
INTRODUCTION
Neutrophils are early responders to in-

flammatory stimuli, and their response
involves adhesion to the microvascula-
ture, subsequent migration into the af-
fected tissue and the retention within tis-
sue. Understanding the mechanisms
underlying the recruitment of neutro -
phils to inflammatory sites and modula-
tion of their function is of critical impor-
tance for the prevention of neutrophil-
induced tissue injury and the resultant
organ dysfunction.

Acute-phase proteins (APPs) play an
important defensive role that is linked to
the magnitude and rapidity of changes
in their concentrations, together with
their short half-life (1). Current knowl-

edge clearly indicates that diverse APPs
regulate neutrophil activities. For exam-
ple, α1-antitrypsin (AAT)—which is an
archetypal member of the SERPIN super-
family, a main inhibitor of neutrophil
elastase (2) and an α1 acid glycoprotein,
a member of the lipocalin family, carry-
ing hydrophobic molecules (3)—inhibits
formyl-met-leu-phe (fMLP) or inter-
leukin (IL)-8–induced neutrophil activa-
tion, chemotaxis and adhesion; induces
macrophage-derived IL-1 receptor antag-
onist release; and protects mice from
 endotoxin-induced septic shock (4–10).
Similarly, C-reactive protein (opsonin)
and haptoglobin (hemoglobin binder) in-
hibit neutrophil chemotaxis, superoxide
production and degranulation (11–13).

Together, these findings strengthen the
role of APPs in neutrophil-mediated in-
flammation and encourage new studies
regarding the mechanisms by which
APPs regulate neutrophil function.

AAT is one of the major APPs in hu-
mans and it is used for the augmenta-
tion therapy of patients with AAT
 deficiency– related emphysema. Both
clinical and experimental studies in ani-
mals have shown that AAT augmenta-
tion therapy decreases neutrophil infil-
tration during acute and chronic
inflammation (14,15). AAT has also been
shown to reduce neutrophil infiltration
into kidneys during ischemia/reperfu-
sion (10). Until recently, the most benefi-
cial effects of AAT were attributed to its
inhibition of neutrophil elastase activity
(16). However, novel studies show that
AAT directly inhibits the activity of cas-
pase-3, an intracellular cysteine protease
that plays an essential role in cell apo-
ptosis (17,18), and the catalytic domain
of matriptase (19), a cell surface serine
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protease involved in the activation of ep-
ithelial sodium channels. A recent study
by Bergin et al. (20) provided new evi-
dence that AAT is associated with neu-
trophil membrane lipid rafts, interacting
with the glycosylphosphatidylinositol-
linked (GPI-linked) membrane protein
FcγRIIIb and modulates neutrophil
chemotaxis in response to soluble im-
mune complexes by inhibiting ADAM-
17 activity, also called tumor necrosis
factor-α–converting enzyme (TACE).
Thus, AAT has broader antiprotease and
neutrophil-regulating activities than pre-
viously anticipated.

In our present investigations, we dis-
covered that in the absence of any exoge-
nous stimuli, AAT inactivates calpain I
(μ-calpain) and concomitantly induces
random neutrophil migration and polar-
ization and inhibits neutrophil adhesion
to fibrinogen. We believe that this find-
ing broadens our knowledge of AAT as
an inhibitor of various proteases and
suggests the use of AAT therapy in rele-
vant clinical indications.

MATERIALS AND METHODS

AAT Preparations
We used purified human plasma pooled

AAT (Prolastin®) HS (Talecris Biothera-
peutics, Research Triangle Park, NC,
USA). Before the experiments, to remove
polymers of AAT and possible contamina-
tions of lower molecular size, Prolastin®

was repurified by  ultrafiltration using a
centricon-30 and centricon-100 cutoff, di-
luted in phosphate-buffered saline (PBS)
and stored at –80°C.

In the same experiments, highly purified
human plasma AAT protein purchased
from Calbiochem (San Diego, CA, USA)
was used, or recombinant AAT was ex-
pressed in the novel human neuronal cell
line AGE1.HN® (a gift from Dr. Véronique
Blanchard: Glycodesign and Glycoanalyt-
ics, Central Institute of Laboratory Medi-
cine and Pathobiochemistry, Charité Med-
ical University, Berlin, Germany). AAT
preparations were also tested for quality to
control endotoxin contamination using the
limulus amebocyte lysate endochrome kit

(Charles River Endosafe, Charleston, SC,
USA). Endotoxin levels were <0.1 enzyme
units/mg protein in all preparations used.

Neutrophil Isolation
Human neutrophils were isolated from

the peripheral blood of healthy volun-
teers using Polymorphprep (Axis-Shield
PoC AS, Oslo, Norway) according to the
manufacturer’s recommendations as pre-
viously described (9). The neutrophil pu-
rity was typically ≥90%, judged by exam-
ination of cytospins, and cell viability
exceeded 97% according to staining with
0.4% trypan blue solution staining
(Sigma-Aldrich, St. Louis, MO, USA).

