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Abstract
Intracellular signals associated with or triggered by integrin ligation can control cell survival,
differentiation, proliferation, and migration. Despite accumulating evidence that conformational
changes regulate integrin affinity to its ligands, how integrin structure regulates signal
transmission from the outside to the inside of the cell remains elusive. Using fluorescence
resonance energy transfer, we addressed whether conformational changes in integrin Mac-1 are
sufficient to transmit outside-in signals in human neutrophils. Mac-1 conformational activation
induced by ligand occupancy or activating Ab binding, but not integrin clustering, triggered
similar patterns of intracellular protein tyrosine phosphorylation, including Akt phosphorylation,
and inhibited spontaneous neutrophil apoptosis, indicating that global conformational changes are
critical for Mac-1-dependent outside-in signal transduction. In neutrophils and myeloid K562
cells, ligand ICAM-1 or activating Ab binding promoted switchblade-like extension of the Mac-1
extracellular domain and separation of the αM and β2 subunit cytoplasmic tails, two structural
hallmarks of integrin activation. These data suggest the primacy of global conformational changes
in the generation of Mac-1 outside-in signals.

Neutrophils, or polymorphonculear leukocytes (PMNs),4 play key roles in the host defense
network against pathogens by virtue of their abilities to phagocytose microorganisms and to
produce reactive oxygen intermediates and proteolytic enzymes. To fight invading
microorganisms, PMNs must exit the blood stream and travel to the site of inflammation.
The rapid recruitment of PMNs in response to an inflammatory cue is enabled by the capture
and firm adhesion of PMNs to the endothelial cell lining of the blood vessel lumen, a
process primarily mediated by β2 integrins (1). Leukocyte adhesion deficiency, caused by
the absence or mutation of the β2 integrin subunit, results in enhanced susceptibility to
bacterial infection, neutrophilia, skin lesions, and impaired wound healing (2,3).
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Integrins are heterodimeric transmembrane receptors consisting of α and β subunits that
mediate cell-cell adhesion and cell adhesion to the extracellular matrix (4). Integrins mediate
bidirectional communication between the extracellular environment and the cytoplasm and
thus regulate a broad array of cellular processes. Nearly one-half of the 24 distinct integrin
pairs, including all of the β2 integrins found exclusively on leukocytes, contain a ligand
binding inserted (I) domain located in the headpiece of the α subunit (5). In PMNs, Mac-1
(αMβ2, CR3, or CD11b/CD18) is perhaps the most widely studied integrin with respect to
PMN migration (6) and phagocytosis (7). Mac-1 binds to a wide range of ligands, including
ICAM-1 (8), fibrinogen (9), and C3 fragment iC3b (10). Whereas integrins on circulating
PMNs primarily exist in a nonadhesive basal state, various activators, including bacterial
products such as fMLP and tissue factors such as TNF-α, rapidly increase the cell surface
density of Mac-1 and its affinity for extracellular ligands, including sites on endothelial cells
that line the blood vessel interior (11).

The rapid up-regulation of integrin affinity in the presence of chemokines or other activating
factors is mediated by inside-out signals (4). During inside-out activation, intracellular
signaling induces the binding of cytoplasmic proteins, such as talin, to the short integrin tail.
Protein binding to the integrin tail presumably destabilizes the association of the α and β
integrin subunit and causes conformational rearrangements that are propagated to the
extracellular portion of the integrin (5). These structural changes ultimately result in
extension of the headpiece away from the cell surface in a switchblade-like motion and
separation of the cytoplasmic tails of the α and β integrin subunits (5,12).

Structural and functional studies suggest that integrins exist in a dynamic equilibrium
between three different affinity states: low, intermediate, and high (5). The low affinity state
is characterized by a compact structure in which the extracellular domain is bent over and
the integrin headpiece is in close proximity to the cell membrane, with the cytoplasmic tails
of the α and β subunits closely apposed (13). The intermediate affinity integrin exhibits an
extended headpiece, but the ligand binding I domain in the α subunit is in a closed
conformation. A downward shift of the α I domain α7 helix and subsequent swing-out of the
β2 hybrid domain leads to the high-affinity state (13,14). Mutational studies using
engineered disulfide bonds to lock LFA-1 (integrin αLβ2) in different affinity states indicate
that binding to ICAM-1 is increased ∼500-fold for the intermediate-affinity state and
∼10,000-fold for the high-affinity state (14).

Ligand binding, which also triggers integrin conformational changes, is involved in integrin-
dependent outside-in signals. Outside-in signaling can affect a variety of cellular functions
such as apoptosis, cytotoxicity, cell proliferation, cytokine production, Ag presentation, and
gene activation (15,16). Separation of the αIIbβ3 transmembrane domains has been shown to
be required for outside-in signaling and subsequent cell spreading (17), suggesting that
integrin conformational change is important for signal generation. Interestingly, the
downward displacement of the α7 helix in the α subunit I domain that occurs during integrin
activation is also observed in response to ligand binding in the absence of activation (18).
These data indicate that inside-out activation and outside-in signaling may involve the same
structural changes in the I domain (5). Therefore, we hypothesize that the active, high-
affinity conformation is sufficient to induce outside-in signaling and that ligand occupancy
merely shifts the conformational equilibrium toward the fully active state of the integrin.
This hypothesis is supported by experimental data from the therapeutic use of ligand-
mimetic integrin antagonists. In the case of integrin αIIbβ3, ligand-mimetic antagonists have
paradoxically enhanced integrin function and worsened some clinical outcomes (19,20).
Although ligand-mimetic integrin antagonists block ligand binding, they also may induce
conformational changes and, thus, initiate outside-in integrin signaling. In the current study,
we found that Mac-1 activation stimulated by the Ab CBR LFA-1/2 is sufficient for the
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generation of outside-in signals even in the absence of ligand binding, and developed a
system to demonstrate that both CBR LFA-1/2 and ligand ICAM-1 induce conformational
changes associated with integrin activation in live cells.

