LFA-1 Is Sufficient in Mediating Neutrophil Emigration in Mac-1-deficient Mice
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Abstract

To better define the specific function of Mac-1 (CD11b) ver-
sus LFA-1 (CD11a) and the other CD11 integrins in vivo, we
have disrupted murine CD11b by targeted homologous re-
combination in embryonic stem cells and generated mice
which are homozygous for a mutation in CD11b. A null
mutation was confirmed by Southern blotting, RNase pro-
tection assay, immunohistochemistry, and flow cytometry.
Neutrophils isolated from mice deficient in Mac-1 were de-
fective in adherence to keyhole limpet hemocyanin—coated
glass, iC3b-mediated phagocytosis, and homotypic aggrega-
tion. When challenged by thioglycollate intraperitoneally,
Mac-1-deficient mice had similar levels of neutrophil accu-
mulation in the peritoneal cavity at 1, 2, and 4 h. Treatment
with mAb to LFA-1 blocked 78% of neutrophil accumula-
tion in Mac-1-deficient mice and 58% in wild-type mice.
Neutrophil emigration into the peritoneal cavity 16 h after
the implantation of fibrinogen-coated disks was not reduced
in Mac-1-deficient mice whereas neutrophil adhesion to the
fibrinogen-coated disks was reduced by > 90%. Neutrophils
from Mac-1-deficient mice also showed reduced degranula-
tion. Our results demonstrate that Mac-1 plays a critical
role in mediating binding of neutrophils to fibrinogen and
neutrophil degranulation, but is not necessary for effective
neutrophil emigration, which is more dependent upon LFA-1.
(J. Clin. Invest. 1997. 99:1340-1350.) Key words: inflamma-
tion . integrins « cell adhesion molecules « fibrinogen « cell
degranulation

Introduction

Patients with genetic deficiency of CD18, the common 3, chain
of the leukocyte integrins, have leukocyte adhesion deficiency
type I (LAD I)! and profoundly reduced emigration of neutro-
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phils at sites of inflammation (1). This leads to a partial or total
deficiency of the CD11/CD18 integrins from the cell surface
which include CD11a/CD18 (LFA-1, oy ,), CD11b/CD18 (Mac-1,
CR3, ayp), CD11¢/CD18 (P150,95, «,), and CD11d/CD18
(ag2) (2-6). Although the genetic disorder LAD I has given
great insight into the functional significance of the CD18 fam-
ily, the relative contributions of each of the CD11 integrins in
the phenotypic abnormalities seen in LAD I remain unclear.
Early studies in mice using mAbs against CD11b led to the
conclusion that CD11b/CD18 (Mac-1, CR3) is the dominant
member of the CD18 family on neutrophils accounting for em-
igration (7, 8). This integrin is far more abundant in neutro-
phils than CD11a/CD18 (LFA-1) or CD11c¢/CD18 (p150,95),
being contained in secretory granules that allow transport of
Mac-1 to the cell surface after chemotactic stimulation (9). The
intracellular pool appears to support sustained neutrophil lo-
comotion on surfaces where adhesion is dependent on Mac-1
(10). However, a dominant role for Mac-1 in emigration has
come into question as a result of more recent studies both in
vitro and in vivo. Work from Issekutz et al. (11), Rutter et al.
(12), and Graf et al. (13) in rat and rabbit models of inflamma-
tion have provided evidence that LFA-1 plays a dominant role
in neutrophil emigration. Tang et al., in a mouse model of peri-
toneal inflammation (14), found that neutrophil inhibitory fac-
tor, a product from canine hook worms that inhibits Mac-1 but
not LFA-1 adhesion (15), failed to reduce neutrophil emigra-
tion. These observations coupled with studies in vitro showing
that anti-CD11b mAbs are consistently less effective in block-
ing transendothelial migration of neutrophils than anti-CD11a
mADbs (16, 17) cast doubt on the earlier assumption that Mac-1
is the major determinant of neutrophil extravasation.

To better define the function of CD11b versus CD11a and
the other CD11 integrins in vivo, we have disrupted the mu-
rine gene for CD11b by targeted homologous recombination
in embryonic stem (ES) cells and generated a line of mice
which are homozygous for the targeted mutation in CD11b
(Mac-1 —/—). In this report, we assess distinctions between the
functions of LFA-1 and Mac-1 in regards to neutrophil adhe-
sion and extravasation in mice shown to be totally deficient in
Mac-1.

Methods

Targeting construct and generation of mutant mice. A 245-bp CD11b
cDNA fragment containing exons 2, 3, and 4 of murine CD11b was
generated by reverse transcription (RT)-PCR of endotoxin-stimu-
lated 129/Sv mouse spleen total RNA using synthetic primers de-
rived from the published cDNA sequence (18) (5'-ATGGCTTCA-
ATCTGGACAC-3' and 5-AGAAACAGCCAGGGACAGG-3').
The PCR product was subcloned, sequenced, and then used as a
probe to isolate a genomic clone from a 129/Sv mouse library (Stra-
tagene, La Jolla, CA). The genomic clone was characterized by re-
striction mapping, Southern blot analysis, and DNA sequencing. Two



adjacent genomic restriction fragments of 6.3 and 5.3 kb containing
exons 3-6 were ligated into the polylinker of pBluescript SK* (Stra-
tagene). A neomycin cassette driven by the mouse RNA polymerase
II promoter was inserted between a HindIII site and an Xhol site
within the 5.3-kb fragment. This insertion results in replacement of
700 bp of the CD11b gene which contains exon 4, leaving 2.3 kb of 5’
genomic DNA and 8.6 kb of 3’ genomic DNA flanking either side of
the neomycin cassette (Fig. 1). The vector was linearized in the
polylinker on the 3’ side with digestion by Sall.

The AB2.1 ES cell line (provided by Allan Bradley, Baylor Col-
lege of Medicine) was electroporated with 25 pg/ml of linearized vec-
tor as described (19). After selection with G418, individual colonies
were picked and screened for targeted homologous recombination by
Southern blotting using a microextraction procedure (20) with a 400-bp
probe developed from 5’ flanking DNA that was not in the construct
as indicated in Fig. 1. Cells confirmed by Southern blotting to carry
the replacement mutation were injected into day 3.5 C57BL/6J blas-
tocysts and transferred into foster mothers. Chimeric males were
mated with C57BL/6J females, and germline transmission was con-
firmed by Southern blotting of tail DNA after digestion with EcoRI.

