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The molecular mechanisms that cause emphysema
are complex but most theories suggest that an excess
of proteinases is a crucial requirement. This paradigm
is exemplified by severe deficiency of the key anti-
elastase within the lung: �1-antitrypsin. The Z mutant
of �1-antitrypsin has a point mutation Glu342Lys in
the hinge region of the molecule that renders it prone
to intermolecular linkage and loop-sheet polymeriza-
tion. Polymers of Z �1-antitrypsin aggregate within
the liver leading to juvenile liver cirrhosis and the
resultant plasma deficiency predisposes to premature
emphysema. We show here that polymeric �1-anti-
trypsin co-localizes with neutrophils in the alveoli of
individuals with Z �1-antitrypsin-related emphysema.
The significance of this finding is underscored by the
excess of neutrophils in these individuals and the dem-
onstration that polymers cause an influx of neutrophils
when instilled into murine lungs. Polymers exert their
effect directly on neutrophils rather than via inflamma-
tory cytokines. These data provide an explanation for
the accelerated tissue destruction that is characteristic
of Z �1-antitrypsin-related emphysema. The transition
of native Z �1-antitrypsin to polymers inactivates its
anti-proteinase function, and also converts it to a proin-
flammatory stimulus. These findings may also explain

the progression of emphysema in some individuals de-
spite �1-antitrypsin replacement therapy. (Am J
Pathol 2005, 166:377–386)

�-1 Antitrypsin (AT) is the main proteinase inhibitor within
the lung. It is produced primarily by hepatocytes from
where it is secreted into the plasma. It diffuses into the
lung to act as the main inhibitor of neutrophil elastase.1,2

It is also produced to a lesser extent by macrophages,
polymorphonuclear leukocytes, and bronchial epithelial
cells.3–5 The normal AT protein is known as M-AT accord-
ing to its isoelectric point.6 There are more than 70 vari-
ants described of which the Z variant is the most clinically
relevant. Z-AT (Glu342Lys) homozygotes are found in 1 in
2000 of the North European population and are charac-
terized by severe plasma deficiency of the protein.7

The structure of AT is characterized by a dominant
�-sheet A and an exposed reactive center loop that is the
bait for neutrophil elastase7–9 (Figure 1). On cleaving the
P1-P1� bond in the reactive loop, the AT molecule under-
goes a dramatic conformational change such that the
reactive loop inserts into �-sheet A and the proteinase is
translocated to the opposite end of the molecule and
inactivated.10–14 The reactive loop-�-sheet A interaction
is critical for effective proteinase inhibition yet it is also its
Achilles heel. The Z protein has a partially inserted reac-
tive loop that promotes aberrant loop-sheet interaction
whereby the loop of one molecule inserts into the �-sheet
A of another to form loop-sheet polymers (Figure 1).15–17

These polymers aggregate in the endoplasmic reticulum
of hepatocytes resulting in neonatal hepatitis, juvenile
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cirrhosis, and hepatocellular carcinoma.18–22 The secre-
tory defect results in severe plasma deficiency of AT
exposing the lungs to the damaging effects of neutrophil
elastase that results in premature panacinar emphyse-
ma.23 Thus, Z-AT is the only known genetic cause for
emphysema and accounts for 1 to 2% of cases.24,25

The pathogenesis of emphysema in Z-AT homozy-
gotes is thought to arise mainly from deficiency of the
proteinase inhibitor. Instillation of proteinases with elas-
tolytic properties into mammalian lungs, and the asso-
ciation of genetic deficiency of AT with emphysema
together have formed a central pillar of the anti-pro-
teinase-proteinase hypothesis of chronic obstructive
pulmonary disease.26–30 There are however many other
mechanisms and factors that are important in emphyse-
ma.31–33 Importantly, there are several differences be-
tween emphysema with normal and low levels of AT. The
emphysema in Z-AT homozygotes develops earlier in life,
initially at least predominantly affecting the basal areas
and is of the panacinar rather than the centriacinar vari-
ety.34,35 One striking observation is that bronchoalveolar
lavage fluid (BALF) from Z-AT homozygotes with emphy-
sema contains more neutrophils than BALF from individ-
uals with emphysema and M-AT.36 The reasons for this
remain unclear, but may in part be because of an excess
of interleukin-8 or leukotriene B4 in the BALF.37,38 How-
ever, one additional explanation may be the presence of
polymers of �1-AT in the lungs of Z-AT homozygotes. Our
preliminary studies have indicated that polymers of AT
can be detected in BALF from Z-AT homozygotes, and, in
vitro, polymers of AT are chemotactic to neutrophils.39,40

This data raised the novel hypothesis that Z-AT under-
goes a conformational transition to polymers within the
lungs that further depletes the local anti-proteinase pro-
tection. This would transform AT into a proinflammatory
stimulus thus exacerbating the lung disease. We demon-
strate here the co-localization of Z-AT polymers with neu-
trophils in the alveoli of individuals with Z-AT and show
that these polymers are proinflammatory in cell and
mouse models of disease. These data provide an expla-
nation for the excessive number of neutrophils in the
lungs of Z-AT homozygotes and the progression of dis-
ease despite adequate �1-AT replacement.

