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Traditional enzyme kinetics provide a poor explanation for the increased risk of lung injury in α1-antitrypsin (AAT)
deficiency. Millimolar concentrations of leukocyte elastase, when released from single azurophil granules of activated
neutrophils, lead to evanescent quantum bursts of proteolytic activity before catalysis is quenched by pericellular
inhibitors. Herein, we tested the possibility that quantum proteolytic events are abnormal in AAT deficiency. We incubated
neutrophils on opsonized fluoresceinated fibronectin in serum from individuals with various AAT phenotypes, and then
measured and modeled quantum proteolytic events. The mean areas of the events in serum from heterozygous
individuals (Pi MZ and Pi SZ) were slightly, but significantly, larger than those in serum from normal patients (Pi M). In
marked contrast, mean areas of events in serum from AAT-deficient individuals were 10-fold larger than those in serum
from normal patients. Diffusion modeling predicted that local elastase concentrations exceed AAT concentrations for less
than 20 milliseconds and for more than 80 milliseconds in Pi M and Pi Z individuals, respectively. Thus, quantum
proteolytic events are abnormally large and prolonged in AAT deficiency, leading directly to an increased risk of tissue
injury in the immediate vicinity of activated neutrophils. These results have potentially important implications for the
pathogenesis and prevention of lung disease in AAT deficiency.
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Introduction
Deficiency of α1-antitrypsin (AAT) is the most common,
potentially lethal hereditary disease seen in Caucasians.
AAT is a highly polymorphic serine proteinase inhibitor
and is the major inhibitor of human leukocyte elastase
(HLE) in plasma and in the lower respiratory tract. Indi-
viduals with AAT deficiency have a markedly increased
risk of severe, early-onset pulmonary emphysema (1).
HLE is contained at high concentrations within the
azurophil granules of polymorphonuclear neutrophils
(PMNs) (2) and within the peroxidase-positive granules
of proinflammatory (P) monocytes (3). It is thought
that the increased risk of lung tissue injury in AAT-defi-
cient individuals is due to inadequately controlled HLE
activity that is released from activated inflammatory
cells within the lower respiratory tract (4).

Individuals with Pi Z phenotype have plasma con-
centrations of AAT (5) that are 10–15% that of normal
(mean is ∼ 32.8 µM in Pi M individuals). However, het-
erozygotes and individuals with other common AAT
variants (including Pi MS, Pi SS, and Pi MZ individu-
als) have intermediate plasma AAT concentrations
(∼ 15–30 µM) and have minimal, if any, increased risk
of developing emphysema when compared with Pi M
individuals (reviewed in ref. 6). More interestingly, Pi
SZ heterozygotes with plasma AAT concentrations in
the 8–19 µM range also have minimal excess risk of
lung disease (6, 7).

Traditional enzyme kinetics have failed to provide a
satisfactory explanation for the strikingly increased
risk of lung tissue injury that occurs in Pi Z individu-
als, because (a) even in Pi Z individuals, the mean AAT
concentration in plasma (∼ 5.3 µM) is more than 7
orders of magnitude greater than its KI for HLE (3.3 ×
10–14 M) (8); and (b) only subtle abnormalities in the
function of the Z variant have been described (9, 10). In
this respect, it is noteworthy that recent studies from
our laboratory (11) have demonstrated that evanescent,
quantized bursts of HLE-mediated proteolytic activity
are associated with the extracellular release of high con-
centrations of HLE from single azurophil granules of
PMNs. Our diffusion-based theoretical model (2) pre-
dicts that obligate HLE catalytic activity persists until
HLE diffuses away from the site of granule release and
the molar ratio of enzyme to extracellular inhibitor
decreases to less than 1:1.