RT-PCR. Total RNA was isolated by the guanidinium isothiocy-
anate phenol extraction method from bone marrow and spleen tis-
sues from mice which were homozygous for the targeted mutation in
CD11b (—/—) and wild-type littermates (+/+) 3 h after intraperito-
neal injection with 50 pg of lipopolysaccharide (Difco Laboratories
Inc., Detroit, MI). First strand complementary DNA was synthesized
from equal quantities of total RNA using poly dT oligo and AMV re-
verse transcriptase. Primer pairs used for PCR included: exons 3-6
(5"~ AGGAGGCAAAGGCTGTTAAC-3" + 5'-TGTTGTTGATGC-
TACCGGAG-3'). PCR consisted of 5% of the total cDNA, 50 pmol
of each primer, 0.2 mM each dNTP, 10 mM Tris-HCI, 50 mM KCl,
1.5 mM magnesium chloride, and 2.5 U Tag DNA polymerase (Pro-
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mega, Madison, WI) in a 50-pl reaction volume. Cycling parameters
were 94°C for 5 min followed by 35 cycles of 94°C for 1 min, 55°C for
1 min, and 72°C for 2 min.

RNase protection assay. A PCR product spanning from exon 3 to
exon 6 (see above) was subcloned in PCRII vector (Invitrogen Corp.,
San Diego, CA). The insert orientation was determined by DNA se-
quencing and the vector was linearized at the 5’ end of the insert in
the polylinker. Antisense ¥P-labeled transcripts were synthesized at
37°C in reaction containing 1 pg linearized template DNA, 1 mM each
of ATP, GTP, and UTP, 70 pnCi [a-**P]CTP (400 Ci/mmol), 10 U T7
RNA polymerase, and standard transcription buffer. The probe was
purified by two rounds of precipitation with ammonium acetate and
ethanol. RNase protection was performed using the RNase protec-
tion kit (Boehringer Mannheim, Indianapolis, IN) according to the
manufacturer’s instructions. Briefly, 80 g total RNA was hybridized
with 300,000 CPM *P-labeled riboprobe overnight at 50°C followed
by RNase digestion. An RNase protection assay using yeast tRNA as
a target was performed to confirm that there was no self protection of
the riboprobe.

The protected fragments were resolved on a 6% denaturing poly-
acrylamide gel followed by autoradiography for 24 h. Molecular
weights of protection fragments were determined by comparison to
the protection fragments from the synthetic sense transcript as well as
DNA sequencing ladder (data not shown).

Flow cytometry analysis. Peripheral blood of anesthetized mice
was collected from the retroorbital plexus in heparin-capillary tubes
or by cardiac puncture at the time of death. 100 pl of whole blood was
stained with antibodies: FITC anti-CD11b (M1/70), biotinylated anti-
CDl1la (KBA) followed by streptavidin PE, PE anti-Gr-1 (clone
RB6-8CS5; PharMingen, San Diego, CA), and anti-CD18 (C71/16) fol-
lowed by FITC secondary antibodies. Cells stained with directly con-
jugated antibodies were incubated at room temperature for 15 min in
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the dark. Cells stained with anti-CD18 were washed three times and
added with FITC goat anti-rat secondary antibody for 15 min. Cells
were then fixed in 1% paraformaldehyde before analysis on FAC-
Scan® (Becton-Dickinson, Mountain View, CA).

Immunohistochemistry. Frozen sections of major organs of CD11b
mutant mice were stained using a modified avidin-biotin peroxidase
technique, as described previously (21). 6-pm sections were fixed in
cold acetone for 6 min, stored at —80°C, and prewarmed to room
temperature for at least 2 h before use. Endogenous avidin binding
activity was blocked by preincubation with avidin D followed by bi-
otin solutions (Vector Laboratories, Burlingame, CA) according to
the manufacturer’s instructions. Sections were incubated with pri-
mary antibody M1/70 (anti-CD11b) at 5 pg/ml diluted in PBS with
1% BSA (GIBCO BRL, Gaithersburg, MD) at room temperature for
1 h and then incubated with biotinylated goat anti-rat (1:1,000; Caltag
Laboratories, San Francisco, CA) secondary antibody diluted in PBS
with 1% BSA at room temperature for 1 h. All sections were then in-
cubated for 1 h with avidin-biotin complex (Vector Laboratories)
and developed with a 10-min incubation in a 50 mg% solution of di-
aminobenzidine in Tris buffer (pH 7.5) activated with a 1:1,000 dilu-
tion of 30% H,0,. Sections were counterstained with methyl green-
alcian blue, dehydrated, and mounted.

Isolation of neutrophils. After mice were killed by cervical dislo-
cation under anesthesia, femurs and humeri were removed aseptically
to obtain bone marrow. Murine neutrophils were partially isolated
from mononuclear leukocytes by NIM.2 Hypaque-Ficoll density gra-
dient centrifugation (Cardinal Associates, Santa Fe, NM). Isolated bone
marrow neutrophils were of 70-75% purity as assessed by Neat stain
(Midlantic Biomedical Inc., Paulsboro, NJ). Cells were washed and re-
suspended in PBS.

Adhesion assay. Keyhole limpet hemocyanin (KLH; Sigma Chem-
ical Co., St. Louis, MO)-coated glass coverslips were used as Mac-
1-specific substrate (22). A visual static adhesion assay of isolated
neutrophils was performed as described in detail previously (23). In
studies designed to evaluate the involvement of 8, integrins in neu-
trophil adhesion to KLH-coated glass, cells were preincubated with
mADbs at room temperature for 30 min: 10 pg/ml M1/70 (anti-CD11b),
10 pg/ml KBA (anti-CD11a), or 10 pwg/ml SFDRS (anti-HLA, Ig-
matching control). Chemotactic stimulus for mouse neutrophils (1%
zymosan-activated serum [ZAS]) was added immediately before in-
jecting the cell mixture into the adhesion chamber.