Determination of Calpain Activity
Calpain I activity was determined by

using two different Calpain Activity
Assay Kits (QIA120, Calbiochem, and
ab65308, Abcam, Cambridge, MA, USA)
according to the manufacturers’ recom-
mendations. Briefly, highly purified
human calpain I was incubated with var-
ious concentrations of AAT (from 0.05 to
2 mg/mL) and the substrate Suc Leu-
Leu-Val-Tyr-AMC (Suc-LLVY-AMC) for
15 min at room temperature, and fluores-
cence was measured using a fluorescence
plate reader (Spectrafluor Plus Fluorime-
ter, Tecan, Germany) at an excitation
wavelength of 380 nm and an emission
 wavelength of 460 nm. Human blood
neutrophils (3 × 105 cells/mL) were incu-
bated for 20 min at 37°C 5% CO2 either
alone or in the presence of various
amounts of AAT (from 0.25 to 1 mg/mL).
Subsequently, the cells were lysed and
incubated with substrate Ac-Leu-Leu-
Tyr-AFC (Ac-LLY-AFC) at 37°C for 1 h in
the dark. Active calpain I was used as a
positive control. Fluorescence was mea-
sured at an excitation wavelength of
400 nm and emission of 505 nm using a
fluorescence plate reader.

Neutrophil Adhesion Assay
The adherence of calcein-labeled neu-

trophils to human fibroblast cellular fi-
bronectin (Sigma-Aldrich) was measured
by a method modified from that of How-
ard et al. (21). Purified neutrophils (5 × 106

cells/mL) were labeled in suspension in
PBS supplemented with 5 μg/mL
 calcein-AM (Molecular Probes, Van Allen
Way, CA, USA) at 37°C. Labeled neu-
trophils were then washed with PBS and
resuspended at 2 × 106 cells/mL in RPMI
supplemented with bovine serum albu-
min. Aliquots of cells (100,000 cells/well)
were then added to the fibronectin-
coated plates containing either AAT
(0.5 mg/mL), fMLP (100 nmol/L), an
AAT/fMLP combination or medium
alone. The plates were then incubated at
37°C for 25 min under static conditions.
Nonadherent cells were aspirated, and
the adherent cells were analyzed with a
fluorescence spectrophotometer (Spectra-
fluor Plus Fluorimeter, Tecan, Germany)
using an excitation λ of 485 nm and
emission λ of 520 nm. Triplicate determi-
nations were used for each condition in
three independent experiments.

Time-Lapse Recording and Analysis of
Cell Migration

Cells (3.5 × 105/mL) suspended in
RPMI were plated in a glass-bottom dish
(MatTek, Ashland, MA, USA), precoated
with fetal calf serum to prevent sponta-
neous neutrophil adherence to the glass
surface. Cell migration was monitored at
30°C using a digital image correlation
(DIC) setup on an OlympusX81 inverted
microscope with a 63× oil immersion ob-
jective. The videos were recorded with a
temporal resolution of 5 s using a Hama-
matsu ORCA-R2 charge-coupled device
(CCD) camera and Cell-R software
(Hamamatsu Photonics Deutschland
GmbH, Herrsching am Ammersee, Ger-
many). Cell migration rates were deter-
mined using Time-Lapse Analyzer soft-
ware (22). Tracks of the cells that
remained rounded after stimulation were
manually excluded from the analysis.
Values were expressed as mean ± SD.

Determination of Actin Reorganization
and Analysis of Lipid Bodies

Actin reorganization was analyzed
using confocal laser-scanning microscopy.
Neutrophils (1 × 107/mL, 200 μL) sus-
pended in RPMI were treated with AAT
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(0.5 mg/mL) for different lengths of time
at 37°C. After incubation, cells were fixed
with 4.4% paraformaldehyde and perme-
abilized with 0.2% Triton X-100 in PBS.
Actin filaments were labeled with phal-
loidin conjugated with AlexaFluor 488
(Invitrogen Life Technologies, Carlsbad,
CA, USA) followed by DNA staining with
2-(4-amidinophenyl)-6- indolecarbamidine
dihydrochloride (DAPI) (Sigma-Aldrich).
Specimens were analyzed using an Olym-
pus  FluoView confocal laser scanning mi-
croscope in a sequential scanning mode
for three channels. The third channel was
used to record the intrinsic fluorescence of
lipid droplets excited with the 559-nm
laser line with the emission barrier filter
from 575 to 675 nm.

Intracellular Free Cholesterol
Detection

Human neutrophils were seeded into
glass coverslips alone or in the presence
of AAT (0.5 mg/mL) for various time
points (5, 15 and 30 min and 1 h). Cells
were fixed with 4% formaldehyde. The
intracellular free cholesterol was stained
with filipin III for 45 min according to the
recommendation of the manufacturer

(Cholesterol Cell-Based Detection Assay
Kit, Cayman Chemical Company, Ann
Arbor, MI, USA). The images were re-
corded using an excitation of 340–380 nm
and an emission of 385–470 nm with an
Olympus inverted fluorescence micro-
scope with a 63× oil immersion objective
in an Olympus ×81 Cell-R epifluorescence
microscope equipped with a Hamamatsu
ORCA-R2 CCD camera. The filipin fluo-
rescence was visualized using the DAPI

settings from the DAPI/FITC/Cy3 filter
set (Chroma Technology, Bellow Falls,
VT, USA) and recorded with equal expo-
sure time for all samples.