Materials and Methods
Reagents and Abs

Polymorph cell separation medium was obtained from Accurate Chemical and Scientific.
BSA, polyvinylpyrrolidone (PVP), fMLP, PMA, PI3K inhibitor LY294002, and p38/MAPK
inhibitor SB239063 were from Sigma-Aldrich. Octadecylrhodamine B (ORB) was
purchased from Invitrogen. Annexin V-FITC was from Southern Biotech. ICAM-1 and IL-8
were purchased from R&D Systems.

The following Abs were used: FITC anti-human CD11b clone ICRF44 (8.9 FITC/IgG molar
ratio; Ancell); FITC anti-human CD11b clone CBRM1/5 (4.5 FITC/IgG; eBioscience, or 5.7
FITC/IgG; BioLegend); FITC anti-CD11b clone VIM12 (Caltag Laboratories); anti-CD11b
clone 44 (American Type Culture Collection); FITC IgG1 isotype control (Beck-man
Coulter Immunotech); anti-phosphotyrosine (Millipore); anti-β-actin (Sigma-Aldrich); anti-
p38 (pThr180/pTyr182 and pan-p38; Cell Signaling Technology); anti-Akt (pThr308 and
pan-Akt; Cell Signaling Technology); polyclonal anti-GFP (Invitrogen); HRP-conjugated
rabbit anti-mouse and goat anti-rabbit IgG (Zymed); and goat anti-mouse F(ab′)2 (Southern
Biotech). Anti-β2 CBR LFA-1/2 mAb and TS1/18 mAb were provided by T. Springer (CBR
Institute for Biomedical Research, Boston, MA).

DNA plasmids and constructs
αM-monomeric cyan fluorescent protein (mCFP) and β2-monomeric yellow fluorescent
protein (mYFP) were generated using the mammalian expression vectors pECFP-N1 and
pEYFP-N1 (ClonTech), respectively, in which Leu221 was replaced with lysine to produce
the mono-meric mutant (21). Design of the β2-mYFP construct has been described (12). For
αM-mCFP, PCR extension was performed using cDNA of the wild-type αM subunit
(GenBank accession number BC096346) as a template with the upstream primer 5′-
ATATAGCTAGCTGCCACCAT GGCTCTCAGAGTCCTTCT-3′ with an NheI site and the
downstream primer 5′-TATATCCGCGGCGCGGGTTCCGGAGCCTGGGGTTCGGC
CCCCGGCCCA-3′ with a SacII site. A linker between αM and enhanced CFP was designed
based on the polyproline II helix (22) to provide flexibility between the CFP tag and the αM
integrin subunit. The PCR product was digested with NheI and SacII and inserted into
pECFP or into an α4-mCFP construct (23) to make αM-mCFP with a 15 or 25 amino acid
linker, respectively. The 15 amino acid linker region sequence was APEPAPRARDPPVAT
and the 25-aa linker region sequence was APEPAPRPTAAPEPAKRARDPPVAT. αM-
mCFP was then inserted into pCDNA3.1/Hygromycin (Invitrogen) using NheI and NotI
digestion. Preliminary experiments indicated that linker regions of 25 and 6 aa produced
optimal fluorescence resonance energy transfer (FRET) constructs for αM-mCFP and β2-
mYFP, respectively.

Cell culture and transfection
Human PMNs were isolated from heparinized whole blood obtained from healthy donors
using polymorph cell separation medium or Polymorphprep, as described in the
manufacturer’s instructions. Contaminating erythrocytes were eliminated by hypotonic lysis.
Purified PMNs were suspended in either BSS (146 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1
mM MgCl2, 5.5 mM D-glucose, 10 mM HEPES, pH 7.4) for flow cytometry experiments or
L-15 media (Life Technologies) supplemented with 2 mg/ml D-glucose and 0.1% BSA for
signaling and apoptosis assays.
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K562 human leukemia cells were maintained in RPMI 1640 (Life Technologies)
supplemented with 10% FBS, 100 µg/ml streptomycin, and 100 U/ml penicillin. To produce
stable transfectants, K562 cells were transfected with 75 µg each of αM-mCFP and β2-
mYFP expression constructs by electroporation at 250 V and 960 µF using cuvets with 0.4-
cm path length (Bio-Rad). Transfected cells were cultured for 24 h in RPMI 1640 containing
20% FBS and then selected for resistance to 1 mg/ml G418 for 2 wk. K562 transfectants
were sorted twice by immunofluorescence with anti-αM clone ICRF44 and then seeded at a
single cell per well in 96-well plates to obtain homogeneous and stable clones.

Flow cytometry FRET assay
Purified PMNs suspended at 1 × 107 cells/ml in BSS buffer containing 0.1% BSA, 1 mM
CaCl2, and 1 mM MgCl2 (BSS+), and 100 µl of unstimulated cells were placed in cold 1.5-
ml microcentrifuge tubes (Eppendorf) on ice for Ab labeling. Cells were treated with 10 nM
fMLP for 15 min at 37°C and then placed on ice for Ab labeling. Each tube containing 1 ×
106 cells was labeled with FITC-ICRF44 (9.8 µg/ml), FITC-VIM12 (9.5 µg/ml), or FITC-
CBRM1/5 (15 µg/ml) for 45 min on a rotating platform at 4°C, except FITC-CBRM1/5
which was labeled for 60 min at 4°C. All tubes were then washed three times with BSS+
buffer, and 2 × 106 cells were resuspended in 1 ml of the same buffer. Ice cold Ab-labeled
PMNs (250 µl; 5 × 105 cells) were placed in 250 µl of cold buffer in a snap cap culture tube
(Falcon), kept on ice, and analyzed by flow cytometry on a FACSCalibur (BD Biosciences).
At timed intervals, ORB was added to a set of four tubes containing Ab-labeled cells or cells
alone on ice so that the final concentrations are 0, 75, 200, and 400 nM ORB. Each tube was
mixed and kept on ice for 20 min before reading on the flow cytometer. Analysis was done
by gating on the PMN population, and 10,000 cells were analyzed for each sample using
FlowJo software (Tree Star).

