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The leukocyte integrin αMβ2/Mac-1 appears to support the inflammatory response through multiple ligands, 
but local engagement of fibrin(ogen) may be particularly important for leukocyte function. To define the bio-
logical significance of fibrin(ogen)-αMβ2 interaction in vivo, gene-targeted mice were generated in which the 
αMβ2-binding motif within the fibrinogen γ chain (N390RLSIGE396) was converted to a series of alanine residues. 
Mice carrying the Fibγ390–396A allele maintained normal levels of fibrinogen, retained normal clotting function, 
supported platelet aggregation, and never developed spontaneous hemorrhagic events. However, the mutant 
fibrinogen failed to support αMβ2-mediated adhesion of primary neutrophils, macrophages, and αMβ2-express-
ing cell lines. The elimination of the αMβ2-binding motif on fibrin(ogen) severely compromised the inflam-
matory response in vivo as evidenced by a dramatic impediment in leukocyte clearance of Staphylococcus aureus 
inoculated into the peritoneal cavity. This defect in bacterial clearance was due not to diminished leukocyte 
trafficking but rather to a failure to fully implement antimicrobial functions. These studies definitively dem-
onstrate that fibrin(ogen) is a physiologically relevant ligand for αMβ2, integrin engagement of fibrin(ogen) 
is critical to leukocyte function and innate immunity in vivo, and the biological importance of fibrinogen in 
regulating the inflammatory response can be appreciated outside of any alteration in clotting function.

Introduction
The β2 (CD18) subfamily of integrins serves a vital role in leuko-
cyte function and the development of an effective inflammatory 
response in vivo (1). Genetic deficiency in β2 results in the severe 
immunological disorder, leukocyte adhesion deficiency type I (LAD 
I), that is characterized by a profound reduction in neutrophil emi-
gration at sites of inflammation and chronic infections (2). Four 
members of the integrin β2 subfamily have been recognized: αMβ2 
(Mac-1, CD11b/CD18, CR3), αLβ2 (LFA-1, CD11a/CD18), αXβ2 
(p150,95, CD11c/CD18), and αDβ2 (CD11d/CD18) (3, 4). Based 
in part on the prominent expression of αMβ2 and αLβ2 on the sur-
face of key inflammatory cells, including neutrophils, monocytes, 
macrophages, and mast cells, these integrins are generally thought 
to play a dominant role in inflammatory cell function. The criti-
cal importance of αMβ2 and αLβ2 in leukocyte function in vivo has 
been affirmed and clarified through detailed studies of mice with 
specific genetic deficits in αM, αL, and β2 (5–8). Working in concert, 
αLβ2 and αMβ2 appear to be instrumental in (a) firm adhesion of 
leukocytes to the vessel wall that follows selectin-mediated rolling 
events (b) transendothelial cell migration and leukocyte trafficking 
(c) leukocyte activation, and (d) cell survival/apoptosis (1, 9–11).

Central to unraveling the precise biological roles of αMβ2 and 
αLβ2 is defining the biologically relevant ligands for each of these 
integrins. While common ligands are known, these integrins are 

clearly designed to engage a distinct repertoire of cell-surface and 
ECM proteins (12). αLβ2 specifically binds intercellular adhesion 
molecule (ICAM) family members, whereas αMβ2 is capable of 
binding a remarkable assortment of seemingly unrelated ligands, 
including ICAM-1, the complement C3 derivative, iC3b, the uro-
kinase-type plasminogen activator receptor (uPAR), platelet mem-
brane glycoprotein GP1bα, and immobilized fibrin(ogen) (12). 
The physiological and/or pathological significance of these and 
other possible ligands that might regulate leukocyte function and 
innate immunity remains to be fully defined.

Given the increasingly persuasive evidence suggesting an impor-
tant interplay between hemostatic factors and inflammatory sys-
tems, fibrin(ogen) has gained increasing attention as a possible 
biologically significant ligand for αMβ2. As a symmetrical dimer 
that is recognized by a variety of integrin and nonintegrin recep-
tors on multiple cell types, fibrinogen could serve as a bridging 
molecule between leukocytes and other cells, including platelets. 
Furthermore, as a protein that is deposited in the form of a pro-
visional fibrin matrix at virtually any site of overt tissue damage, 
fibrin could serve as a significant nondiffusible cue in regulating 
leukocyte targeting. Consistent with this general theory, mul-
tiple in vitro studies have shown that leukocyte engagement of 
fibrin(ogen) can profoundly alter leukocyte function, leading to 
changes in cell migration, phagocytosis, NF-κB–mediated tran-
scription, production of chemokines and cytokines, degranula-
tion, and other processes (13–18).

These findings have driven efforts to better define the molecu-
lar details of the interaction between fibrinogen and αMβ2. One 
notable facet of the binding interaction is that both fibrin and 
immobilized fibrinogen are bound with high-affinity/avidity by 
αMβ2, whereas soluble fibrinogen is a relatively poor ligand (19, 
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20). This conformation-dependent binding implies that αMβ2 
would generally not be occupied when circulating leukocytes pas-
sively encounter plasma fibrinogen. The integrin, however, would 
mediate avid cellular engagement of immobilized fibrin(ogen) at 
sites of tissue damage, locations where copious fibrin deposition 
would be universally observed. Multiple sequences in fibrinogen 
can interact with αMβ2, but the most compelling data point to a 
critical role of the γ chain in the region of γ377–395 (P2 sequence; 
ref. 21, 22) and particularly its carboxy-terminal region (P2-C). To 
definitively establish whether the P2-C region of the fibrinogen γ 
chain constitutes the critical motif for αMβ2 binding in the context 
of the whole fibrinogen molecule, and to provide the means to 
evaluate the biological importance of fibrin(ogen)-αMβ2 interac-
tions in inflammatory processes in vivo, we employed a gene-tar-
geting approach to convert the mouse fibrinogen γ chain sequence 
N390RLSIGE396 to a series of seven alanine residues. This mutant 
form of fibrinogen (which we term fibrinogen γ390–396A) maintained 
normal hemostatic properties. Fibrinogen γ390–396A was unable to 
support αMβ2-mediated cellular adhesion in vitro, however, and 
mice constitutively expressing this mutant form of fibrinogen 
exhibited a major impediment in inflammatory cell clearance of 
Staphylococcus aureus in the context of acute peritonitis.