Red Oil O Staining
Neutrophils were plated on coverslips

alone and in the presence of AAT
(0.5 mg/ mL) for 5, 15 and 30 min and
2 h. At the end of the incubation period,
cells were washed with PBS and fixed
with 4% PBS-buffered formaldehyde. In
the next step, cells were rinsed with
water, dipped for a few seconds in 60%
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Figure 1. AAT inhibits neutrophil calpain I
activity. Dose-dependent inhibitory effects
of AAT on the enzymatic activity (ex-
pressed as relative fluorescence units) of
calpain I on the specific substrate Ac-LLY-
AFC in human neutrophils are shown. The
fluorescence value of all samples is cor-
rected by subtracting the value of the
blank and then calculating the mean fluo-
rescence value (mean ± SEM) for each
sample from duplicate readings from six
independent experiments.

Figure 2. AAT inhibits calpain I activity in
vitro. Dose-dependent inhibitory effects of
AAT on the enzymatic activity of purified
human active calpain I on the specific
substrate Suc-LLVY-AMC are shown. (A)
The activity of purified calpain I was inhib-
ited by AAT up to 90% in a concentration-
dependent manner. Each point represents
the mean ± SD of four independent exper-
iments. (B) Active calpain I was incubated
at a molar ratio of 1:1.3 with calpastatin or
AAT for 5 min, and AMC release was mea-
sured upon Suc-LLVY-AMC cleavage with
calpain I. The fluorescence value of all
samples is corrected by subtracting the
value of the blank and then calculating
the mean fluorescence value (mean ± SD)
for each sample from five independent
experiments.

A

B

Figure 3. AAT effects on α-spectrin
cleavage in neutrophils. Neutrophils
were cultured alone or exposed to AAT
for 18 h. Equal amounts of cell lysates
were separated on 6.5% SDS-PAGE after
Western blot analysis. Blots were im-
munostained with an anti–human 
α-spectrin monoclonal antibody (1:2,000
dilution) followed by incubation with
horseradish peroxidase–conjugated rab-
bit anti–mouse secondary antibody di-
luted 1:10,000. The enhanced chemilu-
minescence kit was used to visualize
immunolabeling. A 145-kDa calpain-
 mediated and 150-kDa (calpain- and
caspase 3–mediated) fragments are
clearly detectable in controls cells. The
145-kDa calpain- mediated fragment is
not detectable in neutrophils treated
with AAT. Weak staining for the 150-kDa
(calpain- and caspase 3–mediated)
fragment is present. A representative
Western blot is shown (n = 3).



isopropanol and stained with Red Oil O.
Cell nuclei were stained with hema-
toxylin. Samples were analyzed under
the microscope (Zeiss Axiophot, Jena,
Germany). Images were taken using a
digital camera Olympus DP71 at a mag-
nification of 63×.

Calcium Analysis
Neutrophils were incubated for 30 min

at 37°C with the acetometoxy ester of
fluo-3 (Fluo-3 AM, 2 μmol/L). After incu-
bation, cells were centrifuged and resus-
pended at approximately 3 × 106 cells/mL
in 10 mmol/L HEPES [4-(2- hydroxyethyl)-
1-piperazineethanesulfonic acid], pH 7.4,
without or with 1 mmol/L CaCl2. The cell
suspension was kept at room temperature
until use. Fluo-3 fluorescence was kineti-
cally analyzed during addition of various
concentrations of AAT by means of flow
cytometry (FACSCalibur; Becton Dickin-
son, USA). We used excitation at 488 nm
and measured emission at 530 nm.
Neutro phils were gated on the basis of
their scatter profile, and Fluo-3 fluores-
cence was measured logarithmically. Data
analysis was performed using Summit

V5.2 software (Becton Dickinson, Franklin
Lakes, NJ, USA).

Electrophoresis and Western Blot
Analysis

Neutrophils were incubated alone or
with AAT for different lengths of time up
to 2 h and lysed, and the protein concen-
tration in the lysates was determined by
Bradford assay. Equal amounts of ana-
lyzed protein were separated to 7.5%
sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) gel. For