Transfer of energy from the FITC donor to the rhodamine acceptor causes a decrease in the
fluorescence intensity in the FITC channel. The relation between the decrease in FITC
intensity and the amount of ORB in the membrane depends on the distance between the
FITC donor and the membrane surface, L, to the inverse fourth power (24):

(1)

where

and where FDA is the donor (FITC) fluorescence in the presence of acceptor (ORB), FD is
the donor fluorescence in the absence of acceptor, [ORB] is the concentration of acceptor in
the cell membrane (assumed to be proportional to the ORB fluorescence), and S is the slope
factor, which depends on the Forster radius (R0) and distance between donor and acceptor
(L). For two different donors, or a donor under different conditions, the distance ratios for
the two conditions are related to the slopes for those conditions by

(2)

Cytoplasmic tail FRET assay
Before image acquisition, K562 cells expressing αM-mCFP and β2-mYFP were washed
twice and then resuspended in L-15 medium supplemented with 2 mg/ml D-glucose. Cells
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were allowed to settle on PVP-coated coverslips and then treated with activating agents at
room temperature, except for PMA treatment, which was performed at 37°C. Initial images
were acquired 10 min after treatment.

Imaging was performed with a Nikon Eclipse E2000-E microscope using a 60 × oil
immersion objective coupled to a QuantEM charge-coupled device camera (Roper
Scientific). The following imaging filters were from Chroma: YFP (HQ500/20X, Q515LP,
HQ535/30M), CFP (D436/20X, 455DCLP, D480/40M), and YFP Photobleach (D535/50X;
dichroic full mirror, metal slug). Image acquisition, background subtraction, and data
analysis were performed using Nikon NIS-Element software. Cells were imaged with a 120-
W mercury arc lamp of the X-Cite 120 XL system (EXFO Photonic Solutions) through a
ND8 filter for CFP and YFP images, and without ND filters for YFP Photobleach. Exposure
time was 0.1 s for both CFP and YFP, with 2 × 2 binning, and 3 min for photobleaching,
resulting in a 90% reduction in YFP fluorescence intensity. CFP and YFP images were taken
both before and after YFP acceptor photobleaching. Image analysis was performed on the
signal from the cell membrane ring. After background subtraction, FRET efficiency (E) was
calculated as (25)

where FCFP(d)Pre and FCFP(d)Post are the mean CFP emission intensities before and after
YFP photobleaching. For each experimental condition, four to nine cells were analyzed over
at least three different experiments.

Cell adhesion assay
Corning 96-well tissue culture plates were coated with 10 µg/ml ICAM-1/Fc (R&D
Systems). K562 cells expressing αM-mCFP and β2-mYFP were washed and resuspended in
L-15 medium containing 2 mg/ml D-glucose, and 1 × 105 cells in 0.1 ml volume were added
to each well. Cells were allowed to adhere for 30 min. Plates were then washed gently, and
the number of adherent cells per field was counted.

Flow cytometry, immunoprecipitation, and immunoblotting
Flow cytometry was performed as described (12). Mac-1 was detected using anti-αM
ICRF44 mAb and anti-β2 TS1/18 mAb, followed by R-PE-conjugated anti-mouse IgG.

K562 cells expressing αM-mCFP and β2-mYFP were lysed on ice for 30 min in lysis buffer
(HBSS; Life Technologies) containing 60 mM n-octyl-β-D-glucopyranoside, 1% Triton
X-100, 1 mM calcium chloride, 1 mM magnesium chloride, and 2 mM sodium
orthovanadate, Complete protease inhibitor mixture (Roche). For immunoprecipitation of β2
integrins; 4 µg of CBR LFA-1/2 mAb were used. Proteins were separated on a SDS-PAGE
gel and either silver stained or transferred to nitrocellulose for immunoblotting.
Polyacrylamide gels were Silver stained with a Silver Express Kit (Invitrogen).
Immunoblots were probed with the indicated Abs in Trisglycine, SDS buffer (Bio-Rad)
containing 0.1% Tween 20 (GE Healthcare Biosciences), and 1% BSA. Western blots were
quantified using the ImageJ (National Institutes of Health) software gel plotting macro.

Apoptosis assays
Purified PMNs were suspended at 2 × 106 cells per ml in L-15 medum (Life Technologies)
supplemented with 2 mg/ml D-glucose and 0.1% BSA. After either a 4-h (in the presence of
10 ng/ml TNF-α) or 16-h treatment at 37°C, cells were placed on ice, washed twice with
PBS containing 1 mM CaCl2 and 1 mM MgCl2, and then labeled with annexin V-FITC for
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15 min. Flow cytometry analysis was done by gating on the PMN population, and 10,000
cells were analyzed for each sample using FlowJo software. Data are presented as mean ±
SEM from three experiments performed in duplicate and are expressed as percent of annexin
V-positive cells.

Data analysis
Data are presented as the mean ± SEM. A two-tailed Student t test was performed to
determine the statistical significance of differences between groups, and p values are
indicated in figure legends.

Results
Ab-induced Mac-1 activation and outside-in signaling

Inside-out integrin activation involves conformational rearrangement of both the
intracellular and extracellular domains, resulting in a large increase in ligand affinity. The
prevailing dogma has been that outside-in signaling is driven by integrin clustering (26,27),
a consequence of multivalent ligand binding (28). However, recent studies demonstrate that
conformational separation of the α and β subunit transmembrane domains and, presumably,
cytoplasmic tails is required for αIIbβ3 integrin-mediated outside-in signaling (17). In
addition, inside-out activation and ligand binding in the absence of activation induce similar
structural changes within the I domain (5). Therefore, integrin headpiece extension and tail
separation, the conformational changes that occur during activation, may be sufficient for
outside-in signal generation. If this is indeed the case, intracellular signal transduction in
response to ligand binding (outside-in signaling) may be the result of a shift in the
conformational equilibrium toward the fully active state of the integrin. This hypothesis also
could predict that other reagents that similarly shift the conformational equilibrium toward
the active structure should produce outside-in signals.