Homotypic aggregation of neutrophils. Neutrophils isolated from
mouse bone marrow were maintained in PBS (without Ca** and
Mg?*). Suspensions of neutrophils added to siliconized cuvettes con-
taining a stir bar were allowed to warm to 37°C for 1 min with con-
stant stirring at 700 rpm with and without mAbs in an aggregometer
(model 300B; Payton Scientific Inc., Buffalo, NY). PBS containing 1.5
mM Ca’" and Mg?* was added coincidently with PMA or 10% ZAS.
Cells were at a final concentration of 3 X 10° in a volume of 0.4 ml.
20-ul aliquots of cell suspension were fixed in 100 pl of 2% glutaral-
dehyde in PBS at 0, 0.5, 1, 3. 5, 10, and 15 min. Cells were allowed to
fix for a minimum of 30 min before being analyzed on a FACScan®
flow cytometer (Becton Dickinson) using a sampling flow rate of 60
wl/min. 4,000 events per sample were collected and the determination
of singlet (S) neutrophils could be discriminated from doublets (D) or
higher aggregates [triplets (T), quadruplets (Q), and pentruplets (P)]
by analysis of the autofluorescence histogram (FL2 emission at 564—
606) as described by Rochon et al. (24). Percent aggregation was cal-
culated as frequency of singlets recruitment: % aggregation = Fs = S +
[S + 2%(D) + 3%(T) + 4%(Q) + 5*(P)].

Assays of luminol-enhanced chemiluminescence. The evolution of
light from neutrophils undergoing iC3b-mediated phagocytosis after
activation by opsonized zymosan particles was quantitated as de-
scribed previously (25). Zymosan particles (ICN Pharmaceuticals,
Cleveland, OH) were opsonized in freshly obtained serum from
healthy mice for 45 min at 37°C. Opsonized zymosan particles were
then washed three times and resuspended in PBS to a final concentra-
tion of 0.5 mg/ml. Phagocytotic reaction mixtures contained 10° neu-
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trophils with 1078 M luminol. Chemiluminescence was quantitated af-
ter the addition of PBS, 10 ng/ml PMA, or 0.5 pg/ml of opsonized
zymosan particles to reaction mixture.

Homotypic aggregation of T lymphocytes. T lymphocytes were
isolated from spleen of wild-type and CD11b-deficient mice accord-
ing to standard procedure (26). Cells were resuspended in DMEM,
10% FCS, glutamine (200 mM), and B-mercaptoethanol (107° M).
Subsequently, 2.5-4 X 10° cells per well (200 pl) were added to 96-
well plates and incubated for 24 h in the presence of PBS or 1 ng/ml
PMA plus 200 ng/ml Tonomycin (Sigma Chemical Co.). Aggregation
was observed and determined as either present or absent using light
microscopy.

Thioglycollate-induced peritonitis. Wild-type and CD11b-deficient
mice as littermates were injected intraperitoneally with 1 ml 2.4%
thioglycollate or 1 ml PBS at time 0. At +1, +2, and +4 h mice were
injected intraperitoneally with 3 ml of ice-cold PBS (without Ca?",
Mg?*, with 50 U/ml heparin), their abdomens were massaged, and to-
tal lavage fluid was withdrawn. Total cell number was determined by
Coulter Counter (Coulter Electronics Ltd., Luton, United Kingdom).
Peritoneal cell pellet was resuspended, and differential counts were
performed after cytospin and Neat stain. Neutrophil number was de-
termined by multiplying the total cell number times the percentage of
neutrophils on the differential count. In experiments assessing the
contribution of CD11a or CD11b, animals were injected with appro-
priate mAbs. KBA (anti-CD11a), M1/70 (anti-CD11b), or SFDRS
(nonbinding isotype-matched mAb) was injected intraperitoneally (6
mg/kg) at —16 h and intravenously (9 mg/kg) at —1 h. F(ab’), frag-
ments of the antibodies were made using the Immunoaffinity Pak kit
(Pierce Chemical Co., Rockford, IL).

Assessment of Mac-1-dependent adhesion in vivo. Fibrinogen-
coated polyethylene terephthalate (PET) (Mylar) disks (type a, 0.005
mm thick; Cadilla Plastic and Chemical Co., Birmingham, MI) of 1.2
cm in diameter were prepared as described previously (27). Three
disks were then implanted intraperitoneally in each age-matched
wild-type mouse and CD11b-deficient mouse. Peritoneal lavage us-
ing 5 ml of warm PBS was performed 16 h later and PET disks were
removed at the same time. Total cell count and differentials in the la-
vage were determined. Myeloperoxide (MPO) activity of the total
cell pellet from the peritoneal lavage and cells adherent to the disks
was determined separately as described previously (14). MPO levels
were determined per neutrophil and the data expressed as numbers
of neutrophils in the lavage fluid or on the disks.

B-glucuronidase assay. B-glucuronidase from peripheral and peri-
toneal neutrophils was assayed as described previously (28). Periph-
eral blood from four wild-type and CD11b-deficient mice was collected
to isolate neutrophils. Wild-type or homozygous mutant (—/—) litter-
mates were injected intraperitoneally with 1 ml of thioglycollate me-
dium. 4 h after injection, 3 ml of ice-cold PBS with 50 U/ml of heparin
was injected intraperitoneally and peritoneal lavage fluid was with-
drawn. After the total neutrophil count was determined, the cell pel-
let was lysed in 0.2% Tween 20. An aliquot of lysate equivalent to 10°
cells was added to 100 pl of 5 mg/ml phenolphthalein glucuronic acid,
pH 4.6, and incubated at 37°C overnight. Reactions were stopped 16 h
later by adding 1 ml of glycine (pH 10.2). Samples were then mea-
sured by spectrophotometer at 540 nm. Peritoneal neutrophil B-glu-
curonidase activity was divided by that of the peripheral activity and
multiplied by 100 to provide a percentage of the enzyme retained af-
ter the transmigration.

Statistics. Statistical comparisons were made by Student’s ¢ test or
ANOVA and Dunnett’s test for multiple comparisons to control means.