the assessment of calpain activity, neu-
trophils were treated with AAT 
(0.5 mg/ mL) for 18 h and analyzed using
6.5% SDS-PAGE as described by New-
comb et al. (23). Proteins were transferred
to a polyvinylidene fluoride (PVDF)
membrane and detected using the follow-
ing primary antibodies: anti–α-spectrin
 mono clonal antibody (Millipore, Billerica,
MA, USA); anti–extracellular signal-
 regulated kinase (ERK)-1/2 anti–mitogen
activated protein kinase (MAP kinase
[MAPK], ERK1/2, catalog no. M5670);
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Figure 4. Effects of AAT on neutrophil ad-
hesion to fibronectin. Calcein-AM–labeled
neutrophils were added to fibronectin-
coated 96-well plates and stimulated with
AAT, fMLP (100 nmol/L), fMLP/AAT or me-
dium alone, as described in Materials and
Methods. Adherent cells were analyzed
with a fluorescence spectrophotometer
using an excitation λ of 485 nm and emis-
sion λ of 520 nm. The results are expressed
as a percentage of neutrophil adhesion
([adherent cells/total cells] × 100%). Each
bar represents the mean ± SD of three in-
dependent experiments, each performed
in four repeats.

Figure 5. AAT-induced neutrophil polarization and reorganization of F-actin cytoskeleton.
Controls and AAT-stimulated cells were labeled with Alexa Fluor 488-phalloidin for F-actin
(green) and DAPI for DNA (blue). Intrinsic lipid fluorescence (red) was recorded as de-
scribed in Materials and Methods. Spherical nontreated neutrophils with a subcortical 
F-actin arrangement showed no lipid fluorescence. After 5 min of exposure to AAT, cells
spread out, acquiring wide F-actin–positive lamellas (small arrows) and accumulated lipid
droplets in the cell body (small arrowheads). Gradually stimulated neutrophils obtained
polarized elongated shape with uropods (large arrows) and F-actin redistribution from
leading edges to F-actin foci in the central part of the cell. At the same time, larger lipid
bodies (large arrowheads) accumulated at the rear of the cell. Representative images of
three independent experiments are shown. Scale bar = 20 μm.



mouse monoclonal anti–p-ERK1/2
(MAPK-YT, Cat. No. M8159 [Sigma-
Aldrich]); and rabbit polyclonal anti–Rac 1
(C-14) (sc-217), mouse monoclonal anti-
Cdc42 (B-9) (Sc-8401), mouse monoclonal
anti–CD16 IgG1 (3H1029, sc-70553) and
polyclonal goat anti-actin (I-19 sc:1616)
(Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The immuno-complexes were
visualized with appropriate secondary
horseradish peroxidase–conjugated anti-
bodies (DAKO A/S, Denmark) and devel-
oped with the enhanced chemilumines-
cence (ECL) Western blot analysis system
(Thermo Fisher Scientific, Rockford, IL,
USA).

RNA Isolation, cDNA Synthesis and
Real-Time Polymerase Chain Reaction

Neutrophils were isolated from six
donors and treated with either AAT
(0.5 mg/ mL) or PBS (as a control) for
30 min, and RNA was prepared using
the RNeasy Micro kit (Qiagen Sample
and Assay Technologies, Qiagen Inc.,
Valencia, CA, USA). For cDNA synthe-
sis, 1 μg total RNA was transcribed
using the High Capacity Kit RNA to
cDNA from Applied Biosystems
 (Darmstadt, Germany) after the protocol
supplied by the manufacturer. mRNA
levels of ERK were determined using
TaqMan Gene Expression Assays™ and
TaqMan Mastermix™ from Applied
Biosystems following the protocol sup-
plied by the manufacturer. As endoge-
nous references, the mRNA levels of
GAPDH, GUS and Pol2a were measured
in the same run, also using TaqMan
Gene Expression Assays™ and TaqMan
Mastermix™. All real-time polymerase
chain reaction experiments were per-
formed on an ABI7500 from Applied
Biosystems. For calculation of relative
mRNA expression levels, the target gene
was normalized in a first step to the
mean of the endogenous controls (calcu-
lation of ΔCT values). The ΔCT value of
the control sample of individual number
1 was set equal to a  relative expression
level of 1. All (n = 6) individual meas-
urements were normalized in a second
step to this value. All measurements
were performed in duplicate with two
independent cDNA preparations.

IL-8 Assay
Neutrophils were resuspended in

RPMI 1640 medium at a concentration
of 3 × 106 cells/mL and stimulated with
lipopolysaccharide (LPS) (10 ng/mL),
AAT (0.5 mg/mL) alone and LPS/AAT
together for 4 h at 37°C, 5% CO2. Super-
natants of cell cultures were analyzed
to determine the levels of IL-8 using
DuoSet enzyme-linked immunosorbent
assay sets (R&D Systems Inc., Minne -
apolis, MN, USA); detection limits 
31.25 pg/mL).

Apoptosis Assay
Neutrophil apoptosis was monitored

using an Annexin V–FITC (fluorescein
isothiocyanate) apoptosis detection kit
(BD Biosciences Pharmingen, San Diego,
CA, USA) according to the protocol pro-
vided by the manufacturer. Cells were
analyzed by flow cytometry (FACS -
Calibur). Unstained cells, and cells
stained with FITC Annexin V or propid-
ium iodine (PI), were used as controls.