Herein, we have tested the possibility that the quan-
tum proteolytic events associated with PMN degranu-
lation are markedly abnormal in Pi Z individuals and
thereby directly contribute to the excess risk of lung
tissue injury that is observed in AAT deficiency. To
accomplish this, we directly measured and modeled
quantum events occurring while PMNs were bathed in
serum from donors having different AAT phenotypes.
Our results confirmed that quantum proteolytic
events can be expected to be greatly different, both in
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size and duration, in AAT deficiency when compared
with normal individuals and heterozygotes. These data
have implications for the pathogenesis and prevention
of lung injury in AAT deficiency.

Methods
Reagents. Human plasma fibronectin, FMLP, LPS from
Escherichia coli 0111:B4, TRITC, rabbit anti-human
fibronectin IgG, p-phenylenediamine, paraformalde-
hyde, and glutaraldehyde were obtained from Sigma
Chemical Co. (St. Louis, Missouri, USA). HBSS and 1
M HEPES buffered solution were purchased from
GIBCO BRL (Grand Island, New York, USA).

Serum. Serum was collected from individuals with
varying AAT phenotypes (Pi M, Pi MS, Pi MZ, Pi SZ,
and Pi Z), as determined by isoelectric focusing (12).
AAT levels were determined by automated fluorescence
immunoassay (13).

PMN isolation. Human PMNs were isolated from the
peripheral blood of healthy volunteers using ficoll-
Hypaque centrifugation followed by dextran sedimen-
tation (14). PMNs were resuspended at 4 × 106/mL in
HBSS (pH 7.4) at 4°C and used promptly in the exper-
iments detailed below.

Preparation of substrate surface. Human plasma
fibronectin was conjugated to TRITC (11). Individual
wells of LabTek glass chamber slides (Nalge Nunc

International, Naperville, Illinois, USA) were coated
overnight at 4°C, in the dark, with 20 µg of fibronectin-
TRITC. The fibronectin-TRITC surfaces were washed
3 times with HBSS, opsonized with rabbit anti-
fibronectin IgG for 1 hour at 37°C, and washed 3 addi-
tional times to remove nonadsorbed proteins.

Quantitative imaging of quantum proteolytic events.
HEPES (25 mM, pH 7.1) was added to serum from
donors of varying AAT phenotypes to buffer the serum
samples in ambient air. Aliquots (150 µL) of the serum
samples were then added to wells of the coated glass
chamber slides, followed by the addition of freshly iso-
lated PMNs (20,000 cells in 5 µL). This procedure
resulted in only a minimal dilution of the serum in the
final suspension, which was 94.4% serum.

The chamber slides were incubated in the dark for 30
minutes at 37°C, the wells were washed twice with HBSS,
and then the cells were fixed for 5 minutes with PBS con-
taining 3% (wt/vol) paraformaldehyde and 1% (vol/vol)
glutaraldehyde (pH 7.4). The wells were washed twice in
HBSS, the chambers were removed, and the slide was
mounted in PBS containing 25% (vol/vol) glycerol and
250 µg/mL p-phenylenediamine to reduce photobleach-
ing. The slides were examined with phase-contrast and
incident-light fluorescence microscopy (Leitz Dialux 20
with L2 filter set and Leitz NPL Fluotar ×50, NA 1.00
objective; Leica GmbH, Wetzlar, Germany). Images of the
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Figure 1
Quantum proteolytic events associated with PMNs bathed in serum from donors with various AAT phenotypes. PMNs were allowed to
migrate for 30 minutes at 37°C on opsonized fluoresceinated fibronectin while bathed in serum from phenotypes with Pi M (a), Pi MZ (b),
Pi SZ (c), and Pi Z (d). Cells were fixed and then examined by incident-light fluorescence microscopy. Note the discrete, rounded, dark areas
associated with migrating cells, which are very localized areas of degraded fibronectin (short arrows in a identify selected areas of quantum
proteolysis). Note also the coalescent areas of degradation that are related to release of 2 or more azurophil granules. PMNs remaining on
the surface are fluorescent because of ingested fibronectin fragments (broad arrows). The quantum proteolytic events are visually similar in
size in a–c. Note also that cell-associated proteolytic events are strikingly larger in cells bathed in Pi Z serum (long arrow in d) when com-
pared with those bathed in serum from the other donors. Scale bar: 10 µm.



quantum proteolytic events were captured using a Pho-
tometrics CH250 chilled CCD imager. MetaMorph
software (Universal Imaging, West Chester, Pennsylva-
nia, USA) was used to process the digital images and to
measure the sizes of the quantum proteolytic events.