Methods
Generation of gene-targeted mice. The fibrinogen γ chain targeting vector 
was constructed using a portion of the mouse gene cloned from a 
129-strain genomic DNA library. PCR-based mutagenesis was used 
to convert the exon 9 sequence encoding amino acid residues 390–
396 of the mature protein (N390RLSIGE396) to a series of alanines. 
The selected nucleotide substitutions also resulted in the introduc-
tion of a PvuII site that served to flag the mutant allele in establishing 
animal genotypes. All nucleic acid substitutions were confirmed by 
DNA sequence analysis. HPRT and HSV-tk minigenes were intro-
duced into the γ chain targeting vector as described (23). E14TG2a 
(24) ES cells that had incorporated the targeting vector by homolo-
gous recombination were initially identified by PCR analysis using 
primers complementary to the HPRT minigene (primer 5: 5′-CCT-
GAAGAACGAGATCAGCAGCCTCTGTTC-3′) and the γ chain gene 
(primer 6: 5′-ATACATGGATATTAGCCAGGCAGTAGTGAC-3′) that 
generated a PCR product of 754 bp. Positive clones were confirmed 
using a second primer set complementary to the HPRT minigene 
(primer 4: 5′-AAATGCTCCAGACTGCCTTG-3′) and the γ chain 
gene (primer 3: 5′-ATTGACATGATCACCAAAATTGCTTATTG-3′), 
which yielded a 5,735-bp PCR product. Homologous recombination 
of the targeting vector was further confirmed by Southern blot analy-
sis of PvuII-digested genomic DNA. A hybridization probe was pre-
pared from a 320-bp NcoI/PvuII restriction enzyme fragment located 
downstream of the fibrinogen γ chain gene. Mice were routinely 
genotyped by PCR analysis using primers immediately upstream 
(primer 1: 5′-ATTGACATGATCACCAAAATTGCTTATTG-3′) and 
downstream (primer 2: 5′-CCATTTAAGGCTAGGTATCATCT-
TAAGAAAG-3′) of exon 9, which yielded a PCR product of 527 bp. 
The PCR product from the mutant allele was recognized by the gen-
eration of 304-bp and 223-bp fragments following PvuII digestion. 
Founder mice were bred to NIH Black Swiss females (Taconic Farms, 
Germantown, New York, USA) to generate heterozygous mice that 
were then interbred to produce homozygous mutant animals. Ani-
mals carrying the mutant allele were subsequently backcrossed six 
generations to C57Bl/6 mice, and these C57Bl/6-inbred mice were 
used in all of the in vivo studies presented.

Hematological analyses. Hematological analyses of blood cells 
were done using a Cell-Dyn 4000 analyzer, and plasma thrombin 
times were established as described previously (25). Fibrin polym-
erization was evaluated by standard turbidity assays using both 
plasma and purified fibrinogen. Briefly, citrate plasma (diluted 
tenfold in 20 mM HEPES, pH 7.4, containing 0.15 M NaCl and 5 
mM ε-amino caproic acid) or 0.15 mg/ml purified fibrinogen in 
the same buffer was combined with bovine thrombin (final con-
centration 0.2 U/ml; Enzyme Research Laboratories, South Bend, 
Indiana, USA), and Ca2+ (10 mM), and OD350 measurements were 
taken every 30 seconds. Western blot analysis of plasma fibrino-
gen was performed using rabbit anti-mouse fibrinogen in conjunc-
tion with an ECL detection system (Amersham Pharmacia Biotech, 
Piscataway, New Jersey, USA) (25). Covalent cross-linking of the 
fibrinogen γ chain by factor XIIIa was analyzed using purified 
fibrinogen. Briefly, 0.25 mg/ml fibrinogen was combined with 2 
U/ml bovine thrombin, 0.15 mg/ml human factor XIII (Enzyme 
Research Laboratories), and 25 mM Ca2+ and incubated for up to 
10 minutes at 37°C. Reactions were terminated by addition of 2% 
SDS, 10% β-mercaptoethanol, and 0.1 M EDTA, and the fibrin 
chains were analyzed by SDS-PAGE.

Platelet aggregation and flow cytometry. Platelet aggregation was per-
formed at 37°C using a ChronoLog 560 aggregometer as described 
(25). Briefly, platelet suspensions in autologous plasma were pre-
pared from WT, Fibγ390–396A, and FibγΔ5 mice (23) and adjusted to 
approximately 300,000 platelets per microliter. Aggregation was 
initiated with ADP (final concentration of 10 μM). Flow-cytometric 
analyses of fibrinogen binding to ADP-activated platelets by αIIbβ3 
were done using a FITC-conjugated rabbit anti-human fibrinogen 
Ab (DAKO A/S, Glostrup, Denmark), as previously described (23).

Purification of plasma fibrinogen. Fibrinogen was isolated from 
citrated mouse plasma using Gly-Pro-Arg affinity chromatography 
(26). The affinity matrix was prepared using a Gly-Pro-Arg-Pro-Cys 
peptide (Invitrogen Corp. Carlsbad, California, USA) conjugated 
to SulfoLink coupling gel (Pierce Biotechnology Inc., Rockford, 
Illinois, USA). Purified fibrinogen was then dialyzed exhaustively 
against 20 mM HEPES, pH 7.4, containing 0.15 M NaCl and 5 mM 
ε-amino caproic acid. Fibrinogen concentration was determined 
spectrophotometrically and its quality established by SDS-PAGE.

Thrombus formation following FeCl3 injury in vivo. Thrombosis was 
induced in the carotid artery of anesthetized mice using FeCl3 as 
described in detail elsewhere (27). Thrombus formation was record-
ed for up to 30 minutes using a miniature video camera (ProVideo 
CVC-514; CSI/SPECO, Amityville, New York, USA). Blood flow 
through the carotid artery was monitored using a Doppler flow 
probe (0.5VB307; Transonic Systems Inc., Ithaca, New York, USA) 
connected to a flow meter (T106; Transonic Systems Inc.). After the 
30-minute recording period, anesthetized animals were perfused 
with 4% paraformaldehyde in PBS, and the injured carotid arteries 
were collected for electron microscopy and histology.

Cell adhesion assays using cell lines and primary phagocytes. Human 
embryonic kidney 293 (HEK293) cell lines expressing β2 integrins 
were described previously (21, 28). THP-1 monocytoid cells were 
obtained from American Type Culture Collection (Manassas, Vir-
ginia, USA). Human neutrophils were isolated from heparinized 
peripheral blood from consenting volunteers by centrifugation 
though leukocyte separation media (Histopaque-1119 and His-
topague-1077; Sigma-Aldrich, St. Louis, Missouri, USA) accord-
ing to the manufacturer’s recommendations. Human blood 
monocytes were isolated from EDTA anticoagulated peripheral 
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blood of consenting volunteers according to an established proto-
col (29, 30). Mouse resident peritoneal macrophages were isolated 
from lavage fluid by placing cell suspensions in serum containing 
RPMI-1640 on uncoated Cellstar microtiter plates. After incuba-
tion for 4 hours at 37°C, unbound cells were aspirated, and the 
adherent macrophages were subsequently removed using ice-cold 
PBS containing 2 mg/ml glucose and 0.5 mM EDTA. These prepa-
rations were shown to be primarily macrophages by staining cyto-
spin preparations with Diff-Quik (Dade Behring Inc., Deerfield, 
Illinois, USA). Prior to use in adhesion assays, cell preparations 
were suspended in either HBSS (HEK293 cells and monocytes) 
containing 5 mM Ca2+ and 5 mM Mg2+ or serum-free RPMI-1640 
(THP-1, neutrophils, and macrophages) at a concentration of  
0.5 × 105/ml to 1 × 106/ml.