Statistical Analysis
The differences in the means of experi-

mental results were analyzed for their
statistical significance using one-way
analysis of variance combined with a
multiple-comparison procedure (Scheffe
multiple range test), with an overall sig-
nificance level of α = 0.05. An indepen-
dent two-sample t test was also used. A
statistical package (SPSS for Windows,
release 17.0) was used for the statistical
calculations.
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Figure 6. AAT increases intracellular choles-
terol levels. Cells were incubated with AAT
for the indicated time periods. The intra-
cellular cholesterol was stained with filipin,
as described in the Materials and Meth-
ods. Filipin fluorescence appears shortly
after stimulation with AAT and enhances in
a time-dependent manner. Images were
acquired with constant exposure time and
under the same magnification for the
whole series. Representative images of
three independent experiments are
shown. Scale bar = 20 μm.

Figure 7. AAT induces the cytosolic lipid droplet formation. High amounts of cytosolic lipid
droplets stained with Red Oil O (indicated by arrows) were found in neutrophils treated
with AAT for 30 min (A) compared with nontreated control cells (B). The images were
taken by digital camera (Sony, DKC-5000) at a magnification of 100×. Pictures are repre-
sentative of five independent experiments. The arrow is pointing to lipid droplets stained
with Red Oil O.



RESULTS

AAT Inhibits Activity of Calpain I
Previous studies have shown that AAT

inhibits fMLP-mediated neutrophil adhe-
sion and directed migration (9). On the
other hand, it is well documented that a
constitutively active calpain I is ex-
pressed in human neutrophils, and, as a
result of the inhibition of calpain I, neu-
trophils exhibit decreased adhesion and
enhanced chemokinesis (24,25). This
prompted us to investigate whether the
effects of AAT on neutrophils are linked
to inactivation of calpain I. In the first set
of experiments, we pre-incubated neutro -
phils with AAT (0.25–1 mg/mL) for
30 min and measured calpain I activity in
cell lysates using the Ac-LLY-AFC sub-
strate. As illustrated in Figure 1, the
treatment of neutrophils with various
concentrations of AAT resulted in a sig-
nificant suppression of calpain I activity.
Under these experimental conditions, the
activity of cellular calpain I was inhibited
by 40 ± 5.6% and 96 ± 3% [mean (SD),

n = 6] with the specific calpain I inhibitor
z-Leu-Leu-Tyr-fluoromethyl ketone
(z-LLY-FMK) (10 nmol/L) and AAT
(19.2 μmol/L), respectively.

In the next set of experiments, highly
purified active human calpain I
(25 μmol/L) was pre-incubated with
 vehicle (PBS) or AAT for 15 min, and
cleavage of the calpain substrate, Suc-
LLVY-AMC, was measured fluorometri-
cally. AAT inhibited the activity of cal-
pain I in a concentration-dependent
manner by up to 90% (Figure 2A). We
also incubated active calpain I at a molar
ratio of 1:1.3 with calpastatin or AAT and
measured AMC release upon Suc-LLVY-
AMC cleavage with calpain I. Both cal-
pastatin and AAT significantly inhibited
calpain I activity (Figure 2B). We also
confirmed this finding by using recombi-
nant AAT (9.6 μmol/L), which inhibited
calpain I by 89 ± 7.2% [mean (SD), n = 4].

AAT Inhibits α-Spectrin Proteolysis
Calpain I activity leads to α-spectrin

proteolysis and production of a break-

down product of 145 kDa, which has
been proposed to contribute to cell death
(26). As illustrated in Figure 3, neutrophil
exposure to AAT for 18 h results in a
total inhibition of α-spectrin proteolysis
compared with the vehicle control. At
the same time, on the basis of the Trypan
blue dye assay, as a measure of cytotoxic-
ity, numbers of dead neutrophils were re-
duced by about 30–40% in the presence
of AAT, compared with the untreated
cells (data not shown).

AAT Inhibits Neutrophil Adhesion
To further confirm the AAT effect of

calpain I inhibition, cell adhesion assays
were performed on nontreated and
fMLP-stimulated neutrophils. Cells were
fluorescently labeled with calcein-AM
and allowed to adhere to fibrinogen-
coated 96-well plates for 30 min in the
presence or absence of AAT, and adhe-
sion was quantified by fluorescence de-
tection. As expected, fMLP significantly
increased adhesion of neutrophils to fib-
rinogen relative to vehicle controls,
whereas AAT either alone or in the pres-
ence of fMLP inhibited neutrophil adhe-
sion by about 50% (Figure 4).