Modeling of quantum proteolytic events. Mathematical
modeling of the diffusion of HLE after PMN degranu-
lation was performed using Mathcad for Windows
(Mathsoft, Cambridge, Massachusetts, USA). We used
a solution to the Fick equations of diffusion for cylin-
drical geometry from a finite source of known concen-
tration (2, 15). This solution defines concentration of
HLE (C) as a function of radius (r) and time (t). We took
C0, the initial concentration of elastase in azurophil
granules, to be 5.33 mM (2); D, the diffusion coefficient
for HLE, to be 0.954 × 10–6 cm2 s–1 (2, 16, 17); and a, the
geometric mean radius of the azurophil granule, to be
0.171 µm (2, 18). We calculated the concentration of
HLE at 0.01-µm intervals from 0 to 15 µm from the
center of degranulation, at 1-millisecond time intervals
from 1 to 130 milliseconds after degranulation. From
the resulting matrix of numerical solutions, we con-
structed 2-dimensional contour maps of the predicted
HLE concentration at various times in the space sur-
rounding a degranulation event, using SigmaPlot
(SPSS Science, Chicago, Illinois, USA).

Statistics. The results for unpaired data were compared
using Kruskal-Wallis 1-way ANOVA on ranks, and
Dunn’s pairwise multiple comparisons, using the Sig-
maStat software package; P values less than 0.05 were
considered significant.

Results
Immunoreactive AAT levels in serum from donors of varying
AAT phenotypes. Immunoreactive AAT was quantified in
serum from individuals with Pi M, Pi MS, Pi MZ, Pi SZ,
and Pi Z AAT phenotypes (Table 1). The values for each
phenotype were similar to those reported in other series
(5), and none of the values in our study were outside
the expected range for any of the phenotypes.

Quantum proteolytic events in serum from donors with varying
AAT phenotypes. We used an experimental model of PMNs
migrating on opsonized fluoresceinated fibronectin (11)
while they were bathed in serum, to observe and measure
quantum proteolytic events in the presence of serum from
donors with varying AAT phenotypes. We have shown
that HLE is the predominant proteinase that mediates
extracellular proteolytic activity in this model (11).

Cells that were bathed in Pi MZ and Pi SZ serum 
(Figure 1, b and c) were associated with discrete, round-
ed proteolytic events that were similar in size and
appearance to those observed in the presence of Pi M
serum (Figure 1a). However, PMNs that were bathed in
Pi Z serum (Figure 1d) generated quantum proteolytic
events that were strikingly larger than those that
occurred in the presence of serum containing all other
AAT phenotypes that were tested.
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Figure 2
Size of PMN quantum proteolytic events in serum from donors hav-
ing differing AAT phenotypes. PMNs were incubated on fibronectin
while bathed in serum from donors having differing AAT phenotypes,
as described in Figure 1; then cells were fixed and examined by inci-
dent-light fluorescence microscopy. Images were captured, and
quantum proteolytic events were measured using MetaMorph soft-
ware. Note that the area of quantum proteolytic events associated
with PMNs bathed in Pi Z serum was nearly 10-fold greater than that
of cells bathed in serum from Pi M, Pi MS, Pi MZ, and Pi SZ individ-
uals. The events were slightly, but significantly, larger when cells were
bathed in serum from heterozygotes for AAT deficiency (Pi MS, Pi
MZ, and Pi SZ), compared with those in serum from Pi M individu-
als. Data represent the mean of event sizes among the various donors
having the same phenotypes; error bars represent SEM. The number
of donors for each AAT phenotype is indicated above each bar. *P <
0.05 vs. Pi M. **P < 0.001 vs. all other groups. The numbers of
events measured in Pi M, Pi MS, Pi MZ, Pi SZ, and Pi Z donors were
612, 349, 504, 245, and 348, respectively.