Materials and Methods

Preparation of Conformations of �1-AT

Native M-AT was purified from human plasma by ammo-
nium sulfate fractionation, glutathione, and Q-Sepharose

chromatography according to previous published meth-
ods.41 The protein migrated as a single band on 12%
(w/v) sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (PAGE). The specific proteinase inhibitory ac-
tivity of the AT was 80% as assessed by active site
titration with bovine �-chymotrypsin.42 To prepare a poly-
mer sample free of the monomeric (native) conformation,
the native protein (1 mg/ml) was heated at 55°C for 16
hours in phosphate-buffered saline (PBS). Assessment
was made on 7.5% (w/v) nondenaturing PAGE followed
by Western blotting for �1-AT (see Figure 5). Biochemi-
cal, biophysical, and structural data previously per-
formed has indicated that there are no major differences
between polymers of AT generated by this method com-
pared with polymers of Z-AT.15–17,34,40,41

Enzyme-Linked Immunosorbent Assay for Total
�1-AT and Polymers of �1-AT

Institutional review board, ethical committee, and tissue
bank approval were obtained for the use of human lung
tissue for these experiments. Lung tissue was collected
prospectively at the time of transplantation from 10 Z-AT
and 10 M-AT individuals with severe emphysema. Indi-
viduals were nonsmokers at the time of transplantation
and all had a diagnosis of emphysema. By definition all
had severe disease and at the time of the transplantation.
Tissue was taken at least 2 cm from the periphery of the
upper and lower lobes of each lung, and embedded
either in paraffin or frozen.

Thirty mg of frozen emphysematous lung tissue from
five Z-AT and six M-AT individuals were homogenized
using Tissue Tearor (Biospec Products) in cell lysis buffer
(CellLytic; Sigma, St. Louis, MO) on ice. The lung homog-
enates were centrifuged and proteinase inhibitor cocktail
(Sigma, Poole, UK), 1 mmol/L phenylmethyl sulfonyl flu-
oride, and 1 mmol/L 1,10 phenanthroline were added to
the supernatants. The supernatants were kept on ice and
immediately assessed with an in-house enzyme-linked
immunosorbent assay (ELISA) for the detection and
quantification of total �1-AT and for polymers of AT.

Briefly, immunoplates (Nunc, Denmark) were coated
with rabbit anti-human AT (Sigma) primary antibody over-
night. This antibody detects all conformations of �1-AT.
Unbound sites were blocked with PBS containing 1%
(w/v) bovine serum albumin. Lung homogenates and
polymer standards were added and incubated at room
temperature for 1 hour. A goat anti-human AT antibody
labeled with horseradish peroxidase (Abcam, UK) was
added followed by the substrate 2,2�-azino-bis(3-ethybe-
niazoline-6-sulfonic acid) (Chemicon, Temecula, CA).
The plate was read at OD 405 nm and the concentration of
AT in the samples was calculated from the standard curve.
The concentrations of AT recovered from the M-AT and the
Z-AT lungs were compared using the Student’s t-test.

For the quantification of polymers, the above method
was followed differing in that the primary coating anti-
body used was a monoclonal antibody—ATZII (referred
to as the anti-polymer antibody) with polymer standards
and lung homogenates. This latter antibody recognizes

Figure 1. Demonstration of the partially loop-inserted Z �1-AT (red) that
opens up �-sheet A (green) to favor insertion of the reactive loop of another
molecule to form an AT dimer (center) and polymers (right) (adapted from
R. Mahadeva et al15).
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polymeric AT and the AT-elastase complex, but not the
cleaved, or native form of AT.22 Homogenization of mo-
nomeric Z-AT in cell lysis buffer did not cause the Z-AT to
polymerize.

Immunohistochemical Techniques

Formalin-fixed lung tissue from 10 individuals with M-AT
and from 10 individuals with Z-AT with emphysema was
stained for AT with the anti-polymer antibody. Briefly,
sections were incubated in hydrogen peroxide to quench
endogenous peroxidases and then washed in PBS. Sec-
tions were then incubated in primary antibody for 1hour at
room temperature and then washed in PBS. Antibodies
were labeled by a streptavidin biotin complex and visu-
alized by 3�3 diaminobenzidine substrate, producing a
brown reaction product (Chemate ABC detection system;
DakoCytomation, UK). Sections were counterstained with
Carazzi’s hematoxylin and examined by light micros-
copy. Two blinded observers (C.A. and S.S.) analyzed
the tissue distribution of AT.