AAT Induces Time-Dependent
Polarized Spreading of Adherent
Neutrophils

Previous studies have shown that neu-
trophils treated with calpain inhibitors
alone exhibit polarized cell spreading,
with actin polarized to the leading edge
(27,28). Although AAT strongly impaired
neutrophil adhesion, a marked reorgani-
zation of the actin cytoskeleton was ob-
served in the relatively small number of
adherent neutrophils. As illustrated in
Figure 5, nontreated neutrophils have a
rounded spherical shape with subcortical
actin assembly and show no intrinsic flu-
orescence. After exposure to AAT for
5 min, the overall adherent cell shape re-
mains round, and some cells begin to
show the first signs of intrinsic lipid fluo-
rescence and a redistribution of F-actin to
one side of the cell. Neutrophils incubated
with AAT for 15 min become strongly po-
larized bearing uropods, which are often
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Figure 8. Neutrophil random migration induced by AAT. The videos were recorded with
the temporal resolution of 5 s using a Hamamatsu ORCA-R2 CCD camera. Cell migration
rates were determined using the Time Lapse Analyzer (TLA) software. Tracks of the cells
that remained round after stimulation were manually excluded from the analysis. Values
are expressed as mean ± SD, with track numbers n = 35 for control cells and n = 119 for
AAT stimulated cells. In the presence of AAT, cell migration was significantly enhanced
compared with nontreated controls.



connected to the cell body via a narrow
cytoplasmic bridge (see Figure 5). Cell
bodies nevertheless remain rounded
rather than elongated. Leading edges
with broad lamellipodia enriched for
F-actin rarely show filopodia. After
30 min of AAT stimulation, neutrophils
acquire an elongated shape with promi-
nent lamellipodia often supplemented
with filopodia, as spike-like protrusions
beyond the leading edge. Notably, at this
time point, the leading edges do not show
as much F-actin as at the earlier stages. Fi-
nally, after 60 min of treatment, the lead-
ing edges of elongated neutrophils ac-
quired more filopodia, but became less

enriched with F-actin compared to the
earlier stages. At this time, the fluores-
cence intensity of the lipids in the central
part of the cell is reduced relative to the
intensive fluorescence intensity at the tail.
Increased lipid content in the adherent
AAT-treated neutrophils was also con-
firmed by filipin-fluorescent staining (Fig-
ure 6). As expected, the increase in filipin-
cholesterol staining was time dependent
and correlated with neutrophil polariza-
tion. In support of this finding, we found
high amounts of cytosolic lipid droplets
stained with Red Oil O in adherent neu-
trophils treated with AAT (Figure 7).

AAT Induces Random Neutrophil
Migration

Previous studies have shown that cal-
pain I inhibition affects migration of un-
stimulated neutrophils (29,30). Therefore,
we monitored migratory responses of
neutrophils challenged with AAT under a
video microscope equipped for DIC. In
the presence of AAT, neutrophils acquired
a polarized shape and significantly in-
creased motility within 5 min (Figure 8),

which was sustained for over 45 min.
Nontreated cells retained rounded mor-
phology and were moving slowly. Recom-
binant AAT at the concentrations of 0.1
and 0.2 mg/mL also induced an increase
in neutrophil motility and transient polar-
ization (data not shown).

AAT Induces Ca2+ Release from
Intracellular Storage

Existing data provide clear evidence
that neutrophil polarization is linked to
intracellular Ca2+ mobilization (31–33).
Therefore, we performed flow cytometric
measurement of intracellular Ca2+ with
Fluo-3–loaded neutrophils. Addition of
AAT to Fluo-3–loaded neutrophils in
Ca2+-free buffer resulted in a concentra-
tion-dependent and transient increase in
cytoplasmic Ca2+ levels (Figure 9). There
was no significant difference in the kinet-
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Figure 9. Mobilization of intracellular cal-
cium induced by AAT. Neutrophils loaded
with the fluorescent Ca2+ indicator Fluo-3
were measured flow cytometrically in a
buffer without Ca2+ containing 1 mmol/L
EGTA. Fluo-3 fluorescence of neutrophils
was measured for 20 s on unstimulated
cells before the injection of AAT at various
concentrations (arrows). After addition of
AAT, measurement was continued until a
total time of 100 s. (A) Fluo-3 fluorescence
of single cells (gated on neutrophils on the
basis of scatter properties) was plotted
against time. The black curve indicates
the median fluorescence of neutrophils.
AAT (1 mg/mL) addition is marked by the
arrow. (B) Comparison of Ca2+ kinetics
after stimulation with various concentra-
tions of AAT.

Figure 10. Comparison of Ca2+ mobiliza-
tion by AAT in Ca2+-free versus Ca2+-
 containing buffer. Neutrophils loaded with
the fluorescent Ca2+ indicator Fluo-3 were
measured flow cytometrically in a buffer
containing 1 mmol/L Ca2+ (A, C) or Ca2+-
free buffer containing 1 mmol/L EGTA 
(B, D). Measurement was as described in
Materials and Methods and in Figure 4.
The black curves indicate the median flu-
orescence of neutrophils over time. The ar-
rows indicate addition of 1 mg/mL (A, B)
or 2 mg/mL (C, D) AAT.