CBR LFA-1/2 is a mAb that recognizes the I-EGF3 domain of the β2 integrin subunit and
induces activation (29,30). To determine whether CBR LFA-1/2 initiates outside-in
signaling in the absence of ligand binding, overall intracellular protein tyrosine
phosphorylation of human PMNs was analyzed. In these experiments, CBR LFA-1/2 Fab
fragments were used to avoid potential signaling caused by FcR interactions or Ab-induced
Mac-1 lateral association, and anti-αM Fab fragments were used to block homotypic PMN
interaction through the binding of the αM I domain with ICAM-1. As shown in Fig. 1A,
CBR LFA-1/2 stimulated broad protein tyrosine phosphorylation to an extent similar to that
of human ICAM-1. To determine whether Mac-1 clustering alone, in the absence of
activation, generates outside-in signals, Mac-1 was cross-linked using anti-αM (clone 44)
Fab fragments (Fab44) and secondary F(ab′)2 (Fig. 1B). Others have shown that the anti-αM
(clone 44) mAb stabilizes the inactive Mac-1 conformer (31), and our studies also indicate
that Fab44 inhibits the exposure of the activation-dependent KIM127 mAb epitope
(supplemental Fig. 1).5 Mac-1 clustering produced only a modest increase in tyrosine
phosphorylation (Fig. 1A). These data suggest that activation of Mac-1 using Abs, but not
clustering, is sufficient to induce outside-in signaling in PMNs that mimics that produced by
physiological ligand binding.

PMNs play a critical role in host defense by engulfing and destroying pathogens and
microbes. Under normal conditions, PMNs undergo constitutive apoptosis and thus exhibit a
relatively short half-life. During inflammation, however, prosurvival signals delay PMN
apoptosis (32). Mac-1-dependent signaling has been implicated as an important regulator of

5The online version of this article contains supplemental material.

Lefort et al. Page 6

J Immunol. Author manuscript; available in PMC 2010 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PMN apoptosis. Two different Mac-1 outside-in signaling pathways have been shown to
regulate PMN apoptosis; the PI3K-Akt pathway and p38 MAPK (p38/ MAPK)-ERK
pathway (32,33). We found that Mac-1 activation by CBR LFA-1/2 induces both p38/
MAPK and PI3K/Akt signaling, as determined by Western blot with Abs specific to
phosphorylated p38 and Akt (Fig. 1C). ICAM-1 treatment activated Akt, but not p38,
whereas Mac-1 clustering did not induce activation of either pathway (Fig. 1C).

As CBR LFA-1/2 was able to induce p38/MAPK and PI3K/Akt, we sought to determine
whether CBR LFA-1/2 prolongs PMN lifespan. Cells were treated for 16 h with CBR
LFA-1/2, ICAM-1, or Fab44 and secondary cross-linking F(ab′)2 to cluster Mac-1, in the
absence and presence of the PI3K inhibitor LY294002 or the MAPK inhibitor SB239063.
Under control conditions, 85.6% of PMNs were apoptotic, as determined by positive
staining for annexin V. Treating PMN with CBR LFA-1/2 or ICAM-1, but not clustering
reagents, significantly inhibited constitutive apoptosis (Fig. 1D). However, both the PI3K
inhibitor LY294002 and MAPK inhibitor SB239063 failed to reverse the inhibition (Fig. 1,
D and E). These data indicate that outside-in signaling induced by conformational activation
of Mac-1 through CBR LFA-1/2 binding is sufficient to regulate constitutive PMN apoptosis
in a manner independent of PI3K/Akt and p38/MAPK activation.

Extension of the Mac-1 extracellular domain
The experiments described above demonstrate that CBR LFA-1/2 stimulates outside-in
signaling in PMNs, similar to that of the physiological ligand ICAM-1 binding. Integrin
activation is associated with conformational opening of the extracellular domain, as
suggested by the wide range of mAbs that specifically recognize extracellular epitopes of the
activated or ligand-bound integrin (29). The switchblade-like conversion of cell surface
integrins from a compact bent structure to an extended form under artificial activating
conditions has been observed using electron microscopy (EM; Ref. 13). Furthermore,
unbending of the integrins VLA-4 (34) and LFA-1 (35) in response to activation of live cells
has been demonstrated by FRET using flow cytometry. To address confor-mational changes
in Mac-1 induced by various activation conditions, we have made measurements of Mac-1
extracellular domain extension on primary human PMNs by observing energy transfer
between fluorophore-conjugated Abs and a membrane dye (Fig. 2A).

