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MAb directed at the a-subunits of Mac-1 (aM), LFA-
1 («L), p150,95 (aX), or their common #-subunit were
used to characterize the contributions of the Mac-1
glycoprotein family to granulocyte adherence reac-
tions. Inhibitory effects of these MAD in incubation
experiments with normal granulocytes indicated
distinct adhesive contributions of each subunit. Sig-
nificantly greater adherence, and inhibition of ad-
herence by anti oM, aX, and § MAD, was observed
under chemotactic conditions designed to “up-reg-
ulate” the surface expression of the oM 8 and o«X 8
complexes. Adherence to protein-coated glass and
binding of albumin-coated latex beads were signifi-
cantly inhibited by anti-8 > anti-aM (OKM-10, M1/
70, LM2/1.6 and OKM-1) > anti-«X > anti-aL. MAD,
but no effects of anti-HLA, AB, or anti-CR-1 MADb
were evident. A similar rank order of inhibition was
observed in granulocyte aggregation assays in re-
sponse to C5a, PMA, or f-Met-Leu-Phe. Significant
inhibition of directed migration by anti-g or anti-aM
(OKM-1 or OKM-10) MAb was observed in subaga-
rose but not Boyden chemotaxis assays; inhibition
was dependent on a continuous cell exposure to
anti-Mac-1« or 8 during the assay, suggesting that a
continuum of new Mac-1 expression is required for
directed translocation. Phagocytosis of Oil-Red-O
paraffin or zymosan selectively opsonized with C3-
derived ligands was significantly inhibited by anti-
aM MAD (OKM-10 > LM2/1.6 > M1/70 > OKM-1) or by
combinations of anti-oM + anti-CR-1 MAD, but only
minimal inhibitory effects of anti-8 MAb and no
effects of anti-aL or anti-aX MAb were seen. Simi-
larly, complement-dependent phagocytosis-associ-
ated lactoferrin release, ingestion, and intracellular
killing of Staphylococcus aureus 502A, and binding
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of iC3b-opsonized SRBC, were significantly in-
hibited by anti-«M (OKM-10, M1/70) or combinations
of anti-aM + anti-CR-1 MAD, but not by anti-8, oL,
or «X MAD. Notably, none of the anti-Mac-1 MAbD
demonstrated inhibitory effects in assays of ad-
herence-independent functions including shape
change, specific f-Met-Leu-°’H-Phe binding, O7 gen-
eration, chemiluminescence evolution, or lactofer-
rin release in response to PMA. These studies indi-
cate that MADb directed at individual subunits or
combinations of subunits of the Mac-1 glycoprotein
family can be employed in blocking experiments to
elicit functional abnormalities of granulocytes sim-
ilar to those recognized in patients with a genetic
deficiency of Mac-1, LFA-1, and p150,95. Thus, our
findings provide additional evidence for an impor-
tant physiologic role of this leukocyte glycoprotein
family in the inflammatory response.

Recent reports have described a newly recognized ge-
netic disorder which is clinically characterized by recur-
rent soft tissue infections, severely impaired pus forma-
tion and wound healing, and severe in vitro abnormalities
of a large spectrum of adherence-dependent functions of
granulocytes, monocytes, T lymphocytes, and/or NK cells
(1-11). We have demonstrated previously in eight af-
fected patients a profound deficiency of a family of three
structurally and functionally related leukocyte glycopro-
teins, Mac-1, LFA-1, and p150,95 (1, 2, 5). These three
molecules are referred to here as the Mac-1 glycoprotein
family. The recognition of the clinical consequences re-
sulting from this molecular deficiency has highlighted
the biologic importance of this glycoprotein complex in
mediating normal inflammatory functions.

Each of the Mac-1, LFA-1, and p150,95 molecules
consists of noncovalently associated «- and g-subunits
with a8 stoichiometry (12). They share an identical 8-
subunit (M. = 95 Kd) and are distinguished immunologi-
cally by distinct a-subunits whose relative m.w. are 165
Kd, 177 Kd, and 150 Kd for Mac-1a (eM), LFA-1a (aL),
and p150,95« (aX), respectively (12). Studies employing
monoclonal antibodies (MAb)* recognizing epitopes of
Mac-1 or LFA-1 have suggested that these molecules

4 Abbreviations used in this paper: f-Met-Leu-*H-Phe, N-formyl-methi-
onyl-leucyl-*H-phenylalanine; DPBS, Dulbecco’s phosphate-buffered sa-
line; ACLB, albumin-coated latex beads; BI, bactericidal indices; ZAP,
zymosan-activated plasma: CTL, cytolytic T lymphocyte; CL, chemilumi-

nescence; CFU, colony-forming units; ORO, oil-red-O; NHS, normal hu-
man serum; MAb, monoclonal antibodies.
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contribute to multiple types of leukocyte adhesion reac-
tions (12-18). The LFA-1 molecule was originally shown
to participate in the formation of adhesion between ef-
fector and target cells in cytolytic T lymphocyte (CTL)
mediated killing and in natural killing, as demonstrated
in MAD blocking experiments (3, 12-16). Mac-1 was ini-
tially identified by MAb as a mouse differentiation anti-
gen present on myeloid cells but absent on lymphoid cells
(19). Subsequently, human Mac-1 was identified by
cross-reaction of an MAb directed against mouse Mac-1
(20), and several other MAb, including OKM-1 (18), MO-
1 (21), OKM-9 (12, 18}, OKM-10 (12, 18), and 60.1 (16),
each directed at other determinants on human Mac-1.
The aM moiety recognized by these MAb appears to be
identical to the complement receptor type 3 {CR-3) which
binds a fragment (iC3b) of the third component of com-
plement and mediates adherence and phagocytosis of
iC3b-coated particles by granulocytes and monocytes (17,
18, 22).

Stimuli including phorbol esters and the chemoattract-
ants f-Met-Leu-Phe and C5a induce a five- to 10-fold
increase in granulocyte surface expression of Mac-1 and
p150,95. LFA-1 is not increased (2, 5, 23). The increase
in Mac-1 and p150,95 is maximal within 10 to 30 min,
is not inhibited by cycloheximide, and appears to be due
to mobilization to the cell surface of an intracellular pool
of Mac-1 and p150,95, possibly from secondary granules
(24, 25). Cells from patients with Mac-1 glycoprotein
deficiency lack both cell surface and intracellular pools
of these glycoproteins and fail to increase adhesiveness
in response o the above stimuli. It has been suggested,
therefore, that “up-regulation” of Mac-1 and p150,95 is
of great physiologic importance in regulating granulocyte
adhesiveness (25).

Studies reported here have been designated to explore
the individual or collective contributions of Mac-1, LFA-
1, or pl150,95 to a spectrum of adherence-dependent
granulocyte functions. Our findings indicate that individ-
ual MAb or combinations of MAb directed at this glyco-
protein family can be employed in blocking experiments
to largely reproduce the functional deficits recognized in
patients with the Mac-1, LFA-1 deficiency syndrome. Our
studies indicate distinct contributions of each subunit of
the Mac-1, LFA-1 glycoprotein family to granulocyte ad-
herence functions. They demonstraie significantly
greater adhesive contributions of oM, «X, and g after cell
exposure to chemotactic factors which “up-regulate” the
surface expression of these molecules. Evidence is also
presented indicating that specific iC3b recognition (as-
sessed in rosetting and phagocytic assays) represents a
functional capability of the «aM molecule but not other
subunits of the glycoprotein family. These studies pro-
vide the first information demonstrating adhesive prop-
erties of the p150,95« molecule, and provide new infor-
mation about the mechanisms by which Mac-1, LFA-1
glycoproteins mediate granulocyte chemotaxis.