Figure 11. AAT induces activation of
Rac1/Cdc42 (A) and ERK1/2 (B). Neu-
trophils were treated with AAT (0.5 mg/mL)
for the indicated periods at 37°C, 5% CO2.
Cell lysates from 3 × 106 neutrophils were
separated on 7.5% SDS-PAGE followed by
immunoblotting, as described in Materials
and Methods. Immunoblotting was per-
formed using antibodies against Rac1 and
Cdc42 and against the phosphorylated
and unphosphorylated forms of ERK. Pre-
sumably because of the stress of the cell
culture, the phosphorylation of ERK was
also detected in unstimulated control cells
to a lesser degree than in AAT-treated
neutrophils incubated for 60 min. The re-
sults shown are representative of three or
five independent experiments.



ics of intracellular Ca2+ changes induced
by AAT when Ca2+-containing buffer was
used (Figure 10), suggesting that AAT in-
duces cellular Ca2+ rise from the mobi-
lization of intracellular stores.

AAT Induces Rapid Activation of Rho
GTPases and ERK Phosphorylation

Consistent with the previous reports
showing that the Rho GTPases are rap-
idly activated in polarized neutrophils
(24,25,34), we found a marked activation
of Rac1 and Cdc42 in AAT-treated neu-
trophils within 5–15 min (Figure 11A).
No activation of GTPases was seen after
30 min (data not shown). Furthermore,
as shown in Figure 11B, exposure of neu-
trophils to AAT resulted in a significant
phosphorylation of ERK, which peaked
between 15 and 30 min. Notably, AAT
had no effect on Rho GTPases and total
ERK mRNA expression (data not
shown).

AAT Effects on IL-8 Release from
Neutrophils, CD16 Expression and
Apoptosis

To investigate the potential harmful ef-
fects of AAT on neutrophils, we analyzed
the release of IL-8. Under the experimen-

tal conditions used, neutrophils exposed
to AAT for 4 h did not increase IL-8 lev-
els, but in contrast, AAT inhibited LPS-
induced IL-8 release (Figure 12).

It is well documented that the loss of
CD16 expression is a major factor con-
tributing to loss of neutrophil functions
and apoptosis (35). According to our
findings, AAT did not reduce CD16 lev-
els nor induce neutrophil apoptosis (Fig-
ures 13A, B).

DISCUSSION
In contrast to many other cell types ex-

amined to date, the inhibition of neu-
trophil μ-calpain (calpain I) activity pro-
motes rapid cell polarization, spreading
and random migration. For example,
Lokuta et al. (24) clearly showed that
neutrophil treatment with calpain I in-
hibitors, but not inhibitors of other pro-
teases, promotes random cell migration
and polarization of cells in the absence of
any exogenous activators. Calpain I inhi-
bition–mediated neutrophil polarization
also depends on the activation of Rho
GTPases and Rac-dependent down-
stream signaling pathways, e.g., the
ERK1/2 pathway (25). Thus, according
to our current knowledge, constitutively
active calpain I expressed in human neu-
trophils most likely contributes to their
spherical phenotype. On the other hand,
the random migration of neutrophils in-
duced by calpain inhibition is associated
with their decreased directional migra-
tion toward chemotactic stimuli (24,
36–38). This latter finding and the fact
that chemotaxis of activated neutrophils
is inhibited by AAT (9) prompted us to
investigate the putative ability of AAT to
inactivate calpain I activity. Indeed, we
found that AAT inhibits calpain I in iso-
lated neutrophils and when added to the
active form of calpain I, in vitro. Remark-
ably, calpain I inhibition occurred irre-
spectively of the transient increase in the
intracellular Ca2+ level in response to
AAT treatment. Importantly, other cal-
pain inhibitors have also been found to
induce levels of intracellular Ca2+ (38,39).
This transient increase in calcium may be
a common property of calpain inhibitors

because of the homeostatic feedback con-
trol of basal calpain activity on intracel-
lular free Ca2+. However, this increase is
small enough to escape detection and is
not large enough to alter the calpain in-
hibition. Furthermore, the elevation of
cytoplasmic Ca2+ is shown to regulate the
activities of Rho GTPases (40), whereas
Rho GTPases also regulate Ca2+ dynam-
ics (41,42). According to our data, a tran-
sient increase in Ca2+ after neutrophil ex-
posure to AAT paralleled with a rapid
activation of Rac1, Cdc42 and ERK1/2.
Presently, we are not able to delineate the
direct relationship between AAT-induced
transient intracellular Ca2+ elevation and
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Figure 12. AAT inhibits LPS-induced IL-8 re-
lease from neutrophils. Neutrophils were re-
suspended in RPMI 1640 medium at a
concentration of 3 × 106 cells/mL and
 stimulated with LPS (10 ng/mL), AAT
(0.5 mg/mL) alone and LPS/AAT together
for 4 h at 37°C, 5% CO2. Supernatants of
cell cultures were analyzed to determine
the levels of IL-8. Each bar represents
the mean ± SD from four independent
 experiments.