Assessment of the Specificity of
Immunostaining

All immunohistochemical staining was accompanied by
incubating sections with isotype control, mouse IgG
(Vecta Laboratories, UK), and also by omission of the
primary antibody. Incubation of the conformations with
the anti-polymer antibody was undertaken to define the
specificity of staining. Before immunohistochemistry, the
anti-polymer antibody was incubated with a 10-fold molar
excess of either native AT or polymeric AT at room tem-
perature for 1 hour.

Assessment for �1-AT-Elastase Complexes and
Polymorphonuclear Leukocyte Staining

The presence of neutrophil elastase, either as part of a
neutrophil elastase complex or within neutrophils, was
assessed using a mouse anti-human neutrophil elastase
antibody (DakoCytomation). Antibodies were detected
using a streptavidin biotin complex immunocytochemis-
try detection system according to the manufacturer’s rec-
ommendations (Chemate ABC detection system, Dako-
Cytomation). Sections stained for neutrophil elastase for
the demonstration of neutrophils were assessed by two
observers who were blinded to the patient group (C.A.
and R.P.). Each lung slide was examined using �40
objective using a Leica DMLB microscope (Leica, UK).
Six random fields were selected and the number of neu-
trophils within the alveolar walls recorded for each spec-
imen. Differences in the mean numbers of neutrophils in
the resected lung tissue from M- and Z-AT homozygotes
were compared using the Mann-Whitney U-test and the
Sigma Plot Statistical software.

Co-Localization of Polymers of AT and
Polymorphonuclear Leukocytes

Co-localization of polymers and polymorphonuclear leu-
kocytes was performed using double-immunocytochem-
istry analysis. Briefly, polymers were demonstrated as
outlined above, with a streptavidin biotin complex immu-
nocytochemistry technique and visualized using 3�3 dia-
minobenzidine. On completion of the polymer immuno-
staining technique, sections were washed in PBS and
then incubated with an antibody directed against neutro-
phil elastase (DakoCytomation) for 1 hour. Sections were
then washed again with PBS and visualized using Dako-
Cytomation Envision system, which is a biotin-free dex-
tran polymer secondary antibody. To allow for differenti-
ation of the two antibodies demonstrated neutrophils
were visualized using 3-amino-9-ethylcarbazole, produc-
ing a red reaction product. Sections were then counter-
stained with Carazzi’s hematoxylin.

Intratracheal Instillation of Conformers of AT into
Murine Lungs

Animal studies were approved by the Harvard Animal
Care Committee. Polymeric and native AT were prepared
as above. The polymer and native AT preparations were
tested for endotoxin content using the Limulus Amoebo-
cyte assay (Associates of Cape Cod, USA). Residual
endotoxin was removed from the samples using End-X
beads (Associates of Cape Cod). Based on preliminary
studies, samples were deemed satisfactory when the
endotoxin content was less than 10 ng/ml.

C57BL/6J female mice 8 weeks of age and at least
20 g in size (Jackson Laboratories, Bar Harbor, ME) were
anesthetized and intubated with a nonpyrogenic 22-
gauge cannula (Terumo Medical Corp., USA). Mice re-
ceived either 2.5 mg/ml of polymers or native AT diluted
in 40 �l of PBS. PBS alone and 10 ng/ml of lipopolysac-
charide (LPS) (Escherichia coli 0111:B4, Sigma) were
used as controls. The total contaminating dose of LPS
instilled into murine lungs was less than 0.8 ng. Instillation
of a human protein into murine lungs may have an effect
on neutrophil influx; therefore before undertaking these
studies instillation of 2.5 mg/ml of low endotoxin (�0.1
ng/mg) human serum albumin (Sigma) was undertaken.
There was however no effect on neutrophil influx into
murine lungs after instillation of human albumin.

Assessment of BALF Neutrophil Content

After 4 hours, 24 hours, and 72 hours cohorts of mice (at
least six in each group) were sacrificed by CO2 narcosis
and were subject to bronchoalveolar lavage (BAL) with 8
aliquots of 0.5 ml of PBS. The BAL samples were centri-
fuged and protease inhibitor cocktail (Sigma) and 1
mmol/L phenylmethyl sulfonyl fluoride were added to the
lavage fluid. The BAL fluid was then aliquoted and stored
at �80°C until use. The cell pellet was resuspended in
PBS without proteinase inhibitors. Red blood cells were
lysed in 0.15 mol/L NH4Cl, 0.01 mol/L KHCO3, 1 �mol/L
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disodium-ethylenediaminetetraacetic acid, pH 7.2, and
the total numbers of cells quantified by the mean of two
hemocytometer counts. Cytospins were prepared from
the BAL cellular fraction and were stained with Hema 3
(Fisher, Pittsburgh, PA). The remainder of the cellular
fraction was lysed with 0.2 mol/L Tris, 0.15 mol/L NaCl,
0.02 mol/L CaCl2, 0.04% (w/v) Triton, pH 8.5, and stored
at �80°C before assay for neutrophil elastase. The pro-
portions of different inflammatory cells were determined
by counting at least 300 cells. Differences in the mean
neutrophil counts were assessed by the Student’s t-test.