Figure 3
Size of quantum proteolytic events as a function of AAT concentra-
tion in serum. AAT concentrations in serum from the donors in Fig-
ure 2 (Pi M, open circles; Pi MS, filled triangles; Pi MZ, filled circles;
Pi SZ, open triangles; and Pi Z, filled squares) were measured using
an automated fluorescence immunoassay. AAT concentrations (hor-
izontal axis) were plotted against size of the PMN-associated quan-
tum proteolytic events (vertical axis). Note that at AAT concentra-
tions less than approximately 10 µM, small changes in serum AAT
were associated with striking increases in the size of quantum prote-
olytic events, whereas the sizes of the events changed minimally at
higher AAT concentrations.



We then measured PMN-associated quantum prote-
olytic events using quantitative image analysis. Quan-
tum proteolytic events in Pi MS, Pi MZ, and Pi SZ were
only slightly, but significantly, larger (P < 0.05) than
those in Pi M serum. However, the events did not differ
significantly in size when the various heterozygote
groups were compared. The quantum proteolytic
events that were measured in serum from individuals
with AAT deficiency (Pi Z) were significantly and strik-
ingly (∼ 10-fold) larger than those in normal serum, as
well as those in all of the heterozygote groups 
(Figure 2; P < 0.001).

When we assessed the size of the quantum prote-
olytic events as a function of the AAT concentrations
in the experiments containing serum from the various
donors, there was a striking inverse and nonlinear
relationship between the area of the event and AAT
concentration (Figure 3). This relationship was
markedly curvilinear with an inflection below 10 µM,
such that relatively small reductions in AAT concen-
trations occurring at low concentrations result in
large increases in the areas of the events, whereas rel-
atively large increases at higher serum AAT concen-
trations result in small decreases in the areas of the
quantum proteolytic events.

To provide assurance that the increased size of quan-
tum proteolytic events associated with PMNs bathed in
Pi Z serum was directly attributable to the lower con-
centration of AAT in Pi Z serum, we measured quan-
tum proteolytic events associated with cells bathed in
serial dilutions of serum from a Pi M individual (initial
AAT concentration 41.6 µM). The relationship between
the event sizes and AAT concentration is shown in Fig-
ure 4. It was especially noteworthy that the event areas
in serum diluted 1:2 (with an AAT concentration that
might be observed in a heterozygote for AAT deficien-
cy) were only slightly, but significantly, greater than
those occurring in undiluted Pi M serum. Figure 4 also
shows that the event areas associated with cells bathed
in further-diluted serum equaled those measured in
undiluted serum from a Pi Z individual. These results
show that reducing the inhibitor concentration in
serum by a process of dilution recapitulates the effects
of heterozygous and AAT-deficient serum on the sizes
of PMN-associated proteolytic events.

Mathematical modeling of single granule events. Our
imaging system cannot track the progress of rapid (<2
seconds) proteolytic events (11). Because the quantum
bursts of proteolysis are completed within this time
frame (11), we turned to a mathematical simulation
to provide information about the duration of catalyt-
ic activity of HLE after degranulation that is not
obtainable by direct experimentation. We calculated
the theoretical concentration of HLE at 1,500 radii
from a site of granule extrusion for various time inter-
vals after degranulation.