MATERIALS AND METHODS

Isolation of granulocytes. Granulocytes obtained from Mac-1,
LFA-1-deficient or healthy adult individuals were purified from hep-
arinized, dextran-sedimented venous blood samples over Ficoll-Hy-
paque gradients and were suspended in Dulbecco’s phosphate-
buffered saline (DPBS; GIBCO, Grand Island, NY), pH 7.4, containing
0.2% dextrose as described (26). For use in chemiluminescence (CL),
aggregometry, or N-formyl-methionyl-leucyl-*H-phenylalanine (f-
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Met-Leu-°H-Phe) binding studies, erythrocytes were eliminated by
hypotonic lysis (26). To prevent “up-regulation” of Mac-1 glycoprotein
surface expression as a result of mechanical membrane perturbation
during cell purification, anticoagulated blood samples were proc-
essed immediately at 4°C; all purification procedures were performed
at 0°C to 4°C with ice-cold buffers as described by Fearon (27).

Monoclonal antibodies (MAb). MAb were prepared as described
(28), directed against each subunit of the Mac-1 glycoprotein family.
MAb preparations employed in these studies included hybridoma
cell culture supernatants, ascites fluids, and purified [gG MAb or
their Fab or F(ab’), fragments. Anti-«M MAD included: M1/70 (19},
LM2/1.6.1,° OKM-10 (29}, and OKM-1, which were obtained from
Ortho Pharmaceutical Corp. {Raritan, NJ). Anti-oL. MAb included the
TS1/22 (12) and a mixture of anti-aL. MAb (TS1/12, TS2/14, TS1/
22, TS2/4, and TS2/6} (12). The SHCL-3 MAb to p150.85 o {(aX) was
also available for these investigations {23, 28). The TS1/18 MAb to
the common $-subunit of Mac-1, LFA-1, and p150,95 was used for
most experiments (12); the MHM23 anti-3 MAb was also used for
selected studies (30). Binding control MAb preparations included a
F(ab’), fragment of rabbit IgG directed against the human C3b
receptor (provided by Dr. P. S. Changelian) (27) and an anti-CR1
MAD (*YAZ-1"} (provided by Dr. R. Jack, Harvard Medical School)
(31), and an MAb to HLA A,B (W6/32) (32). Additional control MAb
which recognize granulocyte surface antigens as enumerated in the
Second International Workshop and Conference on Human Leuko-
cyte Differentiation Antigens, including M18, M30, M42, M75, M82,
M87, M100, and M103, were also employed for selected studies (33).
The P3X63K nonimmune ascites was also used as a control prepa-
ration for selected investigations (12).

MADb purification. IgG1 from TS1/18 and TS1/22 ascites fluid,
and IgG2b from S-HCL3 culture supernatant were obtained by pas-
sage over protein A-Sepharose (Pharmacia Fine Chemicals, Piscata-
way, NJ) columns as described for mouse immunoglobulins by Ey et
al. (34). TS1/18 and TS1/22 were collected in the pH 6 eluate, and
SHCL-3 in the pH 3.5 eluate. All fractions were neutralized imme-
diately with 1 M Tris buffer, pH 8.6. LM2/1.6.11 IgG1 was obtained
from a 2.2 M ammonium sulfate precipitation of ascites fluid, which
was then passed over a DEAE-Sephacel (Pharmacia) column and
was eluted with 0.05 M sodium phosphate, pH 6.8.

MAb fragmentation. TS1/18 and TS1/22 F(ab’), were prepared
by digestion with cysteine-activated papain, from which the cysteine
had been removed by passage over a Sephadex G-25 (Pharmacia)
column, as described by Parham et al. (35). Purified IgG (10 mg/ml)
in 0.1 M acetate, 3 mM EDTA, pH 5.5, were incubated at 37°C for
16 hr with cysteine -activated papain at final concentrations of 0.12
mg/ml, or 0.06 mg/ml, for TS1/18 or TS1/22, respectively. The
reaction was stopped by the addition of iodoacetamide. Samples were
dialyzed vs 5 mM Tris-HCI, pH 7.5, and were passed over either DE-
52 (TS1/18) (Whatman, Clifton, NJ) or DEAE-Sephacel (TS1/22)
columns. F(ab’), fragments were collected in the nonbinding flow-
through fractions.

Digestion of SCHL-3 IgG2b to F(ab) fragments was performed as
outlined by Parham (36). In brief, 10 mg of SHCL-3 IgG2b were
digested for 24 hr at 37°C with a 1:50 weight ratio of papain in the
presence of EDTA and cysteine. Papain was inactivated with iodo-
acetamide. The digest was passed over a protein A-Sepharose col-
umn, with the Fab fragments collected in the nonbinding flow-
through fractions. The Fab fragments were dialyzed and were con-
centrated by Amicon ultrafiltration.

Incubation conditions. Freshly isolated granulocytes (1 to 2 X
107/ml DPBS) were incubated with MAb preparations before and/or
during the performance of functional assays. Unless otherwise spec-
ified, concentrations of MAb in purified IgG preparations, hybridoma
supernatants, or ascites fluids were saturating (or greater) as shown
by immunofluorescence flow cytometry (2). For preincubation ex-
periments, cell suspensions were incubated in the presence or ab-
sence of MADb for 20 min at 21°C before washing twice in DPBS.
Varying incubation intervals or conditions used in selected experi-
ments are described in Results with respect to each functional
assay.

Final concentrations of purified polyclonal or MAb preparations
employed were: a) OKM-1 (5 or 10 ug/ml): b) OKM-10 (5 pg/ml); ¢)
LM2/1.6.1 (5 ug/ml); d) TS1/22 IgG or F(ab’); fragments (5 or 10 ug/
ml); ) SHCL-3 IgG (5 ug/ml) or F(ab) fragments (10 pg/ml); f) TS1/18
IgG or F(ab’), fragments (5 ug/ml); g) polyclonal rabbit anti-CR1
Flab’), (5-7.5 ug/ml) or anti-CR1 MAb IgG (5-7.5 pg/ml); and h) anti-
HLA W6/32 IgG (5 pg/mi). Hybridoma supernatants were generally
used at a final dilution of 1/2 to 1/5, and ascites preparations were
generally saturating when used at 1/300 to 1/500 dilutions. When

5Miller, L. J., and T. A, Springer. 1986. Regulated expression of Mac-
1, LFA-1, pl150,95 proteins during leukocyte differentiation. Submitted
for publication.
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combinations of MAb were used, the final concentrations of each
antibody included were similar to those when independently em-
loyed.

P therence and aggregation assays. Adherence chambers were
assembled as described (37) after pretreatment of one of two cover
glasses for 2 min with a solution of 6% pooled human serum in
DPBS. Each chamber was filled with a suspension of granulocytes
(5 x 10°/ml) which was allowed to settle onto the pretreated glass
substrate undisturbed at 21°C for 500 sec. Chambers were then
inverted for an additional 400 sec. Cells remaining attached to the
substrate surface were counted in 15 to 20 high power (x 400) fields.
Chambers were again inverted and cells adhering to the untreated
glass surface were counted. The results were expressed as the per-
centage of cells, adhering to the treated surface over the total number
of cells counted (treated plus untreated surfaces).

A latex bead binding assay described previously also was employed
to quantitate cell adherence (38). Latex beads (0.6 um) (Sigma Chem-
ical Co., St. Louis, MO) were suspended in a solution of 1% of human
serum albumin in DPBS for 2 min at room temperature, were
washed, and were resuspended in DPBS. After their preincubation
in polyclonal or MAb preparations, control or patient granulocytes
were then exposed to 1% albumin-coated latex beads (ACLB) (v/v)
for 5 min at room temperature. ACLB binding was assessed either
before or after exposure of cells to f-Met-Leu-Phe (5 min, 10 nM) or
phorbol myristic acetate (PMA) (5 min, 10 ug/ml). Cells in suspension
then were fixed in 1.5% glutaraldehyde and were examined with
phase-contrast optics. The results were expressed as the percentage
of cells binding =3 beads and as the number of beads bound per
granulocyte.