Neutrophil elastase activity as an indicator of total poly-
morphonuclear cells was assayed as previously de-
scribed.42 Briefly, neutrophil elastase (Athens Research,
USA) was used to construct a standard curve using the
fluorogenic substrate methoxysuccinyl-Ala-Ala-Pro-Val-
7-amino-4-trifluoromethyl coumarin (MeOSuc-Ala-Ala-
Pro-Val-AFC) (Enzyme System Products, USA) dissolved
in 0.2 mol/L Tris, 0.15 mol/L NaCl, 0.02 mol/L CaCl2,
0.04% Triton, pH 8.5. This substrate is highly specific for
neutrophil elastase. Standards and lysed BAL cell ex-
tracts were incubated in duplicate at 37°C for 4 hours and
the quantity of the released product assessed at an ex-
citation wavelength of 400 nm and an emission wave-
length of 505 nm using an F-2500 fluorescence spectro-
photometer (Hitachi, Japan). Values for standards were
used to construct a standard curve and the concentration
of neutrophil elastase assessed in samples by standard
methods. The lower limit of detection using this assay
was 0.2 ng/ml.

Assessment for the Presence of Conformers of
AT in BALF

BALF was assessed for the presence of polymers and the
native AT after intratracheal instillation by Western blot
analysis. BAL fluid 4, 24, and 72 hours after instillation of
the protein was assessed by 7.5% (w/v) nondenaturing
PAGE and then transferred onto nitrocellulose Immobilon
P membrane (Millipore, Bedford, MA) using a semidry
blotter (Bio-Rad, Hercules, CA). Membranes were
blocked with 5% (w/v) low-fat milk and were incubated
with rabbit anti-human AT antibody (Sigma) followed by a
donkey anti-rabbit-horseradish peroxidase (Amersham
Biosciences, Buckinghamshire, UK), and visualized with
photographic film after labeling with enhanced chemilu-
minescence (Amersham Biosciences).

Assessment of BALF Cytokine Content

BAL fluid was assessed in duplicate for KC and MIP-2
(murine homologues of IL-8) by specific ELISA (R&D
Systems, Minneapolis, MN).

Chemotaxis Experiments

One ml of sterile 3% thioglycolate media (Sigma) was
administered intraperitoneally to C57BL/6J mice. After 4
hours peritoneal lavage was undertaken with Dulbecco’s

modified Eagle’s medium and 1% (w/v) human serum
albumin and assessed for neutrophil numbers. The che-
motactic ability of polymers and native AT to murine
neutrophils was assessed using a 48-well modified Boy-
den chamber (Neuro Probe, Inc., MD). A suspension of
neutrophils (50 �l, 5 � 106 cells/ml) in media was placed
in the upper wells with 25 �l of test substance or media in
the lower wells. Additional control test solutions included,
formylated Met-Leu-Phe 10�4 mol/L, LPS (E. coli 0111:
B4), and 4% zymosan-activated serum. The zymosan-
activated serum was prepared by incubating rat serum
with zymosan (20 mg zymosan in 1 ml of rat serum;
Sigma Aldrich, St. Louis, MO) for 1 hour at 37°C, then 30
minutes at 56°C. Zymosan-activated serum was then ob-
tained after centrifugation and aspiration of the superna-
tant. The upper and lower wells were separated by a
nitrocellulose filter containing 3-�m diameter pores
(Neuro Probe). The chamber was then incubated in a 5%
CO2 incubator at 37°C for 45 minutes. Each test sub-
stance and controls were assessed together. Samples of
native and polymeric AT had less than 10 ng/ml of endo-
toxin contamination, therefore a LPS control (10 ng/ml)
was included in these experiments. After incubation, the
membrane and cells were stained with Hema 3 (Fisher).
Cell migration was assessed by manually counting the
number of cells that had passed into the lower well. The
results for each assay were expressed as the mean of
five separate counts. Each experimental condition was
repeated between three and six times. Differences in the
numbers of neutrophil migration were assessed by Stu-
dent’s t-test.

Results

The median FEV1 was 0.4 L (interquartile range, 0.375 to
0.525 L) for M-AT emphysema individuals, and 0.5 L
(interquartile range, 0.4 to 0.84 L) for Z-AT individuals.
There was no significant difference between the two
groups in terms of FEV1 (P � 0.35). Immunostaining and
ELISA of lung tissue and lung homogenates were per-
formed to detect, localize, and quantify polymers of Z-AT.