Results

Generation of mice deficient in CD11b and molecular charac-
terization. ES cells with a targeted event had a 4.4-kb EcoRI
fragment identified by the 5’ flanking probe on Southern blot
compared with the 6.0-kb fragment in wild-type 129/Sv mice



1 2 3 4 5
(+/+) (+/-)  (+/+)

-

Figure 2. Genotype analysis of DNA from mouse
tails and ES cells by Southern blot analysis with a 5’
flanking probe. CD11b genotype is indicated above
each lane: (+) for wild-type allele and (—) for tar-
geted allele. The mutant, C57BL/6J wild-type, and

s 129/Sv wild-type alleles are identified by 4.4, 4.9, and
6.0 kb 6.0 kb EcoRI fragments, respectively. Differences in
- 4 9 kp size between the 129/Sv and C57BL/6] wild-type frag-
ments are due to a restriction fragment length varia-
- 4.4kb e tail DN

tion. All three alleles are present in tail DNA from
chimeric mice, but only the 129/Sv wild-type or mu-
tant alleles are transmitted in the germline. (Lane 7)
DNA from a mouse homozygous for the targeted
mutation, (lane 2) heterozygous mouse, (lane 3) wild-

type mouse with C57BL/6]J allele identified by the 4.9-kb EcoRI fragment and the 129/Sv allele identified by the 6.0-kb EcoRI fragment, (lane 4)
the ES cell clone used for injections, (lane 5) wild-type C57BL/6J, (lane 6) chimera, and (lane 7) wild-type 129/Sv.

(Fig. 1). Targeted ES cell clones were injected into C57BL/6J
blastocysts and male chimeric offspring that were > 90%
agouti coat color were bred to C57BL/6]J mice. Germline
transmission was confirmed by Southern blotting studies. The
expected targeted allele of 4.4 kb was identified by the 5
flanking probe on Southern blots of mice heterozygous for the
mutation (Fig. 2). The wild-type restriction fragment of 6.0 kb
was observed in offspring that did not inherit the targeted al-
lele (Fig. 2). Wild-type C57BL/6J mice have an EcoRI restric-
tion fragment of 4.9 kb identified by the 5’ probe due to a ge-
netic strain variation. Thus the wild-type C57BL/6J, wild-type
129/Sv, and mutant 129/Sv alleles are identified by EcoRI re-
striction fragments of 4.9, 6.0, and 4.4 kb, respectively. Confir-
mation of a replacement event was performed using a 3'
flanking probe which also showed the predicted change in
restriction fragment pattern (data not shown). In addition, a
probe derived from exon 4 was also used in Southern blots of
DNA from mice homozygous for the mutation which confirm
that exon 4 was deleted in the mutant mice but present in the
wild-type mice (data not shown).

RT-PCR was performed on total RNA from bone marrow
of wild-type and homozygous mutant mice using two pairs of
oligos. PCR using a 5’ oligo in exon 3 and a 3’ oligo in exon 6
resulted in amplification of the predicted 347-bp fragment
from wild-type RNA and a fainter 276-bp fragment from mu-
tant RNA (data not shown). DNA sequence analysis revealed
that the smaller fragment was identical to the 347-bp wild-type
fragment with the exception that it lacked exon 4. Sequence
analysis of the murine CD11b gene shows that splicing exon 3
to exon 5 leads to a frame shift mutation and a nonsense pep-
tide. To confirm the PCR results, RNase protection analysis
was performed on total RNA from spleen and bone marrow
of wild-type and homozygous Mac-1(—/—) mice using a P-
labeled antisense riboprobe spanning from exon 3 to exon 6 in
the murine CD11b mRNA. One major protected fragment
was observed with RNA from wild-type mice, but not with
RNA from Mac-1(—/—) mice, corresponding to the full-length
mRNA with a predicted size of 347 nt (Fig. 3). A protected
fragment of 95 nt corresponding to exon 3 and a fragment of
181 nt corresponding to exons 5 and 6 were observed with
RNA from Mac-1(—/—) mice. These results are consistent
with the presence of an alternatively spliced RNA lacking
exon 4. The higher intensity of the 95 nt fragment indicated
that most transcripts in the mutant terminate in the neomycin

cassette, whereas a much smaller number is alternatively
spliced. An RNase protection assay using yeast tRNA as a
control yielded no protected fragments. All protected frag-
ments were of higher intensity in bone marrow RNA, indicat-
ing a higher mRNA level of murine CD11b in bone marrow
than in spleen.

Homozygous and heterozygous mutant mice were born in
expected ratio and were fertile. Mutant mice did not demon-

P 1 2 3 4 T
- -— 444 nt
—_— -— 347 nt
-+— 181 nt
-
|

“"

-.— 95 nt

Figure 3. RNase protection analysis. Analysis was performed as de-
scribed in Methods. Probe (P), wild-type spleen RNA (lane 7), wild-
type bone RNA (lane 2), mutant spleen RNA (lane 3), mutant bone
RNA (lane 4), and yeast tRNA (7). The probe contains 97 nt of vec-
tor DNA that is unprotected by the CD11b transcript. The 347-nt
fragment corresponds to the full-length wild-type transcript. The
95-nt and 181-nt protected fragments correspond to exon 3 and exons
5 and 6, respectively.
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Figure 4. Immunohistochemistry of spleen from wild-type and
CD11b-deficient mice. Wild-type (A) and CD11b-deficient mice (B)
were killed 6 h after intraperitoneal injection of lipopolysaccharide.
Spleens were stained with the M1/70 monoclonal antibody to mouse
CD11b. There is no detectable staining seen in mutant mouse. X400.

strate any gross abnormalities in growth rate and tissue archi-
tecture of major organ systems. However, out of about 268
homozygous Mac-1-deficient mice we have bred, 3 have de-
veloped bacterial abscesses involving salivary glands. Bacterial
cultures recovered Proteus mirabilis and Staphylococcus au-
reus. Such abscesses did not occur in wild-type littermates.
Immunocytology. Major organs of Mac-1-deficient mice
were fixed and stained for CD11b expression. There was sig-
nificant CD11b staining in the spleen of wild-type mice (Fig.