Figure 5 is a 2-dimensional illustration of predicted
HLE concentrations at 10, 20, 80, and 90 milliseconds
after degranulation. Note that at 10 milliseconds (Fig-
ure 5a), 30 µM HLE (which is approximately the con-
centration of AAT in normal Pi M serum) is approach-
ing its maximal radius of 1.38 µm from the site of
degranulation. Within 20 milliseconds (Figure 5b),
however, the highest residual HLE concentration has
decreased to a value below 30 µM. Thus, at 20 millisec-
onds after degranulation, the local HLE concentration
no longer would be expected to exceed the normal
serum concentration of AAT. Note also in Figure 5b
that 15 µM HLE (which is approximately the concen-
tration of AAT in Pi SZ serum) is approaching its max-
imal radius of 1.95 µm at 20 milliseconds after degran-
ulation. At 28 milliseconds after degranulation (not
shown), the highest residual HLE concentration has
decreased below 15 µM and thereafter would be expect-
ed to be lower than the plasma AAT concentration in
Pi SZ subjects. In marked contrast (Figure 5c), a region
with 5 µM residual HLE concentration (which is
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Table 1
Immunoreactive AAT in serum from donors having differing 
AAT phenotypes

AAT phenotypeA No. of donors AAT (µM)B

Pi M 8 31.7 ± 1.8C

Pi MS 3 30.8 ± 1.1
Pi MZ 8 25.0 ± 2.2
Pi SZ 5 13.3 ± 3.0
Pi Z 9 3.7 ± 1.2

AAAT phenotype of each donor was determined by isoelectric focusing in poly-
acrylamide gels (12). BAAT concentrations were determined by automated flu-
orescence immunoassay (13). CData are mean ± SD.

Figure 4
Size of quantum proteolytic events in serial dilutions of Pi M serum.
PMNs were incubated on opsonized, fluoresceinated fibronectin
while bathed in serum that was either undiluted or diluted in HBSS:
Pi M serum, open bars; Pi Z serum, hatched bars. Quantum prote-
olytic events were imaged and measured as described in Methods.
Note the increase in event area when inhibitor concentration is
reduced by diluting Pi M serum. The event areas in Pi M serum dilut-
ed 1:16 did not differ from those in undiluted Pi Z serum (P = 0.50).
Data are mean ± SEM. *P < 0.001 vs. cells bathed in undiluted Pi M
serum. The numbers of events measured in Pi M serum (undiluted
and diluted 1:2, 1:4, 1:8, and 1:16) and undiluted Pi Z serum were
82, 64, 32, 56, 38, and 18, respectively.



approximately the AAT concentration in AAT-deficient
[Pi Z] serum) still is found at 80 milliseconds after
degranulation. This HLE concentration has dispersed
by 90 milliseconds (Figure 5d).

When the matrix of solutions to the diffusion model
is examined, an HLE concentration equal to the mean
ΑΑΤ concentration found in the serum of our Pi M
subjects (31.7 µM) occupies a maximal area of 5.7 µm2

and disperses by 13 milliseconds (Table 2). In marked
contrast, Table 2 also shows that an HLE concentra-
tion equal to the mean ΑΑΤ concentration found in
the serum of Pi Z subjects in this study (3.7 µM) occu-
pies a maximal area of 48.8 µm2, and persists until 110
milliseconds after degranulation. These data predict
that in AAT deficiency (phenotype Pi Z), the extracel-
lular area and duration for which the molar ratio of
HLE to AAT exceeds 1:1 after a PMN degranulation
event (and obligate catalytic activity must exist) are
each increased by nearly 9-fold when compared with Pi
M (normal) individuals.

Table 2 also shows predicted area and duration of
quantum proteolytic events in Pi MS, Pi MZ, and Pi SZ
heterozygotes. In the Pi MZ and Pi SZ individuals, there
are smaller, but definite, predicted differences in quan-
tum proteolytic events, which are greatest in the Pi SZ
individuals (2.4-fold increase in both size and duration
when compared with Pi M individuals).