Granulocyte aggregation was evaluated by a modification of the
method described by Hammerschmidt et al. (39). However, granulo-
cytes were not preincubated in cytochalasin b before assay. After
30 sec of stirring, f-Met-Leu-Phe (107 M), PMA (10 mg/ml), or
zymosan-activated plasma (ZAP) was added to cell suspensions (0.5
ml, 107 granulocytes/ml). The characteristics of aggregation were
visually evaluated by phase-contrast microscopy. Aggregation re-
sponses were expressed in arbitrary units (ZAP units) based on the
relative responses of control granulocytes to varying solutions of
ZAP, where undiluted ZAP = 100 ZAP units, a 1/2 dilution of ZAP =
50 ZAP units, etc. Integrals (or the area under the curve) of individual
aggregation tracings were determined (2). For most experiments, the
results were expressed as the percentage of control integral values.

Assays of leukocyte motility. Motility of normal granulocytes
reacted with MAbD preparations or those obtained from Mac-1, LFA-
1-deficient patients was assessed by multiple techniques. Granulo-
cyte motility into Micropore filters was assessed by a modified Boy-
den technique (26). The distributions of cells within filters were
evaluated with an Optomax Image Analyzer (Optomax Inc., Hollis,
NH) at various incubation intervals, and the depths at which only
two cells (“leading front”) were in focus in one high power (X 40) field
were measured after incubation periods of 40 to 60 min (40). A
modification of a sub-agarose technique as described by Nelson et
al. (41) was employed also. Migration values were expressed as mm/
hr as determined by measurements of the distance between the cell
well perimeter and the “leading front”™ arch directed toward the
chemoattractant well. These determinations were made with a Leitz
Ortholux microscope with a calibrated 40 X objective. In selected
experiments employing this technique, photomicrographs were re-
corded to document the migratory properties of total cell populations
studied under varying experimental conditions.

Phagocytosis assays. Phagocytosis of opsonized emulsified par-
affin oil droplets was measured as described by Shurin and Stossel
(42). For selective C3 opsonization, serum obtained from a patient
with severe combined immunodeficiency disease was used. The rate
of uptake of opsonized zymosan was calculated from the slope of CL
evolution as described (43).

Assessments of CR3 activity—3'Cr-SRBC binding assay. The
functional relationships of the granulocyte iC3b receptor to Mac-1
protein subunits were studied by using healthy adult granulocytes
incubated with anti-Mac-1 MADb in a '°Cr SRBC binding assay.
Granulocytes were allowed to adhere to flat-bottomed tissue culture
plates pretreated with poly-L-lysine and quenched with bovine serum
albumin as described (44). SRBC were labeled with °'Cr and were
treated with appropriate opsonins before addition to the assay. As-
says were terminated by removing unbound SRBC by extensive
washing and then lysing bound SRBC and counting 5!Cr in the lysate
(44). All assays were performed in triplicate with less than 2% of the
total input counts found in wells containing opsonized '*Cr-SRBC,
but no granulocytes after the final wash.

Degranulation. Untreated patient or control granulocytes (107/
ml) or those preincubated with MADb preparations were then stimu-
lated with PMA (10 ug/ml) or opsonized zymosan particles as de-
scribed (2). Cellfree supernatants or cell pellets were then assayed

for g-glucuronidase (2) or lactoferrin {45). Enzyme activities were
expressed as the percentage of total cell contents released by stim-
ulation.

Intracellular killing assay. Intracellular killing of staphylococcus
502A by patient or control granulocytes in the presence or absence
of MAb preparations was assayed, employing a modification of a
technique as described by Quie et al. {46). Reaction mixtures con-
tained staphylococcus 502A (3 x 10° CFU/ml: in 0.5 ml DPBS),
granulocytes (3 X 10°/ml; in 0.5 ml DPBS), and antibody-deficient
normal human serum (NHS) (0.5 ml) + saturating concentrations of
MADb. Reaction mixtures were tumbled at 37°C for up to 2 hr. Aliquots
were removed at time 0, 30, 60, 90, and 120 min, were lysed in
sterile water, were diluted, and were plated on blood agar. Control
tubes containing no granulocytes were included in each experiment.
The results were expressed as a bactericidal index (Bl) calculated by
the formula: BI = 100 — [(CFU at 120 min/CFU at O minutes) X
100].

Oxidative metabolic activity. Superoxide (O7) generation and CL
evolution by granulocytes exposed to PMA (10 pg/ml) were quanti-
tated as described (1, 47).

f-Met-Leu-*H-Phe binding. Granulocytes (10%/ml), f-Met-Leu-*H-
Phe, and cold f-Met-Leu-Phe were incubated in 200 pl of DPBS at
0°C before or after incubation of cells in MAb preparations. Reac-
tions were terminated by rapid dilution in cold (4°C) DPBS followed
by filtration of mixtures through Whatman GFC filters. Radioactivity
was quantitated in a liquid scintillation spectrometer, and specific
binding was calculated as described (26).

Statistical analysis. Data were analyzed by using Student’s un-
paired t-test for summary data or Student’s t-test for paired data.
Unless otherwise stated, all p values refer to the two-tailed test.

RESULTS

Assessments of granulocyte adherence. The results
of studies employing serum-coated glass substrates are
shown in Figure 1A and B. When studied under baseline
conditions (PBS), significant (p < 0.01) inhibition of ad-
herence was observed for cells incubated in the presence
of anti-8 [TS1/18 F(ab’);], anti-aM (OKM-10), or combi-
nations of anti-g and anti-aL [TS1/22 F(ab’);), aX (SCHL-
3 IgG), and/or OKM-10. Slight, statistically insignificant
(p > 0.05} inhibition was observed among cells incubated
in the presence of anti-aL. or anti-aX MAb alone. No
inhibition was observed among binding control cell sus-
pensions incubated in the presence of polyclonal anti-
CR1 F(ab’); or anti-HLA (W6/32) IgG.

Under conditions of f-Met-Leu-Phe stimulation (Fig.
1B}, control cells demonstrated expected hyperadherence
responses, as did cell suspensions incubated in the pres-
ence of polyclonal anti-CR1 or anti-HLA A,B. A striking
inhibition of stimulated adherence was observed among
cells incubated in the presence of anti-8 (83% * 3 inhi-
bition), anti-aM (68% =+ 5 inhibition), or combinations of
anti-g8 plus anti-aL, aM, or «X (X = 80 to 89% inhibition)
(p < 0.01 for each condition). The most profound inhibi-
tion was observed when MADb directed at LFA-1a, Mac-
la, p150,95a and g-subunits were employed together
(89% = 4 inhibition) (p < 0.001). Similarly, low adherence
(4% * 3 of normal) was observed among genetically defi-
cient cells tested simultaneously. Relatively less but sta-
tistically significant (p < 0.01) inhibition was evident
among cell suspensions incubated in the presence of anti-
aX (48% x 6 inhibition). Marked but statistically insig-
nificant (p > 0.05) diminution of adherence (in this assay)
was observed when the anti-«aL. MAb was employed in-
dependently (32% = 13 inhibition). Similar relationships
were observed among cell suspensions stimulated with
PMA (10 pg/ml) (data not shown). The rank order of
inhibition by various MADb observed in these experiments
was anti-g + anti-aL, aM and/or o«X > anti-8 > anti-oM >
anti-aX. As also seen with f-Met-Leu-Phe-stimulated
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Figure 1. Assessments of granulocyte adherence to 5% serum-coated glass substrates in Smith-Hollers chambers. Unstimulated cell suspensions
(A) or suspensions stimulated with f-Met-Leu-Phe (10 nM, 21°C) (B) were preincubated in and tested in the presence of saturating concentrations (5
ug/ml) of MAbD directed at 8 (TS1/18 IgG), «M (OKM-10), X (SHCL-3 IgG), or aL (TS1/22) subunits or combinations of these MAb. Control MAb included
the anti-CR-1 “YAZ-1,” and the anti-HLA A,B, W6/32 IgG. Results of individual experiments (.) and mean values (horizontal bars) are shown.

cells, minimal but statistically insignificant (p > 0.05)
inhibition resulted from anti-aL incubation, and essen-
tially no inhibition was observed when employing anti-
CR1 or anti-HLA A,B (p > 0.05).