Cell adhesion assays were performed in 48-well or 96-well poly-
styrene plates (Costar; Corning Inc., Corning, New York, USA) 
that were coated with purified fibrinogen. Nonspecific binding 
was blocked using either 1% polyvinylpyrrolidone (HEK293 cells, 
primary monocytes, and primary macrophages) or 1% nonfat 

dry milk (THP-1 cells and primary neutrophils). HEK293 cells 
were harvested using cell-dissociation buffer (Invitrogen Corp.). 
Aliquots of cells (200 μl) were added to wells and incubated at 
37°C for 25 minutes and subsequently washed with buffered 
saline to remove nonadherent cells. Inhibition experiments were 
performed using the following Ab’s: M1/70 rat anti-mouse αM 
(known to block both mouse and human αMβ2; eBioscience, San 
Diego, California, USA), IB4 anti-β2 (American Type Culture Col-
lection), or control rat anti-mouse IgG (Pierce Biotechnology 
Inc.). Ab’s were incubated with cells at 20 μg/ml for 15 minutes at 
room temperature before transfer to coated wells. The number of 
adherent cells was determined by either counting multiple high-
powered (×100) fields or using a CyQuant (Molecular Probes Inc., 
Eugene, Oregon, USA) fluorescence detection system. All analyses 
were performed in triplicate.

Differential analysis of resident peritoneal cells. Peritoneal lavage fluid 
was collected by injection of 5 ml of PBS into the abdominal cav-
ity of anesthetized mice. The total number of cells present within 
the lavage fluid was determined manually using a hemocytom-

Figure 1
Modification of the fibrinogen γ chain gene. (A) 
Overall structure of the Fibγ390–396A gene-target-
ing vector, the WT fibrinogen γ chain gene, and 
the targeted Fibγ390–396A allele. Exons are depict-
ed as solid areas, and the introduced nucleo-
tide substitutions and PvuII site are indicated in 
text boxes as 390–396A and PvuII, respectively. 
The PvuII fragments that were diagnostic for 
the WT and targeted alleles by Southern blot 
assays are indicated by thin lines. Arrowheads 
indicate the position of diagnostic PCR primers 
used for detecting homologous recombination 
events in ES cells. Routine animal genotyping 
was done using primers 1 and 2 followed by 
PvuII digestion. (B) Partial nucleotide sequence 
of exons 9 and exon 10 of the WT and γ390–396A 
genes. Asterisks indicate nucleotides that were 
mutated in the Fibγ390–396A allele. A vertical arrow 
indicates the position of the exon 9 to 10 splice 
junction. Amino acids altered by the nucleotide 
substitutions are in italics. Underlined amino 
acids indicate the glutamine and lysine that par-
ticipate in transglutaminase-mediated cross-
linking. Amino acids that are known to be critical 
for platelet integrin receptor αIIbβ3 binding (23) 
are bracketed. (C) Representative PCR analy-
ses to establish animal genotypes using DNA 
template from ear biopsies of WT, hemizygous, 
and homozygous mutant Fibγ390–396A mice. Prim-
ers 1 and 2 were used to amplify a 527-bp frag-
ment, which was subsequently digested with 
PvuII to yield the diagnostic fragments of 304 
bp and 223 bp. ddH2O, double distilled water.
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eter. Differential cell counts were made using cytospin prepara-
tions stained with Diff-Quik (Dade Behring Inc.). The percentage 
of neutrophils was confirmed by Leder stain. Flow cytometry was 
performed using fluorochrome-labeled rat anti-mouse CD3 (BD 
Biosciences, San Jose, California, USA), rat anti-mouse CD19 (BD 
Biosciences), and rat anti-mouse F4/80 (CalTag Laboratories Inc., 
Burlingame, California, USA) to confirm the percentage of T cells, 
B cells, and macrophage/monocytes, respectively.

Clearance of intraperitoneal S. aureus. A WT Newman strain of  
S. aureus and a clumping factor A–deficient (ClfA-deficient) derivative 
(DU5852) (kindly provided by T.J. Foster, Trinity College, Dublin, 
Ireland) were employed. Overnight cultures of bacteria were har-
vested by centrifugation, washed, and then resuspended in cold 
sterile saline at 4 × 108/ml to 10 × 108/ml. In experiments using 
heat-killed bacteria, suspensions were boiled for 5 minutes prior 
to injection. Bacterial kill was confirmed by plating dilutions of 
the boiled suspensions on tryptic soy agar. Mice were given an 
intraperitoneal injection with 1 ml of bacterial suspension, and the 
peritoneal lavage fluids were later collected using ice-cold buffered 
saline as described above. Serial dilutions were plated on tryptic 
soy agar to establish the bacterial CFUs.

Results
Site-directed mutagenesis of the endogenous fibrinogen γ chain gene. To 
determine the physiological and pathological importance of 
fibrin(ogen) as a ligand for αMβ2, we generated a replacement-type 
gene-targeting vector to selectively eliminate the αMβ2-binding site 
previously identified within the carboxy-terminal portion of the 
fibrinogen γ chain (21). The specific residues selected for mutation, 
N390RLSIGE396, were chosen based on four findings and/or criteria. 
First, this sequence was a consistent element within P2 
peptides, known to block αMβ2 binding to immobilized 
fibrinogen. Second, these amino acids were conserved 
between species (note that the sequence is N390RLTIGE396 
in the human molecule). Third, these residues were large-
ly exposed to solvent based on the crystal structure of 
fibrinogen derivatives. Finally, this sequence was spatial-
ly far removed from the γ chain “hole” known to support 
fibrin polymerization (31). Thus, an alteration within 
residues 390–396 was not expected to alter clotting func-
tion. Using portions of the cloned mouse γ chain gene 
and a PCR-based mutagenesis strategy, a targeting vec-
tor was generated in which 12 nucleotide substitutions 
were introduced within the exon 9 sequence (Figure 1, 
A and B). These substitutions simultaneously converted 
the codons encoding γ chain residues 390–396 to a series 
of seven alanine residues and introduced a diagnostic 

PvuII site. Embryonic stem cell transfectants that had incorporated 
the targeting vector by homologous recombination based on PCR 
analyses (see Figure 1A and Methods) were used to generate trans-
genic founder mice. The introduction of the Fibγ390–396A targeting 
vector into the mouse genome by homologous recombination was 
confirmed by both PCR (see representative data in Figure 1C) and 
Southern blot analysis of genomic DNA purified from tail biopsies. 
Crosses between hemizygous mice established that the Fibγ390–396A 
mutation was compatible with Mendelian inheritance; of the first 
235 pups generated from hemizygous breeding pairs, 62 (26%) 
carried only the WT allele (WT/WT), 107 (46%) were hemizygous 
(WT/γ390–396A), and 66 (28%) carried only the mutant allele (γ390–396A/
γ390–396A, hereafter simply referred to as Fibγ390–396A mice). Unlike 
fibrinogen-null mice (25), Fibγ390–396A mice never developed overt 
spontaneous bleeding events, and the survival profile of unchal-
lenged Fibγ390–396A mice was indistinguishable from WT littermates. 
Furthermore, unlike fibrinogen-null females, which uniformly 
develop fatal intrauterine bleeding during pregnancy, Fibγ390–396A 
females exhibited excellent reproductive success and were capable of 
supporting multiple pregnancies to term (data not shown). Finally, 
Fibγ390–396A offspring could be consistently raised from homozygous 
mutant parents, indicating that neither reproduction nor develop-
ment was compromised by the mutant fibrinogen, regardless of its 
maternal and/or embryonic source.