Activation of cells with proinflammatory mediators. To test
the reproducibility of our measurements when PMNs
are activated by different signals, we assessed the effects
of proinflammatory mediators on the size of prote-
olytic events associated with PMNs bathed in Pi M
serum. As expected (19), inactivated PMNs that were
adherent to unopsonized fibronectin were not associ-
ated with proteolytic events (data not shown). Cells
that were adherent to opsonized fibronectin and pre-
activated with FMLP (10–8 M for 30 minutes), with or
without priming with LPS (100 ng/mL for 2 minutes),
produced quantum proteolytic events with areas of
6.63 ± (SEM) 0.27 µm2 (n = 189) and 6.65 ± 0.25 µm2 (n
= 201), respectively (P = 0.985). The sizes of these events
did not differ from those produced by PMNs that were
not activated before their adherence to opsonized
fibronectin (area = 7.05 ± 0.32 µm2, n = 114; P = 0.1 for
both comparisons).

Discussion
To our knowledge, this is the first study to measure the
areas of quantum proteolytic events associated with
PMNs bathed in a biologic fluid. Diffusion modeling,
beginning from first principles (2), also allowed predic-
tion of the very brief duration of catalytic activity in the
quantum proteolytic events, which we could not deter-
mine from direct observations. Our measurements and
models of these events in serum from donors with vari-
ous AAT phenotypes provide new insights into the
mechanisms of lung tissue injury in AAT deficiency.

The quantum proteolytic events that we observed and
modeled in serum containing varying AAT concentra-

tions demonstrated that there was an inverse and strik-
ingly nonlinear relationship between the size of the
quantum proteolytic events and the serum AAT con-
centration. Small changes in serum AAT below 10 µM
were associated with very large increases in the areas of
quantum proteolytic events, whereas large increases in
serum AAT concentrations above 10 µM had much
smaller effects on the areas of these events. In particu-
lar, we showed that quantum proteolytic events in the
presence of serum from Pi Z donors were strikingly
abnormal (9- to 10-fold greater both in area and dura-
tion when compared with those in Pi M serum). Inter-
estingly, when PMNs were bathed in serum from AAT
heterozygotes containing intermediate concentrations
of AAT, the quantum proteolytic events were only
slightly, but significantly, increased in size and duration
when compared with those in Pi M serum.

Our data provide a new construct for understanding
tissue injury in AAT deficiency. They suggest that in Pi
Z donors, low plasma concentrations of AAT alone lead
to abnormal quantum proteolytic events, a result not
predicted by traditional kinetic models of enzyme-
inhibitor interactions. Thus, after PMN degranulation
in Pi Z individuals, quantum proteolytic events can be
expected to occupy a much larger extracellular volume
and to be much more persistent than in normal indi-
viduals. These data indicate that a potentially impor-
tant mechanism by which extracellular proteins are at
risk in Pi Z individuals is through defective AAT-medi-
ated confinement of HLE catalytic activity. α2-
Macroglobulin (the other major circulating inhibitor of
HLE) is present in substantially lower concentrations in
plasma when compared with plasma AAT levels, even in
individuals with AAT deficiency. α2-Macroglobulin
exerts minimal effects on the sizes of the proteolytic
events that we studied, because the sizes of the events
were very similar to those observed in buffers contain-
ing various concentrations of AAT alone (11).

The above construct does not conflict with earlier
studies of HLE-AAT interactions in AAT deficiency (9,
20). Although inhibitor concentration has a dominant

The Journal of Clinical Investigation | August 1999 | Volume 104 | Number 3 341

Table 2
Predicted size and duration of quantum proteolytic events in serum
from donors having differing AAT phenotypes

AAT phenotypeA Predicted area (µm2)B,C Predicted duration (ms)B,D

Pi M 5.7 13
Pi MS 5.9 13
Pi MZ 7.2 16
Pi SZ 13.7 31
Pi Z 48.8 110

AAAT phenotype of each donor was determined by isoelectric focusing in poly-
acrylamide gels (12). BPredictions from diffusion modeling, based upon mean
serum AAT concentrations of the phenotypic groups described in the text.
CPredicted areas are derived from the largest area at any time after degranu-
lation, and are encompassed by an HLE concentration equal to that of mean
serum concentration of AAT in the respective phenotypic groups. DDurations
for which HLE concentrations exceed mean serum AAT concentrations in the
respective phenotypic groups.



effect on the size and duration of quantum proteolytic
events, altered inhibition kinetics may also contribute
to HLE-mediated tissue injury in AAT deficiency.