A

B

Figure 13. AAT does not decrease CD16
expression (A) and does not induce neu-
trophil apoptosis (B). Neutrophils were
treated with AAT (0.5 mg/mL) for 4 h at
37°C, 5% CO2. (A) Cell lysates from 3 × 106

neutrophils were separated on 7.5% SDS-
PAGE, followed by immunoblotting, as de-
scribed in Materials and Methods. Im-
munoblotting was performed using a
monoclonal antibody against human
CD16. The results shown are representative
of two independent experiments. (B) Neu-
trophil apoptosis was monitored using an
Annexin V–FITC apoptosis detection kit (BD
Biosciences PharmingenTM). Cells were an-
alyzed by flow cytometry. Unstained cells,
and cells stained with FITC Annexin V or PI,
were used controls.



activation of Rac1/Cdc42. However,
Rac1 activity has been shown to promote
random cell motility (42,43), suggesting
that AAT-induced random neutrophil
migration is most likely a result of the
synergistic and transient changes in in-
tracellular Ca2+ dynamics and GTPase
activation. It is important to note that,
under our experimental conditions, AAT
induced no changes in ERK and GTPases
mRNA expression. These findings fur-
ther show that the activity of calpain in
vivo is under tight regulation, which may
result from the direct and coordinated
 interaction of inhibitory and stimulatory
molecules with calpain, modulated
by changes in the intracellular Ca2+

 concentration.
Several studies have shown that cal-

pain may be activated in the cytosol and
subsequently translocated to the mem-
brane after interaction with phospho-
lipids (44–47). Because AAT is shown to
be localized in lipid rafts (20,48) and
AAT increases cellular lipid content, it is
plausible that the transient elevation of
cytoplasmic Ca2+ and lipid redistribu-
tion, as induced by exogenous AAT, is re-
quired for the calpain I translocation to
the membranes, where it is ultimately in-
hibited by AAT. Interestingly, we ob-
served that AAT does not inhibit cal-
pain I when added to neutrophil lysates
and that both AAT and calpain are local-
ized in the neutrophil membrane frac-
tions (unpublished data). The direct rela-
tionship between the transient increase
in Ca2+ levels, intracellular lipid redistri-
bution, calpain translocation to the mem-
brane and inactivation by exogenous
AAT needs to be investigated in more
detail.

The facts that the inhibition of cal-
pain I, but not calpain II, in resting neu-
trophils induces random motility in the
absence of exogenous activators and that
calpain II is not required for chemoat-
tractant-induced random migration (36)
further support our finding that AAT in-
duces neutrophil random motility by in-
hibiting calpain I. As mentioned above,
the increase in neutrophil motility
caused by calpain I inhibition is accom-

panied by an impaired chemotactic re-
sponse. This result again is keeping in
line with previous results showing that
AAT inhibits IL-8 and fMLP-induced
neutrophil chemotaxis (9,20) and our
current observation that AAT signifi-
cantly inhibits nonstimulated or fMLP-
induced neutrophil adhesion to fi-
bronectin. It is noteworthy that, in our
experimental model, AAT itself did not
induce any cytotoxic effects (as deter-
mined by Trypan blue staining and An-
nexin V assay) and did not reduce neu-
trophil functions (as analyzed by CD16
expression). The addition of AAT to rest-
ing neutrophil cultures did not elicit an
inflammatory response, as can be de-
duced from the fact that AAT signifi-
cantly inhibited IL-8 release either when
added directly to the neutrophils or dur-
ing activation with LPS.

Calpain is implicated in numerous
pathological conditions including Alz-
heimer’s disease; demyelination events
of multiple sclerosis; neuronal damage
after spinal cord injury and hypoxic/
 ischemic injury to brain, kidney and
heart organs; and tumor development
and invasion (49–53). Thus, the elucida-
tion of the mechanisms by which calpain
activity is regulated is of interest for the
development of therapeutics for a wide
range of pathological states. Under phys-
iological conditions, calpain and its clas-
sic inhibitor, calpastatin, exist as rela-
tively stable proteins (54). However, in
response to stimuli, calpain can cause
proteolysis of its inhibitor calpastatin,
thereby enhancing its own activity by a
positive feedback loop (55). It is possible
that AAT, as an APP that can easily enter
various cells, plays an important role in
maintaining calpain/calpastatin balance
and regulation of cell function and via-
bility during inflammation or infection.

Collectively, our results extend current
knowledge into biological activities of
AAT and provide new evidence as to
how AAT may offer substantial protec-
tion against neutrophilic inflammation
owing to its ability to inhibit calpain I. In
view of these findings, it is clear that
AAT is an antiinflammatory (56) and im-

munoregulatory protein (57), but its opti-
mal concentration and the best func-
tional molecular form are still unknown.
It is noteworthy that various prepara-
tions of human purified plasma AAT are
used for augmentation therapy; there-
fore, further studies would be required
to confirm whether the above-described
anti–calpain I activity of AAT are consis-
tent across preparations and whether this
activity is reproducible in other cell mod-
els. Our findings point to the critical im-
portance of the further characterization
of the AAT molecule and improvement
of its application for augmentation ther-
apy. We believe that the results presented
here should provide the impetus for new
studies to define the role of AAT and
other APPs in health and disease.
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