Fibγ390–396A mice carry normal levels of fibrinogen and exhibit a normal 
hematological profile. The seven amino acid substitutions introduced 
into the γ chain did not alter the steady-state concentration or size 
of the component chains within circulating fibrinogen based on 
Western blot analyses (see Figure 2). The overall structural integrity 
of the mutant plasma fibrinogen was further established by com-

Figure 2
Characterization of Fibγ390–396A fibrinogen. (A) Western blot 
of fibrinogen in plasma from WT and mutant mice. (B) Coo-
massie blue–stained SDS polyacrylamide gel (reducing 
conditions) showing affinity-purified fibrinogen preparations 
from WT and Fibγ390–396A mice. (C) Comparative analysis of 
thrombin-induced fibrin polymerization in plasma from WT 
and homozygous Fibγ390–396A mice. (D) Analysis of fXIIIa-
mediated fibrin cross-linking in reaction mixtures containing 
either purified WT or γ390–396A fibrinogen. The electrophoretic 
positions of Aα, Bβ, γ chains are indicated at left along with 
γ-γ dimer and α polymer cross-linking products. 
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parative analysis of purified fibrinogen (Figure 2). The component 
fibrinogen chains were indistinguishable in both ratio and size in 
WT and Fibγ390–396A mice. A more general hematological analysis of 
blood cells showed that the complete blood cell counts, including 
red cells, white cells, and platelets, were virtually identical in con-
trol (n = 6) and Fibγ390–396A (n = 6) mice (Table 1). The fact that the 
mutant fibrinogen did not alter blood platelet count is consistent 
with the view that fibrinogen γ390–396A presents no hemorrhagic 
consequences that might lead to inordinate platelet consumption.

Fibrinogen γ390–396A maintains normal coagulation properties. One objec-
tive in generating the Fibγ390–396A mutation was to explore the potential 
role(s) of fibrinogen in innate immunity in a context where clotting 
function was in no way compromised. To confirm that the Fibγ390–396A 
mutation did not impede fibrin polymer formation, multiple coagu-
lation analyses were performed. Thrombin clotting time is sensitive 
to both fibrinogen concentration and structure. As shown in Table 
1, plasma samples from WT and Fibγ390–396A mice exhibited indistin-
guishable clotting times following addition of bovine thrombin and 
Ca2+. As a second comparative analysis of fibrin polymer formation, 
standard turbidity measurements were made as a function of time 
following addition of thrombin and Ca2+ to diluted plasma (see Fig-
ure 2C for representative polymerization profiles) or purified fibrino-
gen (data not shown) prepared from control and Fibγ390–396A mice. No 
significant difference in polymerization profile was observed using 
samples prepared from multiple WT and Fibγ390–396A mice. Both the 
lag phase (indicative of the time required for fibrinopeptide release) 
and the subsequent fibrin monomer assembly rates were indistin-
guishable using multiple preparations of WT and mutant fibrino-
gen. Furthermore, detailed electrophoretic analyses of denatured and 
reduced fibrin clots prepared using purified fibrinogen from control 
and mutant mice showed that there was no apparent difference in 
factor XIIIa-catalyzed (transglutaminase-catalyzed) cross-linking of 
the γ chain to form γ-γ dimers (Figure 2D). The γ-γ dimers were also 
readily detected within plasma clots from both WT and Fibγ390–396A 
mice (data not shown). These data infer that the overall structural 
integrity of fibrinogen is maintained in the γ390–396A mutant and the 
most dramatic property of fibrinogen, the ability to polymerize into 
an insoluble matrix, was preserved in fibrinogen γ390–396A.

Fibrinogen γ390–396A supports platelet aggregation and normal throm-
bus formation. By engaging the platelet integrin αIIbβ3, fibrinogen 
supports platelet aggregation and promotes formation of stable 
platelet thrombi at sites of vascular damage. To determine if the 
γ390–396A mutation altered the ability of fibrinogen to engage αIIbβ3, 
mutant and WT fibrinogen were compared for (a) their bind-
ing activity to ADP-activated platelets (b) their ability support 
ADP-induced platelet aggregation in vitro, and (c) their ability to 

support thrombus formation in vivo. Using an established flow-
cytometry approach, we found no quantitative difference in WT 
and γ390–396A fibrinogen binding to αIIbβ3 on ADP-activated platelets 
(see supplemental material; available at http://www.jci.org/cgi/con-
tent/full/113/11/1596/DC1). Furthermore, ADP-induced platelet 
aggregation in vitro followed a similar pattern using platelet-rich 
plasma from WT and Fibγ390–396A animals (Figure 3). To control for 
the fibrinogen dependence of platelet aggregation in these experi-
ments, parallel studies were done using FibγΔ5 mice (23), a mutant 
line expressing a form of fibrinogen lacking the αIIbβ3-binding 
motif. As shown previously, no ADP-induced platelet aggregation 
was observed (Figure 3). As a final test of the ability of fibrinogen 
γ390–396A to support platelet/fibrin deposition, thrombus forma-
tion within FeCl3-injured carotid arteries was compared in WT 
and Fibγ390–396A mice by both real-time intravital videomicroscopy 
and scanning electron microscopy of fixed tissues. No appreciable 
difference was observed in the time to vessel occlusion (10.2 ± 0.9 
minutes, n = 4 for WT and 10 ± 2 minutes, n = 3 for Fibγ390–396A ani-
mals) or thrombus stability/appearance (see supplemental mate-
rial). Therefore, in this model, thrombus formation in vivo appears 
to be unimpaired in mice expressing fibrinogen γ390–396A.