The discovery of AAT deficiency and its association
with an increased risk of development of pulmonary
emphysema (1, 21) was a critically important event in
the evolution of the “proteinase-antiproteinase hypoth-
esis” of pulmonary emphysema. Relevant observations
are as follows: (a) HLE is the key biologic target of AAT
(22); (b) injury to lung parenchymal elastin is a pivotal
event in the pathogenesis of pulmonary emphysema
(23); and (c) HLE can degrade elastin and cause emphy-
sema in experimental animals (24, 25). According to
this hypothesis, defective inhibition of HLE has been
presumed to be a feature of AAT deficiency. Indeed,
patients with AAT deficiency have increased plasma
concentrations of fibrinopeptides that are uniquely
produced by the catalytic activity of HLE (26). The
present work provides a new mechanistic explanation
for that observation and provides further support for
the applicability of the proteinase-antiproteinase
hypothesis to lung injury in pulmonary emphysema.

Some studies (7, 27–29), but not all (30–32), have
suggested a slightly increased risk of lung disease in
heterozygotes for AAT deficiency. It is likely that, in the
presence of cigarette smoking and familial or other
additive risk factors, some heterozygotes do experience
an increased risk of developing pulmonary emphysema
(6, 33). At a mechanistic level, it is noteworthy that a
study by Weitz et al. (26) showed significantly increased
levels of HLE-specific fibrinopeptides among het-
erozygotes for AAT deficiency. The present work, which
showed that quantum proteolytic events were slightly,

but significantly, larger and more prolonged in serum
from patients who were heterozygotes for AAT defi-
ciency, provides conceptual support for the possibility
that, in certain clinical settings, the heterozygous state
may be associated with a somewhat increased risk of
injury to the lung and other tissues.

Any mechanism that causes an increase in uninhibited
HLE activity, including the overwhelmingly high tran-
sient local HLE concentrations described here, has the
potential to injure extracellular proteins within the
immediate environment of activated inflammatory cells.
In addition, these obligate bursts of HLE activity might
promote tissue inflammation, because HLE has proin-
flammatory activities (34–36). In this respect, it is note-
worthy that AAT deficiency is also associated with
inflammation and tissue injury in vascular and adipose
tissue, as well as the lung. For example, patients with AAT
deficiency and heterozygotes for the disease (37–40) have
a markedly increased risk of development of necrotizing
vasculitis. Although uncommon, necrotizing panniculi-
tis and membranoproliferative glomerulonephritis have
also been associated with AAT deficiency (41–43).

In the present analyses of the risks of tissue injury
associated with AAT deficiency, we have based our dis-
cussion on plasma concentrations of AAT, whereas
many of the potentially injurious processes of interest
occur in the interstitial space. AAT concentrations in
pulmonary epithelial lining fluid have been estimated
based upon data from bronchoalveolar lavage (44), and
are approximately 10-fold lower than those in plasma
(3.4 and 32.8 µM, respectively). Although there have
been no direct studies of AAT concentrations in inter-
stitial fluid, the available evidence suggests that plas-
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Figure 5
Predicted HLE concentrations at various distances
from the site of degranulation, as a function of time.
The center of each graph is the site of degranulation,
with distance increasing away from this site. The hor-
izontal and vertical axes extend to 10 µm from the site
of granule release. The circles in the graphs each rep-
resent discrete concentrations of HLE (µM) at the
indicated times (10–90 milliseconds) after degranu-
lation. Data are derived from diffusion modeling, as
described in the text. In a, note that HLE concentra-
tions of 30 µM and greater are present inside at
approximately 1 µm at 10 milliseconds after granule
extrusion, but have dispersed by 20 milliseconds (b).
In marked contrast, HLE concentrations of 5 µM and
greater persist at 80 milliseconds (c), but have dis-
persed by 90 milliseconds (d).