ELISA of Lung Homogenates

ELISA for total AT revealed a 2.5-fold increase in the
amount of AT recovered from M-AT lungs compared to
Z-AT lungs. The mean (SD) concentration of AT was 59.6
(7.0) �g/ml and 23.8 (6.9) �g/ml for M-AT and Z-AT
lungs, respectively (P � 0.01). Polymeric AT was de-
tected in the Z-AT emphysematous lung homogenates
mean 4.7 (SD 2.6) �g/ml, but not in the M-AT lung ho-
mogenates. Polymers constituted on average 20% (SD,
8%) of the total AT recovered from Z-AT lungs.

Immunohistochemistry for Polymers of �1-AT

After detection of polymers of AT in lung homogenates
from Z-AT individuals, immunostaining was undertaken
with the anti-polymer antibody on Z-AT and M-AT emphy-
sematous lungs to localize polymeric AT. Immunostaining
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with this antibody demonstrated positive staining within
the alveolar wall localizing around type II cells, and the
endothelium in all 10 Z-AT lungs (Figure 2A). The spec-
ificity of immunostaining within the alveolar epithelium
was demonstrated by the absence of signal in sections
incubated with the isotype control (Figure 2B), and by
omission of the primary antibody. To assess the specific-
ity of staining further, the anti-polymer antibody was in-
cubated with a 10-fold excess of native (monomeric) AT
before immunostaining. This did not alter the staining in
the Z-AT lungs (Figure 2C). However, incubation of poly-
mers with the anti-polymer antibody before immunostain-
ing abolished staining within the alveolar epithelium, but
did not alter staining within the endothelium (Figure 2D).
There was no difference in the immunostaining between
samples taken from the upper and lower lobes of the
Z-AT lungs.

In contrast, none of the 10 M-AT lungs demonstrated
immunostaining to polymeric AT in alveolar tissue. How-
ever there was endothelial staining of the larger vessels in

a similar manner to that seen in the Z-AT lungs (Figure 3,
A and B). The positive staining within the M-AT endothe-
lium was also not affected by preincubation of the anti-
polymer antibody with polymers before performing immu-
nostaining (data not shown). The failure to abolish
staining within the endothelium of the larger vessels in
both Z-AT and M-AT lungs by incubating the anti-polymer
antibody with polymers before immunostaining suggests
that the staining within the endothelium is nonspecific
and is unlikely to represent polymers of AT. These data
suggest that polymers of AT are present in the alveolar
wall of Z-AT emphysematous lungs, but not M-AT emphy-
sematous lungs.

Immunostaining with Neutrophil Elastase
Antibody

Although the anti-polymer antibody ATZ11 does not rec-
ognize the native or cleaved form of AT, it does recognize

Figure 2. Immunohistochemistry of the anti-polymer antibody on emphysematous lung tissue from Z-AT individuals. A: Z-AT lungs stained with the anti-polymer
antibody—note the staining within the alveolar walls, particularly around capillaries. B: Z-AT lungs stained with isotype control antibody—note the absence of
staining within the alveolar walls and the lung vasculature. C: The anti-polymer antibody was preincubated with a 10-fold molar excess of native �1-AT before
immunostaining Z-AT lungs. Staining was not inhibited, indicating that the anti-polymer antibody recognizes polymeric AT and not native AT. D: The anti-polymer
antibody was preincubated with a 10-fold molar excess of polymers of �1-AT before immunostaining. Note the absence of staining within the alveolar walls.
However, staining is not inhibited within the endothelium of the larger pulmonary vessels (arrow).
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the �1-AT-elastase complex in addition to polymeric AT.
Therefore to assess whether the positive staining could
represent the �1-AT-elastase complex, the explanted
lungs were also examined with an anti-neutrophil elas-
tase antibody. In both M-AT and Z-AT emphysematous

lungs, this antibody stained neutrophils and did not re-
veal any extracellular staining to suggest �1-AT-elastase
complexes (Figure 4; A, B, D, E). Neutrophils were pri-
marily localized within the alveolar wall in Z-AT homozy-
gotes (Figure 4A). There was no evidence of concurrent
bacterial infection. The mean counts per high-power field
in the alveolar wall were at least fourfold higher in the
Z-AT group than the M-AT group (P � 0.001) (Figure 4G).
There was no difference in neutrophil numbers between
the upper and lower lobes of the lungs. Double-staining
for neutrophil elastase and polymeric AT was performed
to assess for localization of neutrophils and polymeric AT,
respectively. In Z-AT lungs, neutrophils within the alveolar
wall were co-localized with polymers surrounding them
(Figure 4C). However, in the M-AT lungs, only staining for
neutrophils could be seen.