Similar findings were observed in dose-response incu-
bation experiments employing f-Met-Leu-Phe-stimulated
cell suspensions (Fig. 2). Maximal inhibition of adherence
was generally observed when using MAb concentrations
of 5 ug/ml; greater inhibition was seen with higher con-
centrations of selected MAb including TS1/22 anti-aL
and OKM-1. Therefore, the TS1/22 and OKM-1 MAb were
used at a final concentration of 10 ug/ml in subsequent
assays. Significant (p < 0.01) inhibition was observed
when using 5 ug/ml of the anti-aM MAb LM/2.1.6 and
OKM-10 and the SHCL-3 anti-«X MAb, whereas =10 pg/
ml of TS1/22 was required to achieve significant inhibi-
tion (p = 0.5). A combination of MAb directed at LFA-1a,
Mac-1le, p150,95«, and the $-subunit demonstrated the
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Figure 2. Assessments of granulocyte adherence to 5% serum-coated
glass substrates in Smith-Hollers chambers. Cell suspensions stimulated
with f-Met-Leu-Phe (10 nM, 21°C) were exposed to varying concentrations
of MAD directed at individual or combinations of Mac-1 subunits or the
control antigens, CR-1, or HLA A,B. Mean + 1 SD values derived from
three to seven experiments for each MAb preparation are shown.

most profound inhibition over the entire range of concen-
trations employed in incubation mixtures. These findings
indicate that with the possible exception of LFA-1q, all
subunits of the Mac-1 glycoprotein family contribute to
the adhesive properties of granulocytes.

A latex bead-binding adherence assay which allows
simultaneous assessments of adhesive and morphologic
characteristics of chemotactically stimulated granulo-
cytes was also used for these studies (Table I). After
stimulation with f-Met-Leu-Phe (10 nM, 5 min, 21°C) or
PMA (10 pg/ml, 5 min, 21°C), granulocytes in suspension
demonstrate bipolar morphology and avidly bind ACLB
in a generalized distribution (Fig. 4, below); unstimulated
cells are uniformly spherical and demonstrate no binding
of ACLB. Anti-8 MAb demonstrated significant and pro-
found inhibitory effects on ACLB binding for both f-Met-
Leu-Phe- or PMA-stimulated cell preparations (Table I).
This was true for the anti-g TS1/18 IgG or its F(ab’).
fragment as well as for TS1/18 supernatants containing
this MAb. The incorporation of anti-aL, oM, and/or aX
MAD in combination with anti-g3 did not further diminish
ACLB binding.

Variable inhibition of ACLB binding by different anti-
aM MAD was observed. However, significant (p < 0.01)
inhibition was apparent for all preparations as compared
to control with respect to the number of ACLB bound per
cell after either f-Met-Leu-Phe or PMA stimulation. With
respect to both the percentage of cells binding ACLB and
the number of beads bound per cell, OKM-1 demonstrated
the least inhibition, whereas OKM-10, LM2/1.6 IgG, and
M1/70 IgG demonstrated greater inhibitory effects. Mod-
est but statistically significant (p < 0.01) inhibitory ef-
fects were observed with each anti-«X SHCL-3 MAb prep-
aration. Essentially no effects on ACLB binding by dif-
ferent TS1/22 anti-al. MAb preparations, the anti-HLA
A.B (W6/32) MAD, the polyclonal anti-CR-1 F(ab’),, or
the nonbinding P3XK63 supernatant preparations were
evident.

In conjunction with these assessments, the morphology
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TABLE 1
Effects of Mac-1 MAb on granulocyte adherence as assessed by ACLB binding
f-Met-Leu-Phe PMA
Gl tei
s{,ff;;[;n Incubation Conditions % Cells Bind-  No. Beads . %CelisBind-  No.Beads
M ngBeads(23] Bound/Cell ™ ingBeads(=3)  Bound/Cell

PBS (13) 95+ 2 21 2 (2 85 19

8 TS1/18 1gG (3 56+ 4 3 +1 2 15 1
TS1/18 Flab’), (6) 47+ 5 37+1
TS1/18 supernatant (3) 42+ 4 35+1 2) 79 6

oM OKM-1 (6) 89x 7 12 x4 (2 86 10
OKM-10 4) 78+ 9 75+2 (2 59 3
LM2/1.6 1gG 2 56+ 7 5 1 (2) 55 4
LM2/1.6 supernatant (6) 47 + 12 462 (2) 67 6
M1/70 supernatant (2) 33+ 4 3.0x1 (2) 80 5

al TS1/22 F(ab’), (6) 100+ 4 18 *1 2 85 19
TS1/22 1gG 3) 100+ 3 19 +2 ND* ND
TS1/22 supernatant (6) 94+ 3 16 6 (2) 100 20
TS1/12, 1/14, 1/22, 2/4. 2/6 supernatant mix- 3) 98+ 3 16 +1 ND ND

ture

aX SHCL-3 supernatant 4) 85+ 7 9.8 (2) 84 9
SHCL-3 IgG 2) 82+ 4 17 =1 (2 79 10
SHCL-3 Fab (3) 93+ 2 14 =2 (2 84 11

B8, aM, al. & aX TS1/18 + OKM-1 + S-HCL3 IgG + TS1/22 F(ab'), (3) 42+ 8 3 =1 (2) 24 1

HLA W6/32 supernatant (4) 92+ 4 16 =4 (2) 80 14
W6/32 ascites 2 97 24 (2) 87 17
W6/32 IgG (2) 98 20 (2) 86 18
X/63 supernatant 2) 94 17

CR-1 YAZ-1 (5 945 18 +3 (2 91 17

“ ND, not done.
of f-Met-Leu-Phe-stimulated granulocytes incubated with 100

each of the MAD indicated in Table I was also evaluated
(36). Essentially no inhibitory effects on shape change in
suspension were observed with respect to any of the MAb
employed (Fig. 3). MADb binding did not promote “sponta-
neous” activation of unstimulated (PBS) granulocytes, nor
did it impair bipolar (+uropod) shape change in response
to f-Met-Leu-Phe over a range of stimulating concentra-
tions. Thus, these findings support the specificity of anti-
Mac-1 MAD effects on cell adherence properties. As
shown in Figure 4A, anti-3 (TS1/18 F(ab’).) almost totally
inhibited ACLB binding, but not the expected morpho-
logic changes resulting from chemotactic stimulation
(Fig. 4B).

Aggregation. The effects of anti-Mac-1 MADb on the
characteristics of aggregation by zymosan-activated se-
rum, f-Met-Leu-Phe (107® M), or PMA (100 ug/ml)-stimu-
lated healthy adult granulocytes were also evaluated.
Aggregation tracings of representative experiments are
shown in Figure 5A and B, and the mean integrals of the
area under the curve (expressed as percent of control) of
all experiments are tabulated in Table II. Suspensions
stimulated with ZAP demonstrated characteristic aggre-
gation-disaggregation tracings within a 3.5-min incuba-
tion interval. Those stimulated with f-Met-Leu-Phe or
PMA demonstrated a more delayed aggregatory response
without disaggregation following even a prolonged inter-
val of incubation (Fig. 5B).