4 A), but no detectable CD11b staining in Mac-1-deficient
(—/—) mice (Fig. 4 B). Deficiency of CD11b expression on
neutrophils was confirmed by flow cytometric analysis of pe-
ripheral blood stained with specific mAbs. Anti-CD11b mAb
M1/70 binds to Mac-1 on wild-type neutrophils, but there was
no detectable CD11b staining on neutrophils from Mac-1-
deficient mice (Fig. 5). CD11b on neutrophils from heterozy-
gous mice (+/—) was also reduced compared with wild-type
mice. CD18 expression on Mac-1—/— neutrophil was 60% of
that on wild-type neutrophils. Surface expression of LFA-1
was not different on neutrophils from Mac-1-deficient (—/—)
versus wild-type mice (Fig. 5).

In vitro studies of leukocyte adherence. Using glass coated
with KLH as substrate for neutrophil adhesion in vitro (22),
we documented that neutrophils from wild-type mice adhered
to KLH when activated by 1% ZAS. Such adhesion was inhib-
ited by mAb M1/70 (anti-CD11b) (Fig. 6 A), but not by KBA
(anti—-LFA-1) or the control mAb SFDRS (data not shown). In
the presence of 1% ZAS as stimulus, neutrophils from CD11b-
deficient mice did not adhere to KLH-coated glass (Fig. 6 A).
Neutrophils from mice which were heterozygous for the
CD11b mutation exhibited normal adhesion to KLH-coated
glass (data not shown).

Homotypic aggregation of neutrophils after stimulation
with chemotactic factors has been found to be largely depen-
dent on CD11b/CD18 (29). When stimulated with 10% ZAS,
~ 40% of normal neutrophils were recruited into aggregates
within 60 s (Fig. 6 B). With the same stimulation, ~ 17% of
CD11b-deficient neutrophils were recruited into aggregates by
apparently CD11b-independent mechanisms since it could not
be inhibited by anti-CD11b (M1/70) (data not shown).

The evolution of light by neutrophils undergoing iC3b-
mediated phagocytosis was quantitated by a luminol-enhanced
chemiluminescence assay (29). Neutrophils isolated from wild-
type mice exhibited substantial chemiluminescence when mixed
with opsonized zymosan particles. CD11b-deficient neutro-
phils did not release chemiluminescence when mixed with
opsonized zymosan (Fig. 6 C). When stimulated with PMA,
however, CD11b-deficient neutrophils exhibited similar chem-
iluminescence as wild-type neutrophils.
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Figure 5. Expression of CD11b, CD11a, and CD18 on wild-type and CD11b mutant mice. Heparinized peripheral blood was incubated with
FITC-labeled anti-CD11b (M1/70), biotinylated KBA (anti-CD11a), followed by streptavidin PE, or anti-CD18 (C71/16) followed by FITC-
labeled secondary antibody for 15 min. Stained cells were analyzed on a FACScan® flow cytometer. Wild-type (+/+) mice are indicated by a
solid line, homozygous (—/—) mice for the CD11b mutation are indicated by the spaced dotted line, and mice heterozygous (+/—) for the CD11b

mutation are shown on the left by the stippled line.
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Figure 6. In vitro adherence of neutrophils. (4) Adherence of iso-
lated neutrophils to KLH-coated glass. Isolated neutrophils were in-
cubated with PBS (Con) or mAb for 30 min at room temperature: 10
pg/ml M1/70 (anti-CD11b). ZAS was added immediately before in-
jecting the cell mixture into the adhesion chamber. Neutrophil adher-
ence was determined using a visual static assay at room temperature.
n = 4.*P < 0.01. (B) Homotypic aggregation of isolated neutrophils
in response to ZAS. Neutrophils suspended in Ca?*-free PBS (3 X
10%ml) were added to siliconized cuvettes and allowed to warm to
37°C for 1 min. PBS containing 1.5 mM Ca’>*" and Mg?* was added co-
incidently with 10% ZAS. 20-pl aliquots of cell suspension were fixed
in 100 pl of 2% glutaraldehyde in PBS at 0, 0.5, 1, 3, 5, 10, and 15 min.
Cells were allowed to fix for a minimum of 30 min before being ana-
lyzed on a FACScan® flow cytometer. Percent of aggregation was cal-
culated as frequency of singlet recruitment into aggregates. Empty
circles represent wild-type mice and filled circles represent CD11b-
deficient mice, n = 3. (C) Chemiluminescence of neutrophils from
wild-type and CD11b-deficient mice. Isolated neutrophils were mixed
with 1078 M luminol before the addition of PBS, 10 ng/ml of PMA, or
0.5 pg/ml of freshly opsonized zymosan particles (OpZ). Result rep-
resents mean+SEM, n = 4, *P < 0.01.
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Figure 7. Homotypic aggregation of isolated T lymphocytes. Cells
isolated from spleen were stimulated in culture for 16 h with 1 ng/ml
of phorbol 12-myristate 13-acetate and 200 ng/ml of ionomycin. Ag-
gregation of T lymphocytes was present in both wild-type (A) and
mutant mice (B) observed by light microscopy.

Peripheral blood lymphocytes have been shown to aggre-
gate in response to phorbol esters, and this adhesion can be
blocked by anti-LFA-1 mAb. Lymphocyte aggregation stimu-
lated in this fashion is dependent on LFA-1/ICAM-1 interac-
tions (30). To assess this LFA-1-dependent function, we incu-
bated murine T lymphocytes isolated from spleen cells with
PMA for 16 h and monitored aggregation. LFA-dependent
T cell homotypic aggregation occurred to the same extent in
CD11b-deficient mice as in the wild-type mice (Fig. 7).

Kinetics of neutrophil influx in thioglycollate-induced peri-
tonitis. After thioglycollate injection, peritoneal lavage was
collected at 1,2, and 4 h (Fig. 8 A). CD11b-deficient mice had
similar levels of neutrophil accumulation in the peritoneal cav-
ity at each time point (T = 1, 2, and 4 h) with no significant dif-
ference from wild-type controls. Neutrophil numbers were
1.56+0.65 X 10°,4.2+0.99 X 10°, and 15.3=1.5 X 10° for wild-
type mice and 3.17%1.3 X 105, 5.25=0.9 X 105, and 19.6+3.3 X
10° for CD11b-deficient mice.