Fibrinogen γ390–396A does not support αMβ2-mediated cell adhesion in vitro. 
To test the central hypothesis that the γ390–396A mutation would spe-
cifically eliminate αMβ2 engagement of fibrinogen, affinity-purified 
fibrinogen preparations from WT and Fibγ390–396A mice were immo-
bilized on microtiter plates and compared for their ability to sup-
port αMβ2-dependent cell adhesion. Our initial studies focused on 
a cell type that plays a critical role in the inflammatory response in 
vivo and that is known to engage immobilized fibrin(ogen) almost 
exclusively through αMβ2 in vitro — primary neutrophils (7, 32). 
Consistent with earlier reports, isolated human peripheral blood 
neutrophils were found to readily adhere to immobilized WT 
fibrinogen (Figure 4A), and this adhesion was largely αMβ2-depen-
dent based on inhibitor studies with the αM-specific mAb, M1/70 
(Figure 4D). More significantly, purified fibrinogen γ390–396A failed 
to support the adhesion of primary human neutrophils (Figure 
4, B and D). This profound difference in cell adhesion to WT and 

Table 1
Hematological analysis of WT and Fibγ390–396A mice

 WT (n = 6) Fibγ390–396A (n = 6)
wbc (×109/l) 3.3 ± 1.3 2.7 ± 0.9
rbc (×1012/l) 8.3 ± 0.6 8.1 ± 1.4
Hemoglobin (g/dl) 13.0 ± 1.3 12.9 ± 2.8
Hematocrit (%) 43.9 ± 5.5 44.6 ± 10.5
Platelets (×109/l) 762 ± 78 905 ± 148
Thrombin time (s) 10.5 ± 0.5 12.0 ± 0.5

Comparative analysis of each parameter indicates no genotype-depen-
dent statistically significant difference by Student’s t test analysis. wbc, 
white blood cell.

Figure 3
Fibrinogen γ390–396A supports normal platelet aggregation. Comparative 
analysis of ADP-induced platelet aggregation in vitro using platelet-rich 
plasma prepared from WT and Fibγ390–396A mice. The fibrinogen depen-
dence of aggregation in vitro was demonstrated with FibγΔ5 mice that 
express a mutant form of fibrinogen lacking the αIIbβ3-binding motif. The 
decline in transmitted light that immediately follows ADP addition is a 
consequence of platelet shape change.
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γ390–396A fibrinogen was not a trivial reflection of a difference in the 
amount of fibrinogen immobilized; quantitative immunological 
analyses indicated that WT and mutant fibrinogen was absorbed 
onto the surface of plastic wells with equal efficiency (data not 
shown). As a final specificity control in these cell adhesion stud-
ies, we showed that another fibrinogen derivative, fibrinogen γΔ5, 
lacking the carboxy-terminal γ chain residues 407–411, supported 
αMβ2-dependent neutrophil adhesion to the same extent as WT 
fibrinogen (Figure 4, C and D).

These comparative studies of primary leukocyte adhesion to WT 
and γ390–396A fibrinogen were also extended to isolated peripheral 
blood human monocytes (Figure 5A) and mouse resident perito-
neal macrophages (Figure 5B) with a similar outcome. As expected, 
monocytes and macrophages exhibited excellent adhesion to WT 
fibrinogen, and this adhesion was effectively blocked by αMβ2-
blocking Ab’s to either the αM subunit (e.g., 
44a or M1/70) or β2 subunit (e.g., IB4), but 
not control Ab’s. Neither primary monocytes 
nor macrophages were adherent to fibrinogen 

γ390–396A, however (Figure 5, A and B). A similar pattern was also seen 
with THP-1 cells, a human monocytic cell line known to express 
high levels of αMβ2 and to adhere to fibrinogen through αMβ2 
(33). Robust, concentration-dependent adhesion of THP-1 cells 
was observed for WT, but not γ390–396A, fibrinogen (Figure 5, C and 
D). In agreement with previous reports that αMβ2 engagement of 
fibrinogen is conformation dependent (i.e., strong when fibrinogen 
is surface immobilized or converted to fibrin, but weak with soluble 
fibrinogen), THP-1 cell adhesion to immobilized WT fibrinogen 
was not inhibited by either soluble WT or γ390–396A fibrinogen, even 
at concentrations that were orders of magnitude above the Kd of 
αMβ2 for other established high-affinity ligands (data not shown). 
Taken together, these data suggest that fibrinogen γ390–396A neither 
supports αMβ2-dependent cell adhesion in vitro nor results in a 
gain-of-function property whereby the soluble molecule is bound 
with high affinity by αMβ2.

To more rigorously define the specific impact of the fibrinogen 
γ390–396A mutation on interaction with β2 integrin receptors, we 
evaluated the binding potential of HEK293 transfectants express-
ing αMβ2 or the related integrin, αLβ2 (21, 28, 34). Consistent with 
the requirement for a specific β2 integrin to support cell adhe-
sion to fibrinogen, mock transfectants (empty expression vector) 

Figure 4
Fibrinogen γ390–396A does not support αMβ2-dependent adhesion of pri-
mary neutrophils. Primary human neutrophils (106 cells/ml) were trans-
ferred to either uncoated wells, wells coated with 10 μg/ml WT mouse 
fibrinogen (A), wells coated with 10 μg/ml fibrinogen γ390–396A (B), or 
wells coated with 10 μg/ml fibrinogen γΔ5 (C). Shown are representative 
views of bound cells after 25 minutes. (D) Quantitative comparison of 
neutrophil adhesion to WT, fibrinogen γ390–396A, and fibrinogen γΔ5. The 
specificity of neutrophil engagement was established by preincubat-
ing neutrophils with 20 μg/ml of the rat anti-mouse αM I-domain Ab, 
M1/70, or control rat anti-mouse IgG for 15 minutes at room tempera-
ture before addition to the fibrinogen-coated wells. The data shown are 
means ± SD. HPF, high power field; Con, control.

Figure 5
Fibrinogen γ390–396A fails to support αMβ2-depen-
dent adhesion of monocytes, macrophages, or the 
monocytoid cell line, THP-1. (A) Comparative anal-
ysis of primary human blood monocyte adhesion 
to immobilized WT and γ390–396A fibrinogen (coating 
concentration 2 μg/ml). Specificity of integrin-medi-
ated binding was established by preincubation of 
cells with blocking αM- or β2-specific mAb’s (44a 
and IB4, respectively). The nonblocking αM mAb, 
OKM1, was used as a control. (B) Comparative 
analysis of mouse peritoneal macrophage adhe-
sion to WT and γ390–396A fibrinogen. The blocking 
Ab M1/70 was used to demonstrate αMβ2-speci-
ficity. (C) THP-1 cell adhesion as a function of 
fibrinogen coating concentration using either WT 
or γ390–396A fibrinogen. (D) Adhesion of THP-1 cells 
to WT or γ390–396A fibrinogen in the presence of 
either EDTA or αMβ2 Ab, M1/70. The data shown 
are means ± SD. fl, fluorescence.
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or transfectants expressing αLβ2 (an integrin known not to bind 
fibrinogen) failed to adhere to any immobilized fibrinogen prepa-
ration (Figure 6A), whereas HEK293 transfectants expressing αMβ2 
displayed excellent adhesion to WT fibrinogen (Figure 6, A and B). 
More importantly, immobilized fibrinogen γ390–396A failed to sup-
port HEK293 cell adhesion regardless of the presence or absence 
of αMβ2 or αLβ2 (Figure 6, A and B). Similar results were observed 
in multiple independent experiments.