To investigate specific and regulated conformational changes in the α and β subunit
extracellular domains in Mac-1, we developed a flow cytometry-based FRET method that
can provide information about the relative distance between a fluorescently labeled mAb
attached to the αM I domain (FITC-ICRF44; donor, D) and lipid-soluble acceptor
fluorophores (ORB; acceptor, A) that have partitioned into the lipid bilayer (Fig. 2B). Donor
fluorophores in close proximity to acceptor fluorophores will be quenched to a greater extent
than those that are more distal. Fig. 2B shows that the variation in ICRF44 staining and ORB
uptake among PMNs is small, exhibiting very narrow peaks in fluorescence intensity.
Increasing concentrations of the ORB acceptor incorporated into the cell membrane and
resulted in the quenching of donor fluorescence in the FITC channel (Fig. 2C and
supplemental Fig. 2, A and B). The mean fluorescence intensity of cells labeled with donor
FITC-conjugated mAbs and acceptor ORB dye was measured using flow cytometry. When
plotted as donor fluorescence vs acceptor fluorescence (supplemental Fig. 2B), the data fit
well to Equation 1 with highly reproducible slope factors, S, that are a quantitative measure
of the extent of energy transfer from the donor to the acceptor fluorophore. To normalize the
data for the Mac-1 expression level, the ratio of initial donor fluorescence (FD) to donor
fluorescence in the presence of acceptor (FDA) are plotted vs acceptor (ORB) fluorescence
(Fig. 3A and supplemental Fig. 2B).
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For ICRF44, a nonselective mAb directed against the αM I domain that recognizes both the
active and inactive integrin (36), increasing concentrations of the FRET acceptor, ORB,
quenched the donor FITC fluorescence in untreated and fMLP-treated cells (Fig. 3A). The
distance ratio (L2/L1,Equation 2), a metric indicating the change in donor-acceptor
separation, for fMLP-stimulated vs unstimulated cells was calculated to be 1.23 ± 0.02 (n =
13) for the ICRF44-labeled Mac-1 population. Because fMLP enhances the cell surface
expression of Mac-1, we also tested the activation of only the Mac-1 population at the cell
surface before stimulation by labeling cells with FITC-ICRF44 before fMLP treatment and
observed a distance ratio comparable with that found for the entire Mac-1 population (data
not shown). In addition, similar distance ratios for ICRF44 were observed in cells treated
with the chemokine IL-8 or phorbol ester (Fig. 4). Given that the headpiece of the activated
integrin is hypothesized to be positioned >200 Å from the membrane (13), a distance at
which there is no FRET, these data suggest that physiological stimulation activates only a
subpopulation of cell surface Mac-1, consistent with previous studies (37). Activation of
only 10% of the Mac-1 population in response to fMLP is sufficient to substantially change
PMN adhesiveness (37). Under these conditions, the decrease in FRET signal for the
activated form of Mac-1 would be dampened by the large fraction of the Mac-1 population
that remains inactive. Therefore, to measure the changes in FRET that are contributed
exclusively from the active form of Mac-1, we used a mAb that selectively binds to active
Mac-1, CBRM1/5 (Fig. 3B). Comparing the Ab-membrane distance of Mac-1 molecules
labeled with CBRM1/5 under activating conditions with unstimulated cells labeled with
ICRF44 results in a distance ratio of 1.58 ± 0.08 (n = 6), indicating that the active integrin
has its headpiece more distal from the membrane. The decrease in energy transfer in
CBRM1/5 after fMLP treatment is not due to the low donor intensity given that FRET can
be detected at relatively low donor concentrations (supplemental Fig. 2B, FITC-ICRF44
unstimulated: donor intensities from 230 to 103 arbitrary fluorescence units; supplemental
Fig. 2C, FITC-ICRF44 unstimulated: donor intensities from 61 to 7 arbitrary fluorescence
units). The significantly greater distance ratio for CBRM1/5 compared with ICRF44 also
supports the idea that only a subset of Mac-1 is activated in response to fMLP. In contrast,
the distance ratio of VIM12, a mAb directed against the C-terminal portion of the αM
ectodomain which is predicted to experience no change in distance from the membrane
during integrin headpiece extension, was 0.99 ± 0.02 (n = 5) for fMLP- or CBR LFA-1/2-
activated vs resting PMNs (Fig. 5), confirming that PMN activation does not alter
incorporation of the membrane dye. In addition, Fig. 5 shows that varying the donor signal
intensity does not significantly affect the slope of the donor-acceptor curve. Together, these
results indicate that inside-out integrin activation causes the Mac-1 headpiece to extend
away from the cell membrane. Furthermore, these data validate the use of FRET between
FITC-conjugated reagents and ORB to study conformational changes in the extracellular
domain of Mac-1 on human PMNs.

It is thought that inside-out signaling induces the extension of the extracellular portion of the
integrin and that subsequent ligand binding stabilizes the fully active conformation (13,38).
Similarly, EM studies suggest that activating Abs shift the conformational equilibrium of the
integrin toward its active, extended structure by sterically hindering the bent conformer (39).
However, it is unclear whether Ab-induced activation involves a similar extension of the
integrin extracellular domain on the living cell surface. To determine whether CBR LFA-1/2
stimulates Mac-1 extension, cells were exposed to CBR LFA-1/2 in the presence of Mn2+.
CBR LFA-1/2 stimulated Mac-1 headpiece extension, decreasing the quench of FITC-
ICRF44 by ORB (Fig. 3C) and resulting in a distance ratio of 1.29 ± 0.06 (n = 3). Exposure
to 1 mM Mn2+ alone did not affect FRET between FITC-ICRF44 and ORB (data not
shown). Labeling CBR LFA-1/2-activated cells with FITC-conjugated CBRM1/5 (Fig. 3D)
and computing the donor-acceptor separation vs FITC-ICRF44-labeled resting cells result in
a distance ratio of 1.52 ± 0.08 (n = 3). When FITC-labeled ICAM-1 was used as a donor
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fluorophore (Fig. 3E), incubation with CBR LFA-1/2 resulted in a distance ratio of 1.68 ±
0.07 (n = 3), indicating that ligand-bound Mac-1 is in its extended form. Together, these data
suggest that activation of Mac-1 by physiological ligand binding or by activating Abs results
in the extension of the Mac-1 extracellular domain.

Separation of Mac-1 cytoplasmic tails
Inside-out activation of integrins through cell surface receptors induces the recruitment of
effector proteins to the integrin cytoplasmic domains. Binding of intracellular proteins, such
as talin, induces the spatial separation of the α and β integrin subunit tails (12). Extracellular
activation of integrins by binding of mAb or ligand also causes conformational separation of
integrin tails (12). The loss of FRET between fluorescent protein (FP)-tagged integrin
subunits has been used to demonstrate that the C-termini of LFA-1 move apart in response
to activation or ligand binding (12). To investigate whether Mac-1 undergoes similar
integrin cytoplasmic tail separation during activation, constructs consisting of αM fused to
mCFP and β2 fused to mYFP were stably transfected into the human myeloid leukemic
K562 cell line (K562/αM-mCFP/β2-mYFP). FP-tagged Mac-1 was expressed on the surface
of K562 cells, as shown using flow cytometry (Fig. 6A), and the fluorescence signal
localized to the cell membrane (Fig. 6B). Biochemical analyses demonstrate that there is
minimal proteolysis of the FP tags (Fig. 6C) and that αM-mCFP and β2-mYFP form a dimer
(Fig. 6D). Activation of Mac-1 with Mn2+ and CBR LFA-1/2 enhanced the adhesion of
K562/αM-mCFP/β2-mYFP cells to immobilized ICAM-1 (Fig. 6E), indicating that FP-
tagged Mac-1 retains its normal adhesive function.