Intratracheal Instillation of Conformers of AT into
Murine Lungs

To assess for a direct relationship between polymeric AT
and neutrophils within the lung, polymeric and native AT
were instilled into murine lungs. Purified polymers and
native AT dissolved in PBS were instilled into C57BL/6J
mouse lungs by endotracheal intubation. Instillation of
polymeric AT produced a significant neutrophil influx into
the BAL fluid at 4 hours and 24 hours after instillation
compared with PBS, LPS 0.8 ng, and native AT; P � 0.01
for all. By 72 hours neutrophil counts had returned to
baseline (Figure 5A). There was no significant difference
in the neutrophil influx after instillation of native AT com-
pared with LPS control. Native and polymer samples of
AT had a contaminating dose of 10 ng/ml of LPS that
equates to 0.8 ng in 40 �l. Instillation of LPS control
produced a small increase in neutrophil numbers com-
pared with PBS control. To verify these results, neutrophil
elastase activity was assessed after lysis of cells recov-
ered from BAL using a specific substrate for neutrophil
elastase-MeOSuc-Ala-Ala-Pro-Val-AFC. Neutrophil elas-
tase levels were detectable only after polymer instillation
at 24 hours (mean, 1.2 ng/ml; SD, 0.8), but not after
intrapulmonary instillation of native AT or PBS. There were
no differences in the numbers of alveolar macrophages
seen compared with controls (data not shown).

Detection of Native and Polymeric �1-AT in
BALF after Instillation of �1-AT

To assess the relationship between polymers and neu-
trophil influx Western blot analysis for AT in BALF after
instillation of AT was performed on 7.5% (w/v) nondena-
turing PAGE. Polymers and native AT were detected at
similar times after instillation. They were both present at 4
and 24 hours after instillation with a suggestion that there
was more polymeric AT remaining at 24 hours. Both
native and polymeric AT were undetectable at 72 hours
(Figure 5B). Thus, the time course of neutrophil influx
paralleled the presence of polymers in the BALF. Further-
more, there was no change in the conformation of native

Figure 3. Immunohistochemistry of the anti-polymer antibody on emphyse-
matous lung tissue from M-AT individuals. A: M-AT lungs stained with the
anti-polymer antibody. There was an absence of staining within the alveolar
walls, but there was however (B, arrow) positive staining within the endo-
thelium of a pulmonary artery, a pattern also seen within Z-AT endothelium.
C: IgG isotype control of M-AT patient. There was an absence of staining
within the pulmonary artery and surrounding alveolar walls.
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AT, ie, it did not spontaneously form polymers within the
murine lung.

BALF Cytokine Content

To assess whether the effect of polymeric AT was medi-
ated via chemokines, the BAL fluid content for KC and
MIP-2 (the murine homologues of human IL-8) were as-
sessed. Concentrations of these cytokines were ex-
tremely low. Mean values after native and polymeric AT
instillation were 0.6 versus 0.4 ng/ml for KC, and 0.5
versus 0.4 ng/ml for MIP-2, respectively. There was no
significant difference between the concentrations of KC
and MIP-2 as assessed by ELISA of BAL fluid after instil-
lation of either native or polymeric AT, P � 0.14 and
0.22, respectively. There was no detectable KC or
MIP-2 at 24 and 72 hours after instillation of native or
polymeric �1-AT.

Chemotactic Effect of Native and Polymeric AT
to Murine Neutrophils

Thus polymer instillation in vivo produced a neutrophil
influx that did not appear to be related to CXC chemo-
kines. To investigate whether neutrophil recruitment
could be a direct effect of polymers, in vitro neutrophil
chemotaxis was assessed. Thioglycolate-induced perito-
neal neutrophils were collected from C57BL/6J mice by
peritoneal lavage and the chemotactic effect of polymers
and native AT assessed. The native protein at a range of
concentrations from 0.1 mg/ml to 3 mg/ml had no effect
on neutrophil chemotaxis. In contrast, polymers of AT

stimulated a significant dose-dependent chemotactic ef-
fect compared with the native protein, media, and LPS;
P � 0.01 for all (Figure 6). At 3 mg/ml this effect was of
similar magnitude to that of the positive control 4% (w/v)
zymosan-activated serum. There was no effect on neu-
trophil chemotaxis with media and LPS controls.

Discussion

Chronic obstructive pulmonary disease due to emphy-
sema and chronic bronchitis is one of the commonest
reasons for ill health worldwide. The single most impor-
tant factor in the development of emphysema is cigarette
smoke, inhalation of which causes a chronic pulmonary
inflammatory infiltrate of macrophages, neutrophils, and
CD8� cells that persists long after smoking cessa-
tion.43,44 A number of mechanisms have been implicated
in the development of emphysema31–33,45 and although
the precise mechanisms are unknown, most would ac-
cept that proteinases are central to the development of
emphysema. There is strong support for this because
deficiency of the anti-proteinase �1-AT is the only known
genetic factor that causes accelerated emphysema in
smokers.24,25