Leukocyte clearance of peritoneal bacteria is strongly impeded in mice 
expressing fibrinogen γ390–396A. One important incentive for using a 
gene-targeting approach in mice was that it provided an oppor-
tunity to readily define the biological significance, if any, of αMβ2-
mediated leukocyte engagement of fibrin(ogen) in vivo. To begin 
to explore the in vivo consequences of the fibrinogen γ390–396A 
mutation on the innate immune system, we compared the ability 
of inflammatory cells to clear the common gram-positive patho-
gen, S. aureus, following intraperitoneal inoculation. Quantitative 
analysis of viable bacteria within the peritoneal lavage fluid from 
cohorts of WT and mutant mice 1 hour after infection revealed 
that Fibγ390–396A mice exhibited a profound impediment in bacte-
rial clearance relative to control animals in this acute peritonitis 
model (Figure 7A). This same pattern of inefficient bacterial clear-
ance in Fibγ390–396A mice was observed when mice were challenged 
with a mutant strain of S. aureus lacking the bacterial fibrinogen 
receptor, termed ClfA (Figure 7B). One inference of these results 
is that host leukocyte engagement of fibrinogen through αMβ2, 
rather than bacterial engagement of fibrinogen through ClfA, is 
the key determinant of bacterial clearance in the context of acute 
peritonitis. In this regard, it should be noted that control studies 
showed that fibrinogen γ390–396A, like WT fibrinogen, retained the 
ability to support ClfA-dependent S. aureus adhesion in vitro (see 
supplemental material).

The genotype-dependent difference in bacterial clearance within 
the abdominal cavity was evident even as early as 30 minutes after 
infection, but was more pronounced at 3 hours as a consequence 
of the expansion of viable microbes (Figure 8A). Consistent with 
a defect in the activation of leukocyte antimicrobial functions in 
Fibγ390–396A mice, microscopic analysis of lavage fluid collected 3 
hours after S. aureus inoculation revealed few appreciable bacteria 
on cytospin spreads from WT mice, whereas both free and leuko-
cyte-associated bacteria were prevalent in the mutant mice (Figure 
8B). Many phagocytes appeared to be overwhelmed by bacteria and 
seemed physically disrupted. A similar failure to effectively clear 
peritoneal S. aureus has also been documented in fibrinogen-null 
mice (Du et al., unpublished observations), further underscoring 
the fibrinogen dependence of this clearance process. The difference 
in early bacterial clearance was not due to any genotype-related dif-
ference in either the number or composition of resident peritoneal 
leukocytes; quantitative analysis of peritoneal lavage fluids col-
lected from unchallenged WT and Fibγ390–396A mice indicated that 
the number of peritoneal macrophages, neutrophils, and mast 
cells (all of which are known to express αMβ2) was indistinguish-
able in WT and Fibγ390–396A mice (Figure 8C). Similarly, whole blood 
analyses showed that the total number and differential counts 
of circulating white cells was not different in WT and Fibγ390–396A 
mice (data not shown). Furthermore, the impediment in bacterial 
clearance in Fibγ390–396A was not due to any obvious impediment in 
leukocyte trafficking. A significant increase in the neutrophil infil-
trate was observed within the peritoneal cavity of both control and 
Fibγ390–396A mice within 3 hours after infection (compare Figure 8, 
C and D). Although the neutrophil infiltrate tended to be mod-
estly diminished in Fibγ390–396A mice in these studies, the difference 
did not reach statistical significance (P = 0.08 in the Mann-Whit-
ney U test). Given that phagocytes were clearly failing in Fibγ390–396A 
mice, and often appeared to be themselves disrupted by engorged 
bacteria in cytospin spreads (see Figure 8B), we further explored 
leukocyte trafficking in WT and Fibγ390–396A mice in response to 

Figure 6
Cell adhesion to fibrinogen is supported by integrin αMβ2, but not the 
related integrin, αLβ2. (A) Adhesion of HEK293 transfectants express-
ing either αMβ2, αLβ2, or no β2 integrin (mock transfectants) to microtiter 
wells coated with either 10 μg/ml WT or γ390–396A fibrinogen. (B) Adhe-
sion of αMβ2-expressing HEK293 cells to WT or γ390–396A fibrinogen in the 
absence or presence of Ab’s against the αM I-domain (M1/70), β2 (IB4), 
and irrelevant rat anti-mouse IgG. The data shown are means ± SD.

Figure 7
Fibγ390–396A mice exhibit a severe impediment in innate immunity 
resulting in inefficient clearance of S. aureus in an acute peritonitis 
model. (A) WT S. aureus was introduced by intraperitoneal injection 
into WT or Fibγ390–396A mice, and peritoneal lavage fluid was collected 
from each animal 1 hour after inoculation to determine the total num-
ber of CFUs. (B) Comparative analysis of bacterial clearance in WT 
and Fibγ390–396A mice challenged with a S. aureus strain lacking the 
bacterial fibrinogen-binding protein ClfA. Note that bacterial clearance 
is inefficient in Fibγ390–396A mice relative to WT animals regardless of 
the presence or absence of ClfA. The data shown are means ± SDs.  
P < 0.035 and P < 0.021 for WT and ClfA S. aureus, respectively 
(Mann-Whitney U test).
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heat-killed S. aureus. Analyses of lavage fluids collected from control 
and Fibγ390–396A mice 5 hours after introduction of nonviable bacte-
ria showed that there was a pronounced increase in total peritoneal 
neutrophils in challenged mice of both genotypes (Figure 8E) rela-
tive to unchallenged animals (Figure 8C). More notably, Fibγ390–396A 
mice exhibited the same robust neutrophil efflux that was observed 
in WT controls (Figure 8E). A similar increase in the number of leu-
kocytes present within the peritoneal cavity was observed in control 
and mutant mice at 24 hours, with macrophages being a predictably 
higher fraction of total leukocytes (Figure 8F). Thus, neither neutro-
phil nor macrophage trafficking appears to be appreciably impeded 
by the loss of the αMβ2-binding motif on fibrinogen, a finding that is 
consistent with the fact that leukocyte trafficking is generally main-
tained in αMβ2-deficient mice. Rather, the loss of the fibrin(ogen)-
αMβ2 interactions appear to compromise leukocyte activation path-
ways whereby host inflammatory cells kill microbial pathogens.