To investigate the specific contribution of LFA-1 and Mac-1
to neutrophil emigration in this thioglycollate-induced perito-
nitis, mice were treated systemically with mAb KBA (anti-
LFA-1) or a control antibody SFDRS. 4 h after thioglycollate
injection, peritoneal lavage was collected. KBA caused a max-
imum of 78 % inhibition of neutrophil accumulation in CD11b-
deficient mice and 58% inhibition in wild-type mice (Fig. 8 B).
SFDRS had no effect on neutrophil accumulation (data not
shown). Blood was collected at the time of peritoneal lavage
for total leukocyte count and differential which showed no sig-
nificant difference between wild-type mice, Mac-1-deficient
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Figure 8. Kinetics of neutrophil influx in thioglycollate induced peri-
tonitis. (A) Wild-type or CD11b-deficient mice as littermates were in-
jected intraperitoneally with 1 ml of thioglycollate medium. At 1, 2,
and 4 h after the injection, 3 ml of ice-cold PBS with 50 U/ml of hep-
arin was injected intraperitoneally. Peritoneal lavage fluid was with-
drawn and the total number of recovered neutrophils was deter-
mined. There is no significant difference between numbers of
neutrophils recovered from the wild-type and the mutant mice at
each time point. n = 4 (1 and 2 h), n = 12 (4 h). Values represent
mean=*SEM. (B) Effect of anti-CD11a on neutrophil influx in perito-
nitis. Wild-type CD11b-deficient mice as littermates were treated
with 6 mg/kg anti-CD11a (KBA) intraperitoneally 16 h before and 9
mg/kg intravenously 1 h before thioglycollate injection. Peritoneal la-
vage was recovered 4 h after thioglycollate injection. Total neutrophil
number = mean*=SEM. Number of separate experiments indicated
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Figure 9. Effect of anti-CD11a and anti-CD11b on neutrophil influx
in peritonitis. Wild-type mice were treated with PBS, anti-CD11a
(KBA), anti-CD11b (M1/70), or the combination of anti-CD11a
(KBA) and anti-CD11b (M1/70) intraperitoneally before thioglycol-
late injection. Peritoneal lavage was recovered 4 h after thioglycollate
injection. Total neutrophil number = mean*SEM, n = 6, *P < 0.05.

mice (—/—), and mice treated with mAbs (Table I). The in-
creased percentage of neutrophils noted on the differential
count is secondary to the intraperitoneal injection of thiogly-
collate. Neutrophil surface expression of CD11a remained the
same after transmigration compared with that in peripheral
blood. However, CD11b on neutrophils which had transmi-
grated into the peritoneal cavity was significantly upregulated
in the wild-type mice compared with that on the peripheral
neutrophils (Fig. 8 C). In additional experiments, the contribu-
tion of CD11b to neutrophil transmigration in wild-type mice
was evaluated using F(ab’), of M1/70 (anti-CD11b). This mAb
reduced neutrophil accumulation by < 30%, which was not
significant (Fig. 9). In contrast, KBA (anti-CD11a) reduced
neutrophils numbers > 60% in these experiments (Fig. 9).
Treatment with the combination of both M1/70 (anti-CD11b)
and KBA (anti-CD11a) did not lead to further reduction of
neutrophils than treatment with KBA alone (Fig. 9).

Assessment of neutrophil degranulation during peritonitis.
Previous studies in humans have shown that neutrophils re-
lease granule contents at sites of acute inflammation, and stud-
ies in vitro indicate that adhesion enhances neutrophil secre-
tory processes (22). We measured the B-glucuronidase content
of peripheral and transmigrated neutrophils in the peritonitis
model. 4 h after thioglycollate stimulation, the B-glucuronidase
content in peritoneal neutrophils from wild-type mice was
35% of that in peripheral neutrophils (Fig. 10). In contrast, the
B-glucuronidase content in peritoneal neutrophils from Mac-1-
deficient mice remained 75% of that in peripheral neutrophils
from these mice (P < 0.05 compared with wild-type mice,
Fig. 10).

above bars. *P < 0.01. (C) Surface expression of CD11a and CD11b
of peripheral versus peritoneal neutrophils. Heparinized peripheral
blood and peritoneal lavage leukocytes were incubated with FITC-
labeled anti-CD11b (M1/70) or biotinylated KBA (anti-CD11a) for
15 min. Cells were fixed in 1% paraformaldehyde and collected on
FACScan®. Values represent mean+SEM, n = 12, *P < 0.001.



Table I. Peripheral Blood Leukocyte Counts and Differential

Differential (%)
Genotype Total WBC* Neutrophil Lymphs Mono
ul X 10°
Mac-1+/+ n="7 3.82£1.19 55+10.4 38.1+£9.41 5.06£1.15
Mac-1-/— n=7 4.06£0.84 51.13£8.56 42.9£8.6 4.2+0.69
Mac-1+/+ (KBA) n=9 4.11+1.94 472+12.3 43.6+13.3 5.9+2.1
Mac-1—-/— (KBA) n=9 3.39+0.76 60.1+10.4 31.5+10.4 4.27+0.65
Mac-1+/+ (SFDRS) n=7 4.12+1.44 54.8+9.85 36.2+9.4 4.94+0.81
Mac-1—/—(SFDRS) n="7 4.57+2.29 66.5+6.17 24.9+1.32 5.4+2.83
Mac-1+/+ (M1/70) n=3 6.16£1.71 42.7£16.57 47.7x17.5 4.87£1.91

*Peripheral white blood count (wl X 10%). Data expressed as mean=SEM. Percentage of polymorphonuclear leukocytes (neutrophils)/lymphocytes/
monocytes from > 100 cells counted. Peripheral blood leukocyte counts were measured in all animals 4 h after intraperitoneal thioglycollate injection.
Mac-1+/+ = wild-type mice. Mac-1—/— = homozygous Mac-1 mutants (KBA) = treatment with anti-LFA-1. (M1/70) = anti-Mac-1, (SFDRS) =

isotype-matched control.