ma and interstitial fluid AAT concentrations are simi-
lar, even when inflammation and structural injury are
absent. Ultrastructural studies (45) have shown that
pulmonary epithelial barriers are much tighter than
endothelial barriers, and these observations are in good
agreement with physiological studies in animals,
demonstrating that 92–98% of the resistance to plasma
protein flux across the alveolar-capillary membrane lies
in the epithelial barrier (46). Thus, pulmonary intersti-
tial AAT concentrations can be expected to be much
closer to those in plasma than to those in epithelial lin-
ing fluid. It is noteworthy that AAT is similar in size to
albumin (52 and 67 kDa, respectively), and that albu-
min has been measured in pulmonary lymph (which
drains the interstitial space) in conscious sheep (47).
The ratio of pulmonary lymph to plasma albumin in
sheep ranges from 0.78 to 0.87 (47, 48). Given the
smaller molecular radius of AAT, its lymph/plasma
ratio would be expected to be slightly higher than that
for albumin.

At sites of inflammation in the lung and other
organs, endothelial permeability increases further (47,
48), and it is likely that at sites of potential tissue injury
interstitial AAT concentrations closely resemble those
in plasma. Finally, it must be noted that AAT is an
acute-phase reactant in normal individuals, whereas
AAT-deficient individuals are capable of increasing
plasma AAT concentrations only minimally. Thus, the
discrepancy in plasma (and interstitial) AAT concen-
trations between normal and AAT-deficient individu-
als would be expected to increase during acute stress
and/or inflammation. This suggests that during illness
or injury, the differences in the size and duration of the
quantum proteolytic events between Pi M and Pi Z
individuals may be even greater than those observed
during baseline states.

Augmentation therapy with purified human AAT has
been approved for use in patients with documented
AAT deficiency (plasma AAT <11 µM) and airflow
obstruction who have stopped smoking. Although a
randomized study of augmentation therapy has yet to
be done, recent studies suggest the possibility that aug-
menting the plasma AAT concentration to levels above
11 µM may slow the rate of decline of lung function
(49, 50) in AAT-deficient individuals. Our results pro-
vide unique insights into the mechanisms by which
quantitatively relatively minor augmentation of plas-
ma AAT concentrations may provide therapeutic ben-
efit. Although our observations and predictions do not
allow assignment of a specific target value for AAT aug-
mentation, they are in reasonable agreement with the
goal of maintaining a plasma level in excess of a clini-
cally estimated 11-µM threshold value. Given the non-
linear relationship of quantum event sizes to extracel-
lular inhibitor concentrations, this value is
approximately the AAT level below which relatively
small increases in plasma AAT concentrations result in
large increases in quantum proteolytic event size and
duration. However, the present data (e.g., the predic-

tions in Table 2) also suggest the possibility of addi-
tional benefit from more intense augmentation, with
the goal of achieving plasma levels higher than those
found in Pi SZ heterozygotes. Finally, our results pre-
dict that therapeutic strategies that are designed to
decrease intracellular HLE activity within inflammato-
ry cells by inhibiting HLE in situ within azurophil gran-
ules (and thereby reducing initial concentrations of
active HLE at sites of degranulation) are an alternative
and potentially very effective strategy to reduce tissue
injury in AAT deficiency.

In summary, we have demonstrated and modeled sce-
narios that lead to striking dysregulation of quantum
proteolytic events that occur near the surface of acti-
vated PMNs. These results provide a new construct for
understanding tissue injury in AAT deficiency. They
also have implications for preventive therapies against
injury to the lungs and other tissues in patients who
have AAT deficiency.
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