Discussion
The leukocyte integrins αMβ2 and αLβ2 are central mediators of leu-
kocyte adhesion, transmigration, activation, and the expression of 
specialized functions. Despite the fact that these two integrins share 
an ability to bind certain ligands (e.g., ICAM-1), it is increasingly clear 
that these receptors are not functionally equivalent in their binding 
properties, both in terms of their repertoire of ligands and in terms 
of their differential binding to shared ligands (8, 10, 35, 36). These 
integrins seem to play complementary, albeit partially overlapping, 
roles in regulating leukocyte function (7, 8, 10, 11, 37–39). 
One obvious distinction between αMβ2 and αLβ2 is that the 
former integrin can engage immobilized fibrin(ogen) and 
other ligands that are not recognized by the later receptor 
(36). To better understand the interplay between hemostat-
ic factors and the inflammatory response in vivo and to spe-

cifically define the biological significance, if any, of αMβ2 engagement 
of fibrin(ogen), we genetically modified the endogenous fibrinogen 
γ chain gene in mice to selectively eliminate the αMβ2-binding motif 
in the carboxy-terminal portion of the molecule. As an experimental 
approach to specifically discern the functional importance of the 
fibrinogen-αMβ2 interaction in vivo, the generation of this fibrino-
gen variant offered the distinct advantage of neither imposing any 
alteration in αMβ2 itself nor precluding αMβ2 interaction with other 
potential ligands or crosstalk with other receptors. Here we show 
that homozygous mice carrying the mutant fibrinogen γ390–396A 
allele are viable to adulthood, never experience spontaneous bleed-
ing events, carry normal levels of circulating fibrinogen, maintain 
normal clotting function, retain normal fibrinogen engagement by 
other integrin receptors (e.g., αIIbβ3), retain normal platelet aggre-
gation, and exhibit normal thrombus formation in vivo. Unlike 
WT fibrinogen, however, immobilized fibrinogen γ390–396A failed to 
support αMβ2-mediated adhesion of a variety of cell types, includ-
ing primary neutrophils and macrophages. Most importantly, the 
disruption in αMβ2 engagement of fibrin(ogen) was found to have 
dramatic consequences on the inflammatory response in vivo. 
Fibγ390–396A mice exhibited a remarkable impediment in the elimi-
nation of the microbial pathogen, S. aureus, in an acute peritonitis 
model. Four major conclusions are drawn from these studies. First, 
fibrin(ogen) is an important regulator of inflammatory cell function 
and innate immunity. Second, fibrin(ogen) constitutes a physiologi-
cally relevant ligand for the leukocyte integrin αMβ2. Third, the bio-

Figure 8
Time course analysis of S. aureus clearance and leukocyte 
trafficking within the peritoneal cavity of WT and Fibγ390–396A 
mice following intraperitoneal infection. (A) Higher levels of S. 
aureus in Fibγ390–396A mice relative to WT animals were appre-
ciable 30 minutes after inoculation, and obvious differential 
expansion was apparent after 3 hours. P < 0.02, Mann-Whitney 
U test (n = 5 pairs). (B) Representative microscopic views of 
peritoneal lavage cytospins prepared at the 3-hour time point 
from WT (left) and Fibγ390–396A mice (right). Bacterial phagocy-
tosis (arrows) was found in both genotypes, but few residual 
bacteria were found within WT mice. In contrast, leukocytes 
from mutant animals appeared overwhelmed with bacteria, 
which often led to phagocyte disruption (double arrowhead). 
(C–F) Total cell counts and leukocyte differentials within perito-
neal lavage fluid from WT and Fibγ390–396A mice. Unchallenged 
mice (C) displayed no significant genotype-related difference in 
resident cells (P ≥ 0.5, Mann-Whitney U test using four pairs). 
Three hours after infection (D) a major increase in neutrophil 
levels was observed in mice of both genotypes compared with 
naive mice (compare panels C and D), with a trend toward 
fewer total cells and fewer neutrophils in mutant mice (P ≈ 0.1, 
Mann-Whitney U test using five pairs). However, comparison of 
WT and Fibγ390–396A mice challenged with heat-killed bacteria 
for 5 hours (E) or 24 hours (F) indicated that there was, if any-
thing, an increase in total leukocyte and neutrophil accumula-
tion in mutant mice (P > 0.2 for all comparisons between geno-
types using a Mann-Whitney U test using five pairs). The data 
shown are means ± SD. Neut, neutrophil; Mac, macrophage.
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logical consequences of a loss in the αMβ2-fibrin(ogen) interaction 
is not (fully) compensated by the continued availability of all other 
potential ligands (e.g., ICAM-1, iC3b, GPIbα, uPAR, etc). Finally, the 
biological importance of fibrinogen in regulating the inflammatory 
response can be appreciated outside of any alteration in either clot-
ting function or platelet thrombus formation.

The specific inflammatory processes that are impeded in mice 
expressing fibrinogen γ390–396A remains to be fully defined, but a few 
inferences can be drawn based on the present and previous studies. 
Consistent with the observation that αMβ2 is not strictly required 
for efficient leukocyte trafficking in many inflammatory settings 
in vivo (7, 8), the loss of the αMβ2-binding motif on fibrinogen 
did not restrict leukocyte trafficking in response to intraperitoneal 
bacteria, live or heat killed. A prevailing hypothesis consistent with 
the available data is that αMβ2 primarily controls leukocyte func-
tion upon arrival at sites of inflammatory challenge (7, 8, 11). A 
simple extension of this theory is that in the context of soluble 
inflammatory mediators, leukocyte engagement of immobilized 
fibrin(ogen) within inflamed and/or damaged tissues may be an 
important cue in leukocyte target recognition, ultimately regulat-
ing the expression of specialized functions. Consistent with this 
view, neutrophil engagement of fibrin(ogen) through αMβ2 results 
in dramatic cellular changes in vitro (15–18, 40–42), including cal-
cium mobilization, activation of NF-κB, increased phosphoryla-
tion events, degranulation, upregulation of cell surface adhesion 
molecules, increased migration, and decreased apoptosis. The 
concept that leukocyte interaction with immobilized fibrin(ogen) 
is an important event in target recognition has two attractive fea-
tures. First, fibrin could provide a unique, nondiffusible or spatial-
ly defined signal modulating inflammatory cell function. Second, 
fibrin would be found within the ECM at virtually any site of tis-
sue damage, regardless of the underlying insult, but would be dis-
tinctly absent within normal tissues. Thus, fibrin could provide a 
universal cue flagging the precise site of any challenge and provide 
another means to locally regulate leukocyte function. Of course, 
this theory does not preclude the seminal contribution of soluble 
inflammatory mediators (e.g., cytokines and chemokines) or a sig-
nificant contribution of other αMβ2 ligands (e.g., iC3b). Neverthe-
less, the present studies show that even when the engagement of 
all other ligands remains intact, the loss of αMβ2 interaction with 
fibrin(ogen) compromises leukocyte function, including the abil-
ity to efficiently clear an infectious agent in vivo.