Effects of control or anti-Mac-1 MAb on the aggregatory
responses of granulocytes in response to activated
plasma are shown in Figure 5A. Profound inhibitory
effects were observed with anti-3 MAb or anti-g in com-
bination with anti-a MAb. Calculated mean aggregation
integrals for cells incubated in the presence of anti-3
TS1/18 F(ab’),, IgG, or supernatants were approximately

90 . Anti aX {S-HCL3 IgG)

o Anti CR-1

Anti § TS 1/18 Flab'),
Anti aM (OKM-1)

O Antial [TS 1/22 Flab'),]
Anti HLA (W6/32 IgG)

80

70

60

50

40

30

Bipolar + Uropod Morphology (%)

20

10

. L 1
PBS 0.3 0.6 1 2 5

[f-Met-Leu-phe ] (nM)

Figure 3. Granulocyte suspensions incubated in the presence of max-
imally inhibitory concentrations of MAb (shown in Fig. 2) directed at Mac-
1 subunits or control surface proteins CR-1 or HLA A,B were stimulated
with varying concentrations of f-Met-Leu-Phe for 2 min at 21°C and were
then fixed in glutaraldehyde. Cells were classified morphologically and
the results were expressed as the percent of cells demonstrating bipolar
+ uropod morphology. A normal range of values of granulocytes obtained
from 68 healthy adults is shown by the heavy solid bars.

0 to 13% of normal and were essentially comparable to
those observed for Mac-1, LFA-1-deficient cell suspen-
sions. Essentially no inhibition of cell aggregation was
observed when employing anti-HLA or anti-CR-1 MAD,
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Figure 4. Granulocytes stimulated with f-Met-Leu-Phe (10 nM, 90 sec, 21°C) were exposed to ACLB in the presence or absence of MAb directed at
Mac-1 subunits. These representative scanning electron micrographs demonstrate normal ACLB binding by a granulocyte incubated in the absence
of anti-Mac-1 MAD or in the presence of anti-CR-1 or W6/32 MAD (A), and no binding of ACLB (but normal bipolar morphology) by a granulocyte
preincubated with anti-Mac-1« and anti-g before exposure to ACLB under the same conditions (magnification = 6000 X) (B).

B B 10 PBS
_Antial [TS 1/22 F(ab’)2]
fi- AntiHLA (W6/32) 1gG)
9 #.~ Anti aX (S-HCL3 19G)
PBS 9+ OKM-1
AntiHLA (W6/32)
8 Antial [TS 1/22 F(ab')5]
L AntiaX (S-HCL3 1gG) 8F
7+ OKNES il (m1/70
" Anti am
M 1/70 6
- Anti aM ¢
5} LM2/1.6 2 sk
< OKM-10 q 5 LM 2/1.6
4 — Anti § [TS 1/18 F(ab’),] 4+ S
— MAC-1, LFA-1 Deficiency
3 — Unstimulated 3 — Anti 8 [TS 1/18 F(ab’)2]
— MAC-1, LFA-1 Deficiency
~ Unstimulated (PBS)
2 2
1 2 3
0 0
TIME (MIN)

TIME (MIN)
Figure 5. Granulocyte aggregometry in response to zymosan-activated serum (A) or PMA (10 pg/ml) (B) was performed in the presence or absence
of anti-Mac-1 or control MAb. Individual representative tracings are demonstrated for normal cells reacted with the specific MAb preparation indicated,
for Mac-1, LFA-1-deficient granulocytes tested simultaneously, and for unstimulated healthy adult cells.

TABLE 1II
Effects of anti-Mac-1 MAb on granulocyte aggregation
Preincubation B(TS1/18) aM al(TS1/22) aX(S-HCL3) ] ]
Conditions HLA AB;  CR-1 e _ R Nl'a[“)clng(:ﬁ

i“";‘f:f‘““g (W6/32)  (YAZ-l) 146 F(ab’), Supernatant OKM-1 OKM-10 LM2/1.6 M1/70 IgG F(ab’), IgG Supernatant Granulocytes
.onditions —
Zymosan-activated 1149 104 0 2 3 86 26 3 69 102 89 102 9% 15

serum
PMA (10 pg/ml) 94 117 0 0 14 106 22 14 73 98 95 108 92 18
f-Met-Leu-Phe 92 107 1 1 13 71 3 19 69 99 86 82 89 15

(107 M)

“ Represents the mean integral (or area under curve) of individual aggregation tracings expressed as a percent of control (untreated) cell suspensions
for each of two to six experiments.
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nor were inhibitory effects observed with anti-al. or
OKM-1 MAD reagents. Minimal inhibition (20%) was ob-
served in the presence of anti-oX (SHCL-3 IgG or super-
natants), and relatively greater inhibition was observed
with most anti-aM reagents used, including OKM-10,
LM2/1.6 IgG or supernatants, and M1/70 supernatants.
With respect to all MAb demonstrating inhibitory effects,
substantially less inhibition was observed when cells
were preincubated in MAb and were then washed before
their incorporation in the aggregometer.

The effects of binding control MAD or anti-Mac-1 MAb
on aggregation of granulocytes in response to PMA stim-
ulation are shown in Figure 5B and Table II. Largely
similar inhibitory effects were observed for PMA-stimu-
lated suspensions as compared to those stimulated with
zymosan-activated serum. In these studies, however, es-
sentially no effects were observed when employing the
anti-Mac-1la« MAb OKM-1 as well as the anti-aL. TS1/22
F(ab’),, the anti-CR-1, and the anti-HLA (W6/32 IgG.
Minimal effects on aggregation were observed with the
anti-aX (SHCL-3 IgG). but striking inhibitory effects were
observed with each of the anti-aM MADb, including M1/
70, OKM-10, and LM2/1.6 (IgG, F(ab’), or supernatant
reagents). Essentially total inhibition of aggregation was
observed with anti-3 MAb reagents; aggregation values
observed were essentially comparable to those for Mac-
1, LFA-1-deficient cell suspensions or unstimulated
healthy adult control suspensions incubated in the pres-
ence of DPBS. Additional binding control MAb demon-
strating no inhibitory effects on granulocyte aggregation
included the M18, M30, M42, M75, M82, M87, M100,
and M103 MAD, as enumerated in the Second Interna-
tional Workshop and Conference on Human Leukocyte
Differentiation Antigens (33). These MAb recognize an-
tigens distinct from the Mac-1 family. Profound inhibi-
tion was evident when employing MHM-23, a workshop
MAD which recognizes an epitope of the g-molecule (data
not shown) (33).

Granulocyte motility assays. Possible effects of anti-

Mac-1 MAb on random or directed granulocyte migration
were evaluated in two types of chemotaxis assays which
yielded strikingly different results. Random or directed
migration into methylcellulose filters in a modified Boy-
den “leading front” assay were essentially uninfluenced
by anti-Mac-1 MAb used independently or in combination
(Table III). This was true for all experiments in which
granulocytes were preincubated in the presence of MAb
and then washed, and in most experiments when prein-
cubated cells were incorporated into Boyden chambers in
the presence of the same MAb. Thus, MAb preparations
which profoundly inhibited adherence or aggregation
(such as anti-g or anti-aM) failed to diminish random or
directed granulocyte migration in three-dimensional ma-
trices. Even mixtures employing MADb directed at all four
molecules of the Mac-1 family failed to significantly di-
minish directed migration under these conditions {p >
0.05 compared to control). Further, directed migration
values for MAb-treated cell suspensions were signifi-
cantly greater than those for Mac-1, LFA-1, p150,95-
deficient cell suspensions studied simultaneously (p <
0.01).