The development of emphysema in Z-AT homozygotes
can occur as early as the fourth decade of life and is
greatly accelerated by cigarette smoke.46 Oxidative in-
activation of the P1 methionine residue by cigarette
smoke or free radicals from leukocytes has been pro-
posed to explain emphysema in cigarette smokers with
normal concentrations of AT.1,47 However, although
chronic cigarette smoke inhalation provides a common

Figure 4. Staining of M-AT and Z-AT emphysematous lungs with an antibody to neutrophil elastase and double staining with the anti-polymer antibody. A–C:
Z �1-AT emphysematous lungs. A: Neutrophils demonstrated with anti-neutrophil elastase antibody. There was an abundance of neutrophils within the alveolar
walls at both low power (A) and high power (B). C: The polymers co-localized with neutrophils in Z-AT alveoli. Oil immersion image of neutrophils (red, arrows)
and polymers (brown) stained with neutrophil elastase and the anti-polymer antibody, respectively. D–F: M �1-AT emphysematous lungs. Neutrophils
demonstrated with neutrophil elastase staining (low power, D; high power, E). Neutrophils were present within the alveolar walls. F: M-AT lungs: co-localization
of neutrophil elastase (red, arrows) and the anti-polymer antibody (brown). There was no polymer staining within the alveolar walls. G: Graph of PMN counts
in alveoli from 10 M-AT and 10 Z-AT emphysematous lungs. Six random fields were counted in each individual and the number of neutrophils documented by
two independent observers blinded to the patient phenotype. *, P � 0.01 for neutrophil counts in the alveolar wall in Z-AT versus M-AT emphysematous lung
tissue. Original magnifications: �10 (A, D); �40 (B, E); �100 (C).
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link, major differences in gross pathology exist between
the centriacinar emphysema seen in individuals with nor-
mal (M) AT and the characteristic panacinar basal em-
physema observed in those with Z-AT deficiency. This
infers that there are mechanisms of tissue injury that are
unique to emphysema associated with Z-AT.34 Two
mechanisms have been reported previously. Firstly, se-
vere deficiency of AT within the alveoli allows uncon-
trolled proteolytic attack and tissue destruction. This
mechanism has formed the cornerstone of the anti-pro-
teinase-proteinase hypothesis of tissue damage.30 Sec-
ondly, Z-AT in the native form is approximately fivefold
less efficient at inhibiting neutrophil elastase than normal
M-AT.41,48

Understanding the molecular mechanisms that under-
lie deficiency of Z-AT has allowed us to propose a novel
pathway of tissue damage in individuals with Z-AT defi-
ciency. We have previously shown that the polymeric
conformer of AT is present in BAL from Z-AT homozy-
gotes and that it is a chemoattractant for neutrophils in
vitro.39,40 These findings have recently been confirmed
by others.49 However, it is unknown where the polymers
form and if they are chemotactic in vivo. We have dem-

onstrated that polymers of Z �1-AT are present in the
alveolar wall of Z-AT homozygotes with emphysema,
which accounts for 20% of the total AT from lung homog-
enates. These polymers are likely to have derived from
circulating monomeric AT from the plasma in addition
may have derived from AT released by PMN degradation.
These Z-AT individuals also have an excess of neutro-
phils in the alveolar wall compared with M-AT homozy-
gotes. Furthermore, neutrophils and polymeric AT were
co-localized in the alveolar wall. To investigate whether
there was a direct relationship between polymers of Z-AT
and the excess neutrophils, we instilled polymers of AT
into the lungs of wild-type mice. This produced a signif-
icant increase in neutrophil influx into the lungs com-
pared with instillation of the native protein. Examination of
the time course demonstrated that the influx of neutro-
phils was closely linked to the presence of polymeric AT.
The mechanism of neutrophil recruitment in this mouse
model was likely to be because of a direct chemotactic
effect rather than stimulation of IL-8 homologues or other
CXC chemokines.

Two main factors give this latest data added signifi-
cance. It is widely accepted that destruction of lung
elastin in the interstitial space is critical to the develop-
ment of emphysema, therefore it is likely that the local
concentration of proteinase inhibitors is important in the
development of emphysema. Thus, the close localization
of polymers of AT with an excess of neutrophils at the site
of disease in all 10 individuals with Z-AT-related emphy-
sema is highly significant. Furthermore, the demonstra-
tion of a neutrophil influx after instillation of polymeric AT
and the chemotactic ability of polymers to murine neutro-
phils is highly suggestive of a direct cause and effect.