Assessment of Mac-1-dependent adhesion in vivo. Previous
studies by Tang et al. (27) have shown that fibrinogen-coated
PET disks implanted in the peritoneal cavity induce an acute
inflammatory response with a resultant accumulation of leuko-
cytes adherent to the implanted disks, a process that is almost
completely abrogated by administration of the specific Mac-1
antagonist, recombinant neutrophil inhibitory factor. This
model was used to assess Mac-1-dependent adhesion in the
CD11b-deficient and wild-type mice. Peritoneal lavage col-
lected 16 h after implanting the disks revealed that neutrophil
emigration was not reduced in CD11b-deficient mice com-
pared with wild-type mice (Fig. 11). In contrast, neutrophil ad-
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Figure 10. B-glucuronidase content of peritoneal exudate and periph-
eral neutrophils. Wild-type or CD11b-deficient mice as littermates
were injected intraperitoneally with 1 ml of thioglycollate medium.
4 h after the injection, 3 ml of ice-cold PBS with 50 U/ml of heparin
was injected intraperitoneally and peritoneal lavage fluid was with-
drawn. After the total neutrophil number was determined from the
blood and lavage fluid, the cell pellet was lysed in 0.2% Tween 20. An
aliquot of 10° cells was added to 100 wl of 5 mg/ml phenolphthalein
glucuronic acid, pH 4.6, and incubated at 37°C overnight. Reactions
were stopped the second day by adding 1 ml of glycine (pH 10.2).
Samples were then measured by spectrophotometer at 540 nm. Peri-
toneal neutrophil B-glucuronidase activity was divided by that of the
peripheral as a total percentage of the enzyme retained after the
transmigration. Values represent mean*=SEM, n = 4, *P < 0.05.

hesion to fibrinogen-coated PET disks was markedly low in
CD11b-deficient mice compared with normal mice (P < 0.01).
Despite high levels of influx, neutrophils in the CD11b-defi-
cient mice were unable to exhibit Mac-1-dependent adhesion.

Discussion

Patients who have a complete deficiency or extremely low lev-
els of CD18 have severe defects in the inflammatory response
with characteristic clinical features that include soft tissue le-
sions, impaired pus formation, defective wound healing, and
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Figure 11. Neutrophil accumulation on the surface of fibrinogen-
coated PET disks and in peritoneal lavage. Three disks were im-
planted intraperitoneally in each age-matched wild-type mouse and
CD11b-deficient mouse. Peritoneal lavage using 5 ml warm PBS was
performed 16 h later and PET disks were removed at the same time.
Total cell count and differentials of the lavage were determined.
MPO activity of the total cell pellet from the peritoneal lavage and
cells adhered to the disks was determined. Empty bars represent neu-
trophils accumulated on fibrinogen-coated disks, hatched bars repre-
sent total neutrophil recruitment in the peritoneal cavity (disk plus la-
vage). Values represent mean+SEM, n = 12, *P < 0.01.
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increased morbidity and mortality from bacterial infections.
Targeted mutations of the murine CDI8 lead to a similar phe-
notype in the mouse as seen with LAD I. Mice with a complete
deficiency of CD18 have an increased incidence of soft tissue
infections, impaired growth, and increased morbidity and mor-
tality from infections, whereas mice which express ~ 10% of
the normal level of CD18 have relatively normal growth and
development (31, 32). To define the contributions of CD11b in
vivo, we have developed mice deficient in CD11b by targeted
homologous recombination in ES cells. Mice homozygous with
a targeted mutation in CD11b were confirmed to have a null
phenotype by flow cytometry, immunohistochemistry, and
several in vitro assays for Mac-1 function. Mice with a com-
plete deficiency of CD11b have normal growth and develop-
ment as compared with wild-type littermates with a low inci-
dence of infection (= 1%) when maintained in microisolator
cages. In contrast, mice with a complete deficiency of CD18
when maintained under the same conditions exhibit a much
higher incidence of poor growth and serious infection. Re-
cently, mice with a complete deficiency of CD11a have also
been developed and reported to have normal growth and de-
velopment with a low incidence of infection (33). Thus, tar-
geted mutations which lead to a complete deficiency of either
CD11b or CD11a in the mouse do not reproduce the pheno-
type which is seen with a complete deficiency of CD18. The
more severe phenotypic abnormalities exhibited by mutations
in CD18 which result in a deficiency in all four of the CD18 in-
tegrins suggest that either CD11a/CD18 and CD11b/CD18
have some overlapping functions and both must be absent or
that other members of the CD11/CD18 family such as CD11c
and CD11d have important functions. Ongoing efforts to de-
velop mice with a combined deficiency of CD11a and CD11b
along with mutations in the other CD11 integrins should pro-
vide further insight.

Our results demonstrate that the rate of extravasation of
neutrophils in the first 4 h of thioglycollate-induced peritonitis
is not significantly abnormal in mice totally deficient in CD11b.
Further confirmation that Mac-1 (CD11b/CD18) was unneces-
sary for neutrophil migration was provided by our observation
that fibrinogen-coated PET disks in the peritoneal cavity had
markedly fewer attached neutrophils in CD11b-deficient mice,
even though there was as vigorous an influx of neutrophils as
that seen in the normal animals. The neutrophils deficient in
CD11b that migrated into the peritoneal cavity were defective
in adhesion to fibrinogen-coated plastic disks, confirming that
CD11b plays an essential role in the binding of neutrophils to
fibrinogen (14, 27). Furthermore, this suggests that CD11c/
CD18 is not markedly upregulated in these mice because
CD11c¢/CD18 has also been shown to mediate neutrophil ad-
hesion to fibrinogen-coated surfaces (34, 35). In addition, neu-
trophils from CD11b-deficient mice were also defective in neu-
trophil degranulation and iC3b-mediated phagocytosis. Future
experiments should better define the importance in vivo of
these functions of CD11b by using Mac-1-deficient mice in
murine models of infection, inflammation, and healing. In con-
trast to the results which demonstrate that Mac-1 plays a criti-
cal function in mediating binding of leukocytes to fibrinogen,
neutrophil degranulation, and iC3b-mediated phagocytosis,
our results are inconsistent with the conclusion that CD11b/
CD18 is necessary for effective emigration of neutrophils, an
assumption based on earlier studies with anti-CD11b mono-
clonal antibodies 5C6 (7) and M1/70 (8) in similar models.
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One possible explanation for the discrepancy between the
studies using blocking antibodies and the CD11b-deficient
mice was evident in the report by Rosen and Gordon (7). They
found that 5C6 was inhibitory in the peritonitis model only
when used as an IgG. The F(ab'), preparation of this mAb was
not significantly inhibitory. In the studies by Jutila et al. (8),
M1/70 was also used as intact antibody where it produced ~ 70%
inhibition of peritoneal influx of neutrophils, but in this study,
we found that F(ab’), preparation of M1/70 was not signifi-
cantly inhibitory in vivo, even though this preparation pro-
duced almost complete blocking of neutrophil adhesion to
KLH-coated glass in vitro, a pattern like that produced by tar-
geted deletion of CD11b. These observations suggest a possi-
ble secondary effect of the antibodies mediated through the Fc
portion of the antibody molecule. We have observed that some
intact antibodies activate neutrophils (22), which raises the
concern that inhibitory effects of IgG M1/70 and 5C6 may be
due in part to factors other than simple blocking of Mac-1-
dependent adhesion.