In contrast to findings in Boyden assays, marked inhib-
itory effects were observed when using a sub-agarose
chemotaxis assay in which cells migrate in a two-dimen-

TABLE III
Effects of anti-Mac-1 or control MAb on granulocyte motility

aL HLA
TS 1/22 B+aX.M&L W6/32 CR-1 YAZ-1

aX
SHCL-3

oM
LM2/1.6 M1/70

OKM-10

OKM-1

8
TS 1/18

PBS

Experimental Conditions

A. Boyden-Micropore Assay

67
+7
+5

114
113

84
124
112

© QYo
—
H 44

— O

8
12

11

+11

75
102

120

74
125
106

N.D
N.D.
N.D

+11
+13
* 7

76
121
106

70
131
115

+ 12
+ 8
+ 10

84
126
107

O
—
H +H H

— <]

7
11
10

+ 5%
+9
+7

72
123
110

f-Met-Leu-Phe (10 nM)
Zymosan-activated serum

PBS (Random)

(10%)
B. Sub-agarose Assay

2.1+0.1

+0.3

2.0

1.0+ 0.2°

0.5

19+

1.8+0.3

0.3

1.4+ 0.1°

1.0+ 0.2° 1.2+ 03¢ 1.6°
1.38°

2.0+0.1°
2.45

Zymosan-activated serum

f-Met-Phe (10 uM)

(10%)
“Mean * 1 SD pm migration/90 min incubation (three to six determinations for each MAb preparation).

“Mean + 1 SD mm migration/60 min incubation (two to four determinations for each MAb preparation).

°p < 0.05 compared to PBS control.
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sional plane between agar and plastic surfaces (41). Anti-
3 MADb or combinations of anti-3 and anti-« MAb dem-
onstrated significant inhibitory effects on directed migra-
tion of granulocytes to ZAP, f-Met-Phe, or f-Met-Leu-Phe
(Table III). Less striking but significant inhibitory effects
were also observed with the anti-«M MAb OKM-10, LM2/
1.6, and OKM-1. No significant effects were seen among
suspensions preincubated or tested in the presence of
anti-aX or anti-aL MAD or the binding control MAb anti-
CR-1 and anti-HLA,A,B.

Further studies employing the sub-agarose technique
demonstrated variable inhibitory effects of anti-Mac-1«
or -f, depending on the conditions employed (Fig. 6). Only
modest inhibition was observed when granulocytes were
preincubated and then washed before their incorporation
in the assay; when preincubated cells were incorporated
into the agar well in the presence of saturating concen-
trations of each MAb, more striking inhibitory effects
were observed. Even more profound inhibition was seen
when saturating concentrations of anti-$ were incorpo-
rated into the agar (Fig. 6). These findings suggest that a
continuum of new Mac-1 surface expression occurs dur-
ing directed granulocyte migration in this experimental
system.

Phagocytic ingestion of complement-opsonized par-
ticles. Results in Table IV and Figure 7 demonstrate the
effects of anti-Mac-1 MAb on the characteristics of phag-
ocytic ingestion by granulocytes. For these experiments,
test particles (ORO paraffin or zymosan) were opsonized
with complement, using antibody-deficient normal hu-
man serum to exclude the influence of IgG Fc receptors
on phagocytic rates. When employing complement-opso-
nized ORO paraffin, only the anti-aM MAb OKM-10,
LM2/1.6, or M1/70 or combinations of these MAD to-
gether with anti-CR-1 MAb demonstrated significant in-
hibitory effects on rates or extent of phagocytosis. Pro-

foundly diminished values were observed with untreated
Mac-1-deficient granulocytes as reported previously (1).
The anti-CR-1 MAb “YAZ-1" demonstrated minimal but
insignificant inhibitory effects in this assay. Interest-
ingly, the anti-8 MAb TS1/18 IgG (or F(ab’), or superna-
tant reagents) demonstrated minimal or no inhibition (p
> 0.05) of complement-dependent phagocytosis, in con-
trast to its profound inhibitory effects on cell adherence,
aggregation, or two-dimensional directed motility. No in-
hibition was observed when employing the anti-«M MAb
OKM-1, anti-aL, or «X MAD as well as the anti-HLA (W6/
32) binding control MAb.

Similar relationships were generally observed when
using zymosan particles opsonized with C3-derived li-
gands in antibody-deficient serum (Table IV and Fig. 7).
The anti-aM MAb OKM-10, LM2/1.6, and M1/70 dem-
onstrated a significant (p = 0.01) inhibition of CL evolu-
tion under all conditions. The polyclonal rabbit anti-CR-
1 but not the anti-CR-1 “YAZ-1" MAb demonstrated sig-
nificant (p = 0.05) inhibitory influences. Even lower val-
ues were seen with Mac-1, LFA-1-deficient granulocytes
tested simultaneously. With respect to each inhibitory
MAD, relatively greater inhibition was observed when
they were incorporated directly into reaction mixtures at
the initiation of the assay in contrast to preincubation
plus wash conditions (Table IV). These results suggest
that Mac-1 is functionally up-regulated during particle
attachment and/or phagocytosis.

These findings were further confirmed in CL titration
experiments employing serial twofold dilutions of satu-
rating concentrations of each MAb. Only OKM-10, LM2/
1.6, M1/70, or polyclonal anti-CR-1 F(ab’),, or combina-
tions of OKM-10 or LM2/1.6 + anti-CR-1 demonstrated
dose-dependent inhibition of CL activity. The OKM-10
and LM2/1.6 IgG MAb demonstrated significant (p <0.01)
inhibition when used at a concentration of 2.5 ug/ml,

1.75 -
E 1.4 —
£
— 1.05
Figure 6. Effects of anti-Mac-1 MAb 8
on granulocyte migration in a sub-agarose c 0 7
assay. The results shown in Figure 5 dem- S A
onstrate the effects of anti-3 on cells K]
preincubated in anti-g but washed before D
their incorporation in cell wells; granulo- o 35 -
cytes incubated in the presence of anti-g3 e
incorporated into cell wells; and granulo-
cytes incorporated into cell wells in the
presence of anti-g in petri dishes contain-

\m

ing additional anti-8 in the agar. The re-
sults are expressed as the mean = 1 SD
values derived from three individual ex-
periments. Photomicrographs of granulo-
cyte populations migrating under each of
the test conditions in A are represented in
five (magnification = 100 X).

Preincubated

Incubation
in presence
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TABLE [V
Effects of anti-Mac-1 MAb on phagocytic ingestion

Test Particle (Opsonin)

ORO Paraffin (LPS-activated NHS)

Zymosan {Activated NHS)

Incubation Conditions—MADb

preincubated in MAD present in

5 min 15 min MAb and washed reaction mixture

PBS 5.2 6.8 26.1° 23.6
HLA A.B (W6/32) 6.1(111) 7.4 (108) 23.8(91) 21.6 (91)
8(TS1/18 IgG) 4.7 (90) 6.2 (92) 24.0 (92) 16.4 (71)
al\:OKM-l) 4.9 (94) 7.3(107) 27.4 (105} 13.9 (58)

(OKM-10) 2.5 (48] 5.4 (79) 12.3 (47) 9.8 (42)

(LM2/1.6 1gG) 3.7 (73) 6.0 (88) 20.2 (79) 12.9 (55)

(M1/70 IgG) 3.4 (66) 5.7 (84) 26.6 (103) 13.0 (55)
oL (TS1/22 IgG) 5.2 (100) 6.4 (94) 22.8 (87) 19.1 (82)
aX (S-HCL3 1gG) 5.1 (98) 6.8 (100) 22.9 (87) 19.3 (82)
CR-1 (YAZ-1) 4.4 (88) 6.2 (91) 20.0 (79) 18.1 (77)
oM + CR-1 (OKM-10 + YAZ-1) 2.8 (54) 2.8 (42) 9.7 (37) 8.6 (36)
Mac-1-deficient granulocytes 1.3 (25) 1.9 (28) 5.1 (21)

< Dionylphthalate uptake (ug/107 granulocytes during 5- or 15-min incubations) (percent of control). Values represent

the mean of two to four individual experiments.

