
neutrophilsinto sites of inflammation (38-41). In animal mod-
els, anti-CD1 1b mAbs have been found to reduce the accumu-
lation of neutrophils at some inflammatory sites. Jutila et al.
(42), demonstrated that anti-CD1 1b reduced the migration of
neutrophils into the peritoneal cavity of mice by > 60%. Rosen
and Gordon (43) demonstrated that anti-CD11b mAb 5C6
produced 83% inhibition of neutrophil influx in thioglycollate
induced peritoneal inflammation in mice. mAb 5C6 was also
found to be effective in reducing the neutrophil extravasation
in mouse lungs induced by intratracheal administration of lipo-
polysaccharide (44). Jaeschke et al. (45) found that in a mouse
model of endotoxin-induced liver necrosis, anti-CD11b mAb
administration was almost as effective as an anti-CD18 mAb
in reducing the number of neutrophils in the liver. Such studies
along with those in the present report support the hypothesis
that Mac-1 plays an important role in extravasation of neutro-
phils by contributing to the motility of the cell, and that mobili-
zation of Mac-1 from intracellular pools is used in this process.

Recent studies of transendothelial migration have provided
evidence, however, that Mac-1 is not the only 82-integrin in-
volved in neutrophil locomotion. Transmigration induced by



cytokine stimulation of endothelial cell monolayers was re-
duced much more effectively by mAbs to CD1 1a or to ICAM-1
than by mAbs to CD11b (even mAbs that produced marked
reduction in neutrophil migration on protein-coated glass or
plastic, e.g., 904) (3, 46). Furie et al. (37) found that migration
of neutrophils through confluent monolayers of endothelial
cells (without cytokine stimulation) toward a gradient of che-
motactic factors (e.g., FMLP), is also more effectively blocked
by anti-CDl1la or anti-ICAM-1 mAbs than anti-CDI11b
mAbs. Such studies support the conclusion that LFA-1 func-
tions in the locomotion of neutrophils and utilizes one of its
known ligands, endothelial ICAM-1. T cells also appear to uti-
lize LFA-1 and ICAM-1 in the process of transendothelial mi-
gration (47, 48). This is of interest because there is no known
rapidly mobilizable intracellular pool of LFA-1 in either neutro-
phils or lymphocytes. LFA-1 appears to be constitutively ex-
pressed on these cells, and chemotactic stimulation causes very
little to no increase in the amount of this integrin on the cell
surface. The neutrophil thus appears to possess multiple mecha-
nisms for stimulated locomotion that are apparently in-
fluenced by the molecules needed for adherence to a particular

substrate.
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