In earlier studies, we (36) and others (37, 38) have found in
an in vitro model of transendothelial migration that IL-1 stim-
ulation of human umbilical vein endothelial cell monolayers
resulted in a high level of transendothelial migration when pre-
viously unstimulated neutrophils contacted the monolayer. This
migration was inhibited > 80% by anti-CD11a mAb alone,
while anti-CD11b mAbs were ineffective. Similar results were
obtained by Rutter et al. in a lapine model of dermal inflam-
mation and peritonitis (12) and by Graf et al. in a lapine model
of peritonitis (13). We have also found that in vitro chemotac-
tic responses of neutrophils through human umbilical vein en-
dothelial cell monolayers were more effectively inhibited by
anti-CD11a mAbs than anti-CD11b (17). Issekutz et al. (11)
observed that systemic administration of anti-CD11a mAb was
more effective in reducing neutrophil localization than anti-
CD11b in rat dermal inflammation induced by injection of
ZAS (asource of C5a chemotactic factor), and Argenbright et al.
(39) demonstrated in an intravital preparation of lapine me-
senteric vessels superfused with C5a, that anti-CD1la and
anti-CD18 mAbs induced equally marked inhibition of firm
adhesion of leukocytes. Rosenbaum and Boney (40) reported
similar observations in a rat model of uveitis. Thus, experimen-
tal observations in vivo in mice, rats, and rabbits reveal limited
to absent contributions of Mac-1 to neutrophil emigration or
transendothelial migration, and experimental results in vitro
using human neutrophils and endothelial monolayers are con-
gruent with these results. Development of mice deficient in
CD11b and CD11a has provided an opportunity to study func-
tions of the CD18 integrins which are potentially redundant
without using mAbs. In contrast to the normal rate of neutro-
phil emigration in the first 4 h after thioglycollate-induced
peritonitis in mice deficient in CD11b, emigration of neutro-
phils was reduced by ~ 60% in mice deficient in CD11a (33),
similar to the reductions achieved by antibodies to LFA-1 in
wild-type mice in our experiments (Fig. 8 B). Neutrophil emi-
gration in many inflammatory settings appears to be heavily
dependent on LFA-1.

Though Mac-1 does not appear to be the dominant CD18
integrin in extravasation of neutrophils, it does play a coopera-
tive or equivalent role with LFA-1 in some experiment condi-
tions. For example, Nolte et al. (41) has shown that F(ab’),
preparations of mAb M1/70 inhibit leukocyte sticking in an in-
travital model of ischemia/reperfusion in murine dorsal skin



chambers. Similar intravital observations in rat and lapine
models reveal similar contributions of Mac-1 to firm adhesion
to venular endothelium (42, 43), and Issekutz et al. (11) found
that after intradermal injection of IL-1 in rats, significant inhi-
bition of neutrophil localization was obtained only with com-
bined administration of anti-CD11b and anti-CD11b mAbs,
suggesting that with that stimulus either Mac-1 or LFA-1 was
sufficient for localization. Rote et al. (44) drew a similar con-
clusion from studies of reverse passive Arthus in rats. Our ear-
lier studies using human and canine neutrophils and endothe-
lial cells in vitro (16, 17, 45) revealed that complete inhibition
of transendothelial migration was attained only when anti-
CD11a and anti-CD11b mAbs were used in combination.

In contrast to the lesser role played in extravasation, exper-
imental models (46-49) reveal Mac-1-dependent tissue injury.
The possible functional significance of the differential use of
Mac-1 and LFA-1 by neutrophils may be revealed in the fol-
lowing studies. It is now clear that Mac-1 (CD11b/CD18)-
dependent adhesion greatly augments reactive oxygen release
by neutrophils (22, 50), an event that is not inhibited by anti-
CD11a mAbs. This also appears to be true for B-glucuronidase
release during emigration into the peritoneal cavity as seen in
our experiments with the CD11b-deficient mice. This adher-
ence-dependent secretory activity occurs in vitro only after a
lag phase of ~ 60 min, a time far longer than the time for
transendothelial migration. If transendothelial migration is
principally dependent on LFA-1 (an integrin that appears not
to signal the massive release of reactive oxygen [22]) and oc-
curs rapidly, then the endothelial cell would likely be spared
exposure to high concentrations of reactive oxygen. In contrast
to the transient interaction with endothelium, studies have
demonstrated that neutrophil adhesion to parenchymal cells
expressing ICAM-1 may result in a cytotoxic effect that is
blocked by anti-CD11b mAbs (45). These published studies
and our experimental results in mice totally deficient in CD11b
focus attention on an apparent dichotomy in the functions of
neutrophil Mac-1 and LFA-1. LFA-1 seems to be more impor-
tant in the process of emigration, while Mac-1 is more important
in extravascular adhesive events that lead to tissue damage.
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