¥ Slope of CL evolution between t = 0 and t = 20 min (cpm X 1073) (percent of control). Values represent the mean of

four to six individual experiments.
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Figure 7. The effects of anti-Mac-1 MAb on the evolution of CL during
granulocyte attachment-ingestion of opsonized zymosan. Anti-Mac-1 or
control MAb were incorporated into phagocytic reaction mixtures (21°C)
at time 0. The evolution of CL in each reaction mixture was determined
over a 60-min incubation interval. Tracings shown represent the mean
value for replicate samples in two individual experiments. The slope of
CL evolution between t = 0 and t = 30 min was calculated by linear
regression for each test mixture. Significantly diminished CL slopes were
determined for cell suspensions incubated in the presence of OKM-1 {p <
0.05), OKM-10 (p < 0.001), LM2/1.6 IgG (p < 0.001}, M1/70 (p < 0.001),
anti-CR-1 (p < 0.001), and combinations of OKM-10 + anti-CR-1 (p <
0.001). Tracings shown represent mean values at each time period deter-
mined from two to four replicate experiments.

and concentrations of OKM-10 as low as 0.6 ug/ml were
inhibitory. No MAb or MAb combination inhibited Oz
generation or CL evolution of granulocytes stimulated
with PMA (p > 0.05) {data not shown), indicating that
inhibitory influences of anti-Mac-1 MAb in CL assays
result from impairment of cell-particle interactions
rather than direct effects on oxidative metabolism (1).
Similar findings were observed in phagocytosis-asso-

ciated degranulation experiments. Although no inhibi-
tion of 8-glucuronidase release during zymosan ingestion
was observed with any MAb or MAb combination, inhib-
itory influences of selected MAb or MAb combinations
were apparent with respect to lactoferrin release. As
compared to untreated control suspensions (X = 18%
release/5 min), reaction mixtures incubated in the pres-
ence of OKM-10, LM2/1.6, OKM-1, or anti-g8 (TS1/18)
demonstrated significantly (p < 0.05) diminished mean
values of 9%, 11%. 11%, or 15%, respectively. Anti-aX or
aL. MAD as well as the anti-HLA MAb W6/32 or the anti-
CR-1 “YAZ-1" MAb demonstrated no inhibition of phag-
ocytosis-associated exocytosis of lactoferrin. The extra-
cellular release of lactoferrin from suspensions stimu-
lated with PMA was normal in all test mixtures (data not
shown).

Intracellular killing studies. Killing by granulocytes
of complement-opsonized staphylococcus 502A was as-
sayed. Relative inhibitory effects of anti-Mac-1 MAb were
generally similar to those observed in ORO or degranu-
lation assays. Most anti-«aM MAD or combinations of anti-
aM and anti-CR-1 MAb demonstrated significant (p <
0.01) inhibitory effects after incubation intervals of 30,
60, and/or 120 min. Mean (1 SD) BI (at t = 120 min)
were determined for reaction mixtures containing OKM-
10, M1/70, OKM-1, and OKM-10 + anti-CR-1 were 30 +
12,34 +11,68=x10,and 28 + 11, respectively, compared
to 92 + 8 for untreated control suspensions. No inhibition
was observed when employing anti-g (TS1/18 IgG) (Bl =
91 * 6), anti-al. (TS1/22 F(ab’),) (Bl = 88 * 7), anti-aX
(SHCL-3) (Bl = 87 + 6), or W6/32 IgG (Bl = 91 + 14) (p =
0.05 for each).

iC3b-SRBC binding study. The effects of MAb on ad-
herence of granulocytes to iC3b-opsonized SRBC were
similar to those observed in the complement-dependent
phagocytosis assays. MAb directed at oM epitopes (with
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the exception of OKM-1) demonstrated greater inhibitory
effects than did anti-g, anti-aL, or anti-aX MAb reagents.
Among anti-aM MADb used, OKM-10 demonstrated the
most significant inhibition (X = 70% inhibition), whereas
M1/70 (%X = 50% inhibition) and LM2/1.6 (X = 40% inhi-
bition) showed significant but less striking inhibition of
SRBC binding, and OKM-1 (X = 6% inhibition) demon-
strated no inhibitory effects. The anti-3 MAb (TS1/18})
demonstrated significant (p < 0.01) but overall less inhi-
bition of binding (¥ = 21% inhibition) as compared to
most anti-aM MADb whereas the anti-aL TS1/22 (X = 20%
inhibition) and anti-aX S-HCL3 (X = 17% inhibition) MAb
demonstrated even less inhibitory effects. Modest effects
of anti-CR-1 (X = 26% inhibition) are consistent with the
relatively small proportion of C3b (as opposed to iC3b)
deposited on SRBC in this assay (2). A binding control
MAD directed at HLA A,B demonstrated no effects (X =
2% inhibition).

f-Met-Leu-*H-Phe binding. The possible influence of
anti-Mac-1 MAbD on f-Met-Leu-Phe receptor-ligand inter-
actions was evaluated. Individual MAD directed at 8, aM,
aX, or aL, or combinations of MAb directed at all subunits
were reacted with healthy adult granulocytes in the pres-
ence of 20 nM f-Met-Leu-*H-Phe and a 100-fold excess of
unlabeled f-Met-Leu-Phe at 0°C or 37°C for 12 min (26).
Anti-Mac-1 MAD or control MAb demonstrated no signif-
icant influence on the number of specific binding sites
for f-Met-Leu-Phe under these conditions. When tested
at 0°C, suspensions of healthy adult granulocytes reacted
in the presence or absence of MAb and Mac-1-deficient
granulocytes demonstrated a mean of 9100, 9000, and
9700 binding sites/cell, respectively.

DISCUSSION

In these studies, subunit-specific MAb were used to
determine the individual contributions of Mac-1, LFA-1,
and pl150,95 to adherence and adherence-dependent
granulocyte functions. Previous studies showed that the
Mac-1 molecule functioned as a receptor (the CR3) for
the iC3b ligand, and is distinct from the CR-1 which
binds to C3b (17, 18, 48). Additional studies employing
MADb directed at LFA-1 have demonstrated important
contributions of this molecule to CTL-mediated cytolysis
{15), antigen-specific and mitogen-driven T lymphocyte
proliferative responses (14, 18). NK-mediated cytolysis
(14}, and granulocyte antibody-dependent cellular cyto-
toxicity (3). Inhibition by anti-LFA-1a and -6 MAb of CTL
binding to target cells indicated that this molecule partic-
ipates in cell-cell adhesion (15).

The incubation of normal granulocytes with MAb di-
rected at one or more subunits of the Mac-1 glycoprotein
family demonstrated reproducible, dose-dependent, and
selective abnormalities of adherence, aggregation, di-
rected migration, phagocytosis of C3 fragment-opsonized
zymosan or ORO paraffin particles, and rosetting of iC3b-
coated erythrocytes. Each of these abnormalities was
uniformly observed here with Mac-1, LFA-1-deficient
granulocytes or has been observed in patients with the
heritable Mac-1, LFA-1 deficiency syndrome (2). In con-
trast, normal granulocytes reacted with the same MAD
demonstrated no defects of adherence-independent func-
tions including shape change in suspension, f-Met-Leu-
Phe receptor binding, or oxidative metabolic activity or
secretion in response to PMA. Such functions are char-
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acteristically normal among Mac-1, LFA-1-deficient
granulocyte suspensions (2).

The magnitude of adherence abnormalities elicited by
MAD to the Mac-1 glycoprotein family were nearly as
great as those of genetically deficient granulocytes in
adherence, aggregation, and phagocytosis assays. Chem-
otaxis was less affected by MAb than by genetic defi-
ciency: it is possible that “up-regulation” of Mac-1 and
p150,95 during chemotaxis occurs at a site on the cell
surface which is closely apposed to the substrate and is
inaccessible to MAb. Other explanations for the some-
what more severe impairment in the genetic deficiency
than after MAb treatment of normal cells may be that
binding of MAb to cell surface molecules is reversible,
and may hinder but not completely block a molecule’s
function. However, the overall parallel functional conse-
quences of Mac-1, LFA-1 deficiency and treatment of
normal granulocytes with MAb to the Mac-1 glycoprotein
family demonstrate that the functional defects observed
in patient cells are a direct consequence of the deficiency
of the Mac-1, pl150,95, and LFA-1 glycoproteins. Fur-
thermore, these findings provide convincing evidence of
the important physiologic role of this family of adhesive
glycoproteins in the inflammatory response.