To determine the spatial separation between the FP-tagged cytoplasmic tails of Mac-1 (Fig.
7A), we measured the FRET signal using the acceptor photobleaching method (12). For each
K562/αM-mCFP/β2-mYFP cell in suspension, the intensity of the CFP and YFP signal at the
peripheral cell membrane was measured before and after photodestruction of the YFP
fluorophore. In unstimulated cells, the FRET efficiency between the acceptor, αM-mCFP,
and donor, β2-mYFP, was 0.20 ± 0.01 (Fig. 7B), similar to the FRET efficiency previously
observed between αL-mCFP and β2-mYFP (12). Treatment with the Mac-1-activating CBR
LFA-1/2 Fab fragment or the Mac-1 ligand ICAM-1, both in the presence of Mn2+, caused a
significant decrease in FRET efficiency (Fig. 7B), indicating an increase in the distance
between the integrin cytoplasmic tails. Likewise, the inside-out integrin activator PMA
induced a decrease in FRET (Fig. 7B), suggesting that intracellular conformational
separation of the αM and β2 C termini leads to an increase in the affinity of the extracellular
ligand binding αM I domain. As seen previously for LFA-1 (12), Mn2+ treatment alone did
not significantly alter the FRET efficiency between αM-mCFP and β2-mYFP (Fig. 7B).
These data indicate that binding of activating mAb or physiological ligand induces
conformational separation of the Mac-1 cytoplasmic tails. Taken together with the results
demonstrating that CBR LFA-1/2 induces outside-in signaling in PMNs, these data suggest
that global conformational activation of Mac-1 is sufficient to trigger intracellular signaling
pathways.

Discussion
The structural mechanisms of integrin-mediated outside-in signal transmission are unclear.
This study used a pair of FRET methods to show that activating Abs induce global
conformational changes in the integrin that are sufficient for initiating intracellular signaling
pathways. Determining the structural mechanisms of outside-in signaling is important as
many antiadhesive therapeutics function as integrin ligand-mimetic competitive inhibitors.
Therefore, small-molecule integrin inhibitors not only interfere with ligand binding but also
stabilize particular integrin conformations. In addition, α/β I-like allosteric antagonists of β2
integrins, such as XVA143 (14), inhibit structural communication between the α subunit I
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domain and β subunit I-like domain, leaving the I domain in the low energy, inactive, closed
conformation. At the same time, the α/β I-like allosteric antagonists stabilize the I-like
domain in its active configuration. As a consequence of I-like domain activation, the α/β I-
like allosteric antagonists stabilize the extracellular domain of the integrin in its extended
conformation. Therefore, the induction of an active integrin conformation by
nonphysiological ligands or by small-molecule antagonists raises the question of whether
they could trigger outside-in signaling in a manner similar to that of natural ligands, thus
stimulating the release of damaging reactive oxygen species and proteolytic enzymes. In the
current study, we demonstrate that shifting the structural equilibrium of Mac-1 toward the
fully active conformer, in which the extracellular domain is extended and the intracellular
tails are separated, is sufficient for the generation of outside-in signals in human PMNs as
detected by intracellular protein phosphorylation and annexin V staining.

The redistribution of Mac-1 and the regulation of its intracellular attachment to the actin
cytoskeleton are crucial factors for PMN adhesion, shape change, and migration within the
blood vessel lumen. With regard to outside-in signal generation, our studies do not define
the role of active redistribution of Mac-1 during neutrophil polarization and migration;
nonetheless, differential concentration of Mac-1 to the lamellapodium in polarized cells, a
form of clustering, may work in concert with affinity regulation. Furthermore, regulation of
the diffusiveness of Mac-1 may play an important role in adhesion strengthening. During
normal recruitment, the binding of Mac-1 to counterreceptors on the endothelium, such as
ICAM-1, is likely to be responsible for initiating outside-in signals. It is possible, however,
that the shear stress that a leukocyte experiences during selectin-mediated rolling and
subsequent adhesion can affect the conformation of an integrin (40,41). Although our
studies were performed under conditions without physiological levels of shear stress, it
would be interesting to determine whether integrin conformational changes induced by
mechanical forces play a role in signal transmission during leukocyte recruitment.

In this study, we developed a system to monitor the activation state of Mac-1 in living cells
by measuring the conformational state of the extracellular domain and of the cytoplasmic
tails. Using FRET between Abs or ligands coupled to fluorophores and a membrane dye, our
data demonstrate that the Mac-1 headpiece is located in close proximity to the cell surface in
the basal, inactive state of the integrin. These data support previous EM studies indicating
that unstimulated αvβ3 exists in a compact, bent-over conformation (13). Our work shows
that the Mac-1 headpiece extends away from the membrane when integrins are activated by
a physiological inside-out integrin activator, fMLP, as well as an artificial extracellular
activator, CBR LFA-1/2 mAb. These results are in agreement with EM studies on LFA-1
and αxβ2, showing that CBR LFA-1/2 shifts the equilibrium toward the extended conformer
(39).