The present data show that in the context of intact fibrinogen 
the preeminent αMβ2-binding motif is located in the carboxy-ter-
minal portion of the γ chain. This region may not constitute the 
sole αMβ2-binding element. Other regions, including the AαE splice 
variant found in just 2% of plasma fibrinogen, might also contrib-
ute in vivo to αMβ2 binding (43). Presuming, however, that the frac-
tion of fibrinogen carrying AαE remains a constant feature of both 
WT and Fibγ390–396A mice, any αMβ2-binding potential conferred by 
the AαE domain would appear to be comparatively poor relative to 
the contribution of the far more abundant standard γ chain.

Given that the αMβ2-binding motif on fibrinogen is tied to the 
inflammatory response in vivo, then a question still unresolved is 
the relative importance of the many distinct forms of fibrin(ogen) 
in regulating leukocyte function, including (a) fibrin matrices (b) 
fibrinogen immobilized on cell surfaces by other specific receptors 
(e.g., αvβ3, α5β1, αIIbβ3, ICAM-1), and (c) soluble fibrinogen. The fact 
that circulating leukocytes would be constantly exposed to high con-
centrations of fibrinogen would seem to preclude any obvious utility 

of the soluble molecule in defining inflammatory processes. Further-
more, soluble fibrinogen is a relatively poor ligand for αMβ2 (20). The 
fact that neutrophils avidly engage surface-immobilized fibrinogen 
or fibrin by αMβ2 implies that these forms of fibrin(ogen) are likely 
to be the most instructive to inflammatory cells in vivo. Regardless 
of the relative importance of fibrin polymer formation, the present 
findings show that there are functional elements within fibrinogen 
that are relevant to the inflammatory response distinct from those 
critical for generating a provisional fibrin matrix.

While bacterial clearance is clearly inefficient in Fibγ390–396A mice 
relative to control animals, there appears to be a significant resid-
ual capacity to eliminate microbes in the mutant animals. This 
residual capacity to control S. aureus may be a reflection of either 
αMβ2-independent leukocyte activation pathways or αMβ2-depen-
dent signaling events mediated by alternative sites on fibrinogen 
and/or alternative ligands (e.g., bacterial opsonization with iC3b) 
(16, 44). The residual capacity to contain overt microbial challenges 
in Fibγ390–396A mice is not surprising based on two previous observa-
tions. First, spontaneous infections are not commonplace in fibrin-
ogen-null mice, at least when adaptive immunity remains intact 
(25). Second, while spontaneous infections are frequently observed 
in the absence of all β2 integrins, these are not commonplace in the 
absence of just αMβ2 (5, 7, 45). Nevertheless, like Fibγ390–396A mice, 
αMβ2-deficient mice have been shown to exhibit a diminished abil-
ity to clear gram-positive pathogens (i.e., Streptococcus pneumoniae), 
and as a result αMβ2-deficient mice exhibit increased mortality rela-
tive to control mice (39). Interestingly, this increased sensitivity to 
infection in αMβ2-deficient mice was apparent despite the fact that 
these mice exhibited no diminution in leukocyte emigration in 
response to intraperitoneal inoculation of bacteria. Thus, neither 
αMβ2 nor its ligand, fibrin(ogen), are strictly required for leukocyte 
efflux, but both are important for efficient bacterial clearance.

Despite the fact that leukocyte emigration is generally maintained 
in αMβ2-deficient mice following some inflammatory challenges, 
both αMβ2 and fibrin(ogen) may contribute to leukocyte traffick-
ing in certain contexts, particularly when there is direct endothelial 
damage (46). In the absence of endothelial damage, αLβ2-mediated 
engagement of endothelial cell ICAM-1 is likely to be dominant in 
supporting firm leukocyte adhesion and trafficking (10, 11). On 
the other hand, αMβ2 engagement of fibrin(ogen) may supercede 
αLβ2 engagement of ICAM-1 in supporting leukocyte trafficking 
in contexts involving frank endothelial denudation and secondary 
platelet/fibrin(ogen) deposition on the vessel wall (e.g., following 
balloon angioplasty) (46). Consistent with this view, αMβ2 is known 
to support the firm adhesion of neutrophils to surface-bound plate-
lets under flow conditions in vitro, and this adhesion is fibrinogen 
dependent (47). Furthermore, adherent neutrophils have been shown 
to efficiently migrate through platelet monolayers in vitro (47). It 
seems likely that fibrinogen γ390–396A bound to platelet αIIbβ3 will not 
support neutrophil adhesion to surface-bound platelets. If so, then 
local leukocyte emigration in vivo may be significantly diminished in 
Fibγ390–396A mice in the context of direct vascular injury.

One interesting facet of the finding that αMβ2 engagement of 
fibrin(ogen) supports host clearance of microbes is that bacterial 
pathogens have also evolved a variety of secretory and cell surface 
proteins that are designed to disrupt integrin function, engage 
fibrin(ogen), and/or promote fibrinolysis within vertebrate hosts. 
These bacterial factors presumably serve a variety of purposes, but 
undoubtedly all are designed to increase the success of the microbe 
at the expense of the host, and many may have evolved as counter-
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measures to innate immune surveillance mechanisms. In addition 
to expressing the bacterial fibrinolytic agent, streptokinase, group A 
Streptococcus secrete a factor that is structurally similar to the αM sub-
unit of αMβ2, termed GAS-Mac, which increases bacterial virulence by 
inhibiting host phagocyte function (48). Similarly, S. aureus expresses 
an extraordinary array of factors designed to subvert the hemostatic 
system, including fibrinogen-binding proteins (e.g., ClfA), coagu-
lase, and the fibrinolytic agent, staphlyokinase (49, 50). Indeed, the 
expression of bacterial plasminogen activators is a particularly com-
mon theme among both gram-positive and gram-negative bacteria. 
Taken together, it appears that leukocyte engagement of fibrin(ogen) 
may constitute an important nexus of inflammatory cell action that 
bacterial pathogens seek to subvert through multiple mechanisms.

The finding that fibrin(ogen) can serve as a powerful inflamma-
tory mediator has potential clinical implications. First, the fibrino-
gen-integrin axis can now be viewed as a potentially useful target 
in the development of new therapeutic strategies for the treatment 
or prevention of inflammatory diseases such as sepsis and inflam-
matory lung, bowel, and joint disease. Given that other hemostatic 
factors, including activated protein C (51), are also known to be 
promising focal points for controlling inflammatory processes, 
fibrinogen may be one of many coagulation system components 
that stand at the interface between the hemostatic and inflamma-
tory systems. In fact, the potential utility of fibrinogen as a target 
in inflammatory disease has already been underscored in studies 
showing that the pharmacological depletion of fibrinogen in mice 
can diminish the progression of arthritis (52). Of course, an impor-
tant second implication of the present study is that effective anti- 

or proinflammatory strategies focusing on fibrin(ogen)-leukocyte 
interactions potentially could be devised that would not necessarily 
compromise hemostatic function. Thus, in principle, inflammato-
ry responses could be controlled at the level of hemostatic factors 
without increasing the risk of bleeding or thrombotic events.
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