Distinct contributions of the 3, «M, and, to a lesser
extent, «X molecules were recognized here in most adhe-
sion-dependent granulocyte functional assays, whereas
minimal or no contributions of the LFA-1 a-molecule
were generally seen. The observed relative rank order of
inhibition by MAb in adherence assays of anti-g > anti-
aM > anti-aX > anti-al. may indicate qualitatively differ-
ent adhesive properties among these molecules (12) or,
alternatively, may relate to the previously reported rela-
tive quantities of each molecule expressed on granulocyte
surfaces (28). The absolute amount of adherence, and
the absolute inhibitory effects of anti-g8, anti-aM, or anti-
aX (but not anti-aL) MADb, were substantially greater
among cell suspensions stimulated with f-Met-Leu-Phe
as compared to unstimulated cell suspensions (Fig. 1A vs
B). These findings undoubtedly reflect the fact that g,
Mac-le, and pl150,95« (but not LFA-l«) are “up-regu-
lated” five- to sevenfold on surfaces of granulocytes stim-
ulated with chemotactic factors or secretagogues as com-
pared to unstimulated cells {2, 5, 23, 24). The profound
inhibitory influences of anti-3 MAb reagents may indi-
cate intrinsic adhesive determinants of the g-molecule,
but our studies cannot exclude the possibility that anti-g
blockade may secondarily impair the functional activities
of a-subunits. The specificity of inhibition of adherence
by anti-Mac-1 glycoprotein family MAD in these studies
was shown by the absence of inhibition by binding con-
trol MAb directed at HLA A,B or the CR-1. The latter
finding suggests that in contrast to «M, the CR-1 does
not contribute to “nonspecific” adhesion. Moreover, the
applications of anti-CR-1 in these studies provide addi-
tional evidence for functional differences betwen the CR-
3 and CR-1 of human myeloid cells (48).

Our findings demonstrate that the Mac-1 molecule con-
tributes to nonspecific leukocyte adherence reactions in
addition to iC3b-dependent opsonophagocytic functions
(3, 49-51). We employed multiple MAb directed at differ-
ent epitopes of aM to test the hypothesis that Mac-1 may
be multifunctional and to determine whether nonspecific
adhesion and CR-3 receptor functional sites could be
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distinguished. In both rosetting and phagocytosis CL as-
says employing particles or cells opsonized with C3-de-
rived ligands, the most profound inhibitory effects were
recognized with OKM-10, LM2/1.6, or M1/70; less sub-
stantial or no effects resulted from OKM-1 incubation.
Similar relative effects of anti-aM MAb were generally
observed with respect to nonspecific adherence and gran-
ulocyte aggregation, although some differences were ev-
ident among the spectrum of assays employed in these
studies. For example, relatively greater inhibitory effects
of OKM-1 MADb were seen in agarose chemotaxis assays
than in other assays involving nonspecific adherence.
Qur findings generally demonstrated a similar relative
inhibition of nonspecific adherence and CR-3 function
by MAD binding to several different «M epitopes. How-
ever, because some exceptions were noted in selected
assays, it is not possible to confidently exclude the pos-
sibility that distinct epitopes of the oM molecule may
contribute to iC3b recognition but not “nonspecific” ad-
herence.

Clear differences were seen, however, between the ef-
fects of anti-aM and anti-3 MAb. Anti-3 MAb demon-
strated greater inhibition than anti-oM MADb in assays of
granulocyte adherence, aggregation, or directed cell mi-
gration. In contrast, anti-aM MAb showed greater inhi-
bition of phagocytosis, rosetting, and intracellular killing
of complement-opsonized particles. In ORO phagocytosis
assays, no influence of anti-8 MAb was apparent even
when they were incorporated directly into phagocytic
reaction mixtures. Some inhibition by the anti-3 MAb
was apparent in opsonized zymosan-phagocytosis-CL as-
says, but only when it was directly incorporated into
reaction mixtures, and these inhibitory effects were less
than those observed for the anti-«aM MAb OKM-10, LM2/
1.6, M1/70, and OKM-1. The X and oL molecules did
not appear to contribute significantly to phagocytic inges-
tion and/or attachment of C3-opsonized test particles.
Our studies suggest that all three members of the Mac-1
glycoprotein family share nonspecific adhesive proper-
ties, but that only the Mac-1 molecule and particularly
its oM subunit selectively mediates specific iC3b recog-
nition. The multifunctional capabilities of this glycopro-
tein family may facilitate diverse and highly integrated
functions of granulocytes during inflammation in vivo
1).

Our studies provide the first evidence for an adhesive
function of the p150,95a molecule. By using a subunit-
specific MAb directed at this molecule, a modest but
significant inhibition of granulocyte adherence was de-
tectable under chemotactic conditions designed to “up-
regulate” and to ensure maximal surface expression of
this molecule (2, 5, 23, 28). Significant inhibitory influ-
ences by anti-aX MAb were also observed in iC3b-SRBC
rosetting assays, but not in phagocytosis assays. Anti-
aX MADb inhibited adherence substantially less than anti-
g or anti-aM MADb (with the exception of OKM-1j}, but
greater than anti-aL MAb. The findings of adhesive prop-
erties of pl150,95« are consistent with its biochemical
relation to LFA-1la and Mac-1a (12, 28, 52).

Studies to evaluate the contributions of Mac-1 subunits
to directed cell migration were of critical importance
because impaired recruitment of granulocytes into in-
flamed tissues represents the histopathologic hallmark
of the Mac-1, LFA-1, pl150,95 deficiency syndrome, and

25

because previous investigations have documented adhe-
sive requirements for directed cell translocation (26, 38,
39). Further, studies of Mac-1 protein expression and
function provide a unique opportunity to understand the
molecular mechanisms of directed migration of granulo-
cytes which may be of general relevance to our under-
standing of the mechanisms regulating motility of other
cell types.

Our findings demonstrated no inhibition of chemotaxis
in Boyden assays employing anti-8 MAb or combinations
of anti-g + anti-aM MAD, regardless of the chemoattract-
ant selected or the incubation conditions employed. In
contrast, dose-dependent inhibitory influences were ap-
parent in the sub-agarose assay. Such findings are con-
sistent with the more profound abnormalities of directed
migration of Mac-1, LFA-1-deficient granulocytes ob-
served in the latter as opposed to the former assay (data
not shown) (2). Such findings indicate a greater require-
ment for adhesiveness in chemotaxis on a plane surface
than in a three-dimensional matrix, as previously pro-
posed (53-55). Three-dimensional matrices may provide
an appreciably greater surface for adhesive interactions,
or may facilitate relatively greater “up-regulation” and/or
surface redistribution of Mac-1 (54).

Findings in the sub-agarose assays are consistent with
the possibility that a continual expression of new surface
Mac-1 is required for cell migration. Cell suspensions
exposed to MAD throughout the performance of the assay
demonstrated significantly less migration than those
preincubated in the same MAb and then washed before
their incorporation in chemotaxis assays, or those incor-
porated together with MAD into cell wells at the initiation
of the assay. We propose that a continual “up-regulation”
of Mac-1 from intracellular pools to the surface of the
cell may provide a molecular basis for the formation of
focal adhesions which may subsequently dissipate or
redistribute as the cell translocates (25). Studies to eval-
uate the spatial alterations of Mac-1 expression under
conditions of chemotactic stimulation will be required to
confirm this possibility, and to determine whether such
alterations are similar to our previously reported findings
of granulocyte “adhesion site” redistribution modulated
by certain chemotactic stimuli (26, 38).
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