FRET measurements were performed on PMNs labeled with two anti-αM I domain mAbs:
the nonselective ICRF44 and the active conformation-dependent CBRM1/5. We verified
that the mAbs used did not cross-react with FcRs on the PMN surface using both mouse
IgG1 isotype controls and FcR blocking reagents (data not shown). We were unable to
effectively label Mac-1 with CBRM1/5 in unstimulated cells, indicating that relatively few
Mac-1 molecules are in the active conformation in the basal state (data not shown). Even in
cells activated with CBR LFA-1/2, the FITC-CBRM1/5 signal was lower than that of the
other anti-Mac-1 FITC-conjugated Abs. The low fluorescence intensity of FITC-CBRM1/5-
labeled cells did not affect the resolution of donor quenching, however, given that lowering
the intensity of FITC-ICRF44 to levels similar to that of CBRM1/5 did not alter our ability
to measure FRET in unstimulated cells (supplemental Fig. 2C).
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In cells stimulated with fMLP, the FITC-ICRF44 donor fluorophore still exhibited acceptor
dose-dependent quenching, suggesting that a significant fraction of Mac-1 molecules
remains in an inactive conformation on the surface of stimulated cells. fMLP induced an ∼5-
fold increase in the expression of Mac-1 (data not shown), consistent with previous studies
using PMNs (11). It is possible that the newly expressed Mac-1 reaches the cell surface in
the inactive conformation, thus decreasing the effective distance ratio of the total Mac-1
population labeled with ICRF44. However, PMNs treated with the artificial extracellular
activator CBR LFA-1/2, which does not affect Mac-1 expression, exhibit a similar distance
ratio for both ICRF44 (1.29 for CBR LFA-1/2 vs 1.23 for fMLP) and CBRM1/5 (1.52 for
CBR LFA-1/2 vs 1.58 for fMLP), suggesting that the large increase in Mac-1 surface
expression in response to fMLP does not affect the conformational equilibrium of the entire
cell surface Mac-1 population. Intact CBR LFA-1/2 mAb or Fab fragments, to prevent Ab-
induced clustering, induced a similar unquenching of FITC-conjugated donor fluorophores
(data not shown), suggesting that Mac-1 clustering does not alter the extension of the
extracellular domain.

The binding of ICAM-1, a physiological ligand, to Mac-1 stabilizes the active conformer. In
our studies, Mac-1 labeled with FITC-conjugated ICAM-1 in cells activated with CBR
LFA-1/2 produced a distance ratio (1.68) that was not significantly different than that for
CBRM1/5 (1.52). These results indicate that ICAM-1 binds primarily to active Mac-1 with
its headpiece extended. Therefore, both ligand binding to Mac-1 and activation of Mac-1 by
CBR LFA-1/2 mAb result in extension of the integrin headpiece.

We also used FRET to measure the separation of the Mac-1 cytoplasmic tails in response to
activation. Basal measurements of FRET between αM-mCFP and β2-mYFP were similar to
those for LFA-1 (12). Mac-1 activation by CBR LFA-1/2 or ICAM-1 binding caused a
significant decrease in FRET efficiency, but not to the extent observed with LFA-1 (12). An
explanation for the differences in FRET efficiency measurements between FP-tagged active
LFA-1 and Mac-1 may lie in the lateral association of integrin molecules. We found that
Mac-1 activation did not induce a significant decrease in FRET efficiency in K562 cells
expressing high levels of αM-mCFP and β2-mYFP (data not shown), suggesting that FRET
between FPs in adjacent Mac-1 dimers masks the decrease in FRET due to tail separation.
Therefore, we chose a clone expressing relatively low levels of αM-mCFP and β2-mYFP to
minimize the effects of receptor clustering on changes in FRET efficiency. Similar to
LFA-1, the anti-β2 activating CBR LFA-1/2 mAb, ICAM-1 binding, and inside-out
activation by PMA treatment all induced Mac-1 tail separation. Taken together with the
extracellular domain extension results, these data indicate that both the physiological ligand
ICAM-1 and the artificial activator CBR LFA-1/2 induce similar global conformational
changes in the Mac-1 molecule.

The binding of proteins that contain Src homology 2 domains with phosphotyrosine residues
is a common platform for protein-protein interactions involved in signal transduction.
Integrin-mediated outside-in signaling results in the tyrosine phosphorylation of a wide
range of intracellular proteins, including focal adhesion kinase, Src family kinases, paxillin,
and tensin (15). Recent evidence demonstrates that integrin conformational changes play an
important role in integrin-dependent outside-in signaling (17), although it is not known
whether global conformational rearrangements involved in integrin activation are sufficient
to stimulate intracellular signaling pathways. Our data indicate that CBR LFA-1/2-induced
changes in the structural conformation of Mac-1 enhance the phosphorylation of a broad
range of proteins observed on a Western blot, including p38 and Akt, and leads to a similar
level of overall phosphotyrosine as that stimulated by ligand-receptor binding. We used a
recombinant monomeric form of ICAM-1 consisting solely of the extracellular domains of
the molecule to show that clustering driven by multivalent ligand binding is not required for
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the outside-in signaling. Likewise, Fab fragments of CBR LFA-1/2 and the anti-αM blocking
mAb 44 were used to ensure that Mac-1 clustering was not directly induced by Ab binding.
However, these results do not preclude the possibility that Mac-1 activation alone could lead
to clustering and, therefore, signal generation by enhancing homomeric interactions between
subunits, as demonstrated with αIIbβ3 (42).

The induction of Mac-1-dependent outside-in signals in PMN by CBR LFA-1/2 has been
observed previously (43). However, the investigators found that ligand binding was required
for CBR LFA-1/2-induced p92 phosphorylation (43), suggesting that this signaling event
was not a direct result of Mac-1 global conformational changes. Our results indicate that
CBR LFA-1/2 enhances protein tyrosine phosphorylation even when the ligand binding site
on the αM I domain is blocked.

Constitutive PMN apoptosis has been shown to be regulated through Mac-1 outside-in
signals (32). We show that outside-in signaling induced by both CBR LFA-1/2 and ICAM-1
delays PMN apoptosis. A recent study found that, in contrast to our results, constitutively
active mutants of Mac-1 which stabilize the αM I domain in its high affinity state do not
confer the ability to prolong PMN lifespan (44). However, unlike CBR LFA-1/2, these
mutations presumably do not affect the global conformation of Mac-1, including separation
of the cytoplasmic tails. Therefore, it is not expected that locking the αM I domain in its
active conformation alone would induce outside-in signals.

In summary, we have found that a mAb, CBR LFA-1/2, that induces extension of the Mac-1
extracellular domain and spatial separation of the Mac-1 cytoplasmic tails, two hallmarks of
full integrin activation, can trigger outside-in signaling in the absence of ligand binding.
These results may explain the complications that have been observed in the clinic with
ligand-mimetic integrin inhibitors. As such, the development of small-molecule inhibitors
that block ligand recognition but do not stabilize active integrin conformers may provide
more effective anti-adhesive therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
A and C, PMN were treated at 37°C for 15 min with 10 µg/ml CBR LFA-1/2 or ICAM-1,
both in the presence of 1 mM MnCl2 or with anti-αM Fab (Fab44) and secondary F(ab′)2 to
induce Mac-1 clustering. For cells treated with CBR LFA-1/2, anti-αM Fab fragments at a
concentration of 50 µg/ml were used to block potential ligand binding. In A, immunoblots of
whole-cell lysates were probed for the presence of tyrosine-phosphorylated proteins and for
β-actin as a protein loading control. In C, immunoblots were probed for phosphorylated
(phospho-p38; pThr180/pTyr182) and total p38, or for phosphorylated (phospho-Akt;
pThr308) and total Akt. Western blot results from two experiments were quantified using
ImageJ software and were normalized according to the control treatment. B, Unstimulated
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PMNs were incubated at 37°C for 15 min with FITC-conjugated anti-αM Fab44 (5 µg/ml) in
the absence (left) or presence (right) of secondary F(ab′)2 (2.5 µg/ml) to induce Mac-1
clustering. D and E, PMN were treated with 1 mM MnCl2, 10 µg/ml CBR LFA-1/2 Fab and
10 µg/ml anti-αM Fab (Fab44), 1 mM MnCl2 and 200 µg/ml ICAM-1, or 5 µg/ml anti-αM
Fab (Fab44) and 2.5 µg/ml secondary F(ab′)2 to induce Mac-1 clustering. Cells were
pretreated for 15 min with or without 40 µM LY294002 or 2 µM SB239063. After
incubation at 37°C for 16 h, cells were labeled with FITC-conjugated annexin V to detect
apoptotic PMNs. Data are means ± SEM from three (D) or five (E) experiments performed
in duplicate, and are expressed as percent of annexin V-positive cells. Significantly different
from control (**, p < 0.01; or *, p < 0.05).
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FIGURE 2.
A, Schematic depicting the loss of FRET between FITC-conjugated mAbs and ORB
membrane dye during extracellular domain extension. The Abs used were: 1, FITC-ICRF44;
2, FITC-CBRM1/5; and 3, CBR LFA-1/2. B, PMNs labeled with FITC-ICRF44 and ORB
(blue trace) or IgG1 isotype control (red trace) were analyzed by flow cytometry. C, PMN
labeled with FITC-ICRF44 and then incubated with or without 400 nM ORB were imaged
by immunofluorescence microscopy. Far right, intensity of the FITC signal converted to a
rainbow scale. Bar, 10 µm.
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FIGURE 3.
PMN were stimulated with or without 10 nM fMLP (A and B) or with 1 mM MnCl2 and 10
µg/ml CBR LFA-1/2 mAb (C–E) for 15 min. Unstimulated cells were labeled with FITC-
ICRF44, and stimulated cells were labeled with FITC-ICRF44 (A and C), FITC-CBRM1/5
(B and D), or FITC-ICAM-1 (E). Cells were then incubated with 0, 75, 200, or 400 nM ORB
and then analyzed by flow cytometry. Each plot consists of measurements from a single
blood donor, with each condition being performed in duplicate (two curves per condition).
Data are plotted as the fraction of the donor mean fluorescence intensity in the absence of
acceptor fluorophores to that in the presence of the measured fluorescence acceptor
(Equation 1).
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FIGURE 4.
Untreated PMN or PMN treated with 1 or 10 nM IL-8 or 100 ng/ml PMA were labeled with
FITC-ICRF44 mAb. Cells were incubated with ORB as described in Fig. 3 and then
analyzed by flow cytometry. Data are plotted as described in Fig. 3.
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FIGURE 5.
Untreated PMN or PMN treated with 10 nM fMLP or 1 mM MnCl2 and 10 µg/ml CBR
LFA-1/2 mAb and then labeled with FITC-VIM12 mAb. Cells were incubated with ORB as
described in the legend to Fig. 3 and then analyzed by flow cytometry. Data are plotted as
described in Fig. 3.
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FIGURE 6.
A, K562 cells expressing αM-mCFP and β2-mYFP were labeled with anti-αM ICRF44 mAb,
anti-β2 TS1/18 mAb, or IgG1 isotype mAb (red trace), followed by PE-conjugated
secondary Abs. Cells were analyzed by flow cytometry. B, K562 cells expressing αM-mCFP
and β2-mYFP were visualized under phase contrast and immunofluorescence microscopy. C,
Whole-cell lysates from K562 cells expressing αM-mCFP and β2-mYFP were analyzed by
immunoblotting using an anti-GFP polyclonal Ab. D, Mac-1 was immunoprecipitated from
K562 cells, K562 cells expressing wild-type αM and β2, and K562 cells expressing αM-
mCFP and β2-mYFP using the anti-β2 CBR LFA-1/2 mAb. Proteins were separated on a
7.5% SDS-PAGE gel and then analyzed by silver staining. E, K562 cells expressing αM-
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mCFP and β2-mYFP were allowed to adhere to tissue culture plastic coated with ICAM-1 or
PVP, as a control, in the presence or absence of 1 mM MnCl2, 10 µg/ml CBR LFA-1/2
mAb, and anti-αM clone 44 mAb. After a 30-min incubation, nonadherent cells were washed
away, and the number of adherent cells per field was counted. Data are presented as mean ±
SEM from one of three independent experiments. *, Significantly different from control (p <
0.01).
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FIGURE 7.
A, Schematic depicting the loss of FRET between αM-mCFP and β2-mYFP during Mac-1
cytoplasmic tail separation. B, K562 cells expressing αM-mCFP and β2-mYFP were treated
with 1 mM MnCl2 in the absence or presence of 10 µg/ml CBR LFA-1/2 Fab or 200 µg/ml
ICAM-1, or with 100 nM PMA. CFP and YFP images were captured of individual cells
before and after photobleaching of the YFP signal. FRET efficiency was calculated as
described in Materials and Methods. *, Significantly different from control (p < 0.05).
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