These findings also support and help account for pre-
vious data indicating that Z-AT homozygotes have an
accentuated and qualitatively different inflammatory pro-
cess within the lungs from M-AT homozygotes. Previous
studies have demonstrated that individuals with Z-AT
deficiency have an excess of polymorphonuclear cells in
BALF.36 This excess of neutrophils may in part be be-
cause of elevated proinflammatory cytokines such as
interleukin-8 and leukotriene B4,37,38 and our data indi-
cates that this may also be related to the presence of

Figure 5. a: Graph demonstrating the effect of intratracheal instillation of
native and polymeric �1-AT on polymorphonuclear leukocyte (PMN) num-
bers in BALF from C57BL/6J mice. Each bar graph represents the data from
six mice. *, P � 0.01 for polymeric AT compared with native AT. b: C57BL/6J
mice were anesthetized and intubated. Native or polymeric �1-AT in 40 �l of
PBS was instilled via the intratracheal route. At 4, 24, and 72 hours after
instillation, BAL was performed and aliquots were assessed on a 7.5% (w/v)
nondenaturing PAGE followed by Western blot analysis for �1-AT using a
polyclonal antibody that recognizes all forms of �1-AT. Lane 1: Native AT,
starting material 0.1 �g; lane 2: polymeric AT, starting material 0.1 �g; lane
3: BAL fluid 4 hours after native AT instillation; lane 4: BAL fluid 4 hours after
instillation of polymeric AT; lane 5: BAL fluid 24 hours after native AT
instillation; lane 6: BAL fluid 24 hours after instillation of polymeric AT; lane
7: BAL fluid 72 hours after native AT instillation; lane 8: BAL fluid 72 hours
after instillation of polymeric AT.

Figure 6. Graph demonstrating the effect of native and polymeric AT on
murine neutrophil chemotaxis compared with positive controls 10�4 formy-
lated Met-Leu-Phe (fmlp) and 4% (w/v) zymosan-activated serum. *, P � 0.01
for polymeric AT compared with native AT. The data are the mean and SD of
five wells for each potential chemoattractant repeated between three and six
times.

384 Mahadeva et al
AJP February 2005, Vol. 166, No. 2



polymers of Z-AT within the lung. In this mouse model we
did not find that polymeric AT mediated its chemotactic
effect via IL-8 homologues MIP-2 or KC.

Although the ATZII antibody also recognizes both the
�1-AT-elastase complex and polymeric AT, the positive
staining seen in the lungs of Z-AT homozygotes and on
ELISA was unlikely to be �1-AT-elastase complex in the
because there was no staining within the alveolar wall of
M-AT emphysematous lungs that would be expected to
have higher concentrations of complex than Z-AT lungs,
and there was no extracellular staining with neutrophil
elastase antibody. Interestingly, there was positive stain-
ing with this antibody in the endothelium of larger vessels
in both the M-AT and the Z-AT lungs. However, because
it was not possible to abolish this staining by preincuba-
tion of the anti-polymer antibody with polymers, the en-
dothelium did not demonstrate positivity to neutrophil
elastase and M-AT itself has a very low tendency to
polymerize compared with Z-AT.16,50 These observations
indicate that the endothelial staining is unlikely to repre-
sent polymers of AT or �1-AT-neutrophil elastase com-
plex, but may represent cross-reaction with another an-
tigen exposed as part of the degradation and clearance
of AT or AT-protease complexes other than the AT-neu-
trophil elastase complex. Previous reports have demon-
strated the presence of �1-AT-elastase complex in the
BAL from emphysematous individuals.32 Their absence
in our tissue sections may reflect that fact that the com-
plexes are present in the soluble form and are not bound
to lung tissue.

The plasma concentration of M-AT is at least sevenfold
higher than Z-AT in plasma. However, there was only a
2.5-fold increase in AT in M-AT lungs compared with
Z-AT lungs. This observation allows us to speculate that
the clearance of polymers of AT is impaired because they
are bound within the alveolar wall. This enables them to
act as a chronic stimulus for neutrophil influx into Z-AT
lungs. This chronic stimulus will perpetuate the excess
neutrophilic inflammation seen in this condition and con-
tributes to the accelerated disease. Another contributing
explanation for the relative excess of AT recovered from
the Z-AT lungs may be as a result of the accentuated
inflammatory response in these individuals. The produc-
tion of AT as an acute phase protein rises in response to
inflammation therefore in Z-AT individuals, the production
of AT would be increased to a greater degree than in
M-AT individuals.

The significance of these observations is twofold.
Firstly, polymers of AT are inactive as proteinase inhibi-
tors thereby further depleting protective levels of AT.
Secondly, the switch from monomer to polymer converts
the anti-inflammatory molecule into a proinflammatory
one. This double hit compounds the effect of the plasma
deficiency. The factors that cause the formation of poly-
mers within the lung are not known. In vitro, their formation
is accelerated by increasing concentration, temperature,
and acidic environments.16,34 �1-AT is an acute phase
protein whose synthesis is markedly increased at times of
acute inflammation. Cigarette smoke and bacterial infec-
tion are factors that promote pulmonary inflammation,
and cigarette smoke is also mildly acidic. Thus the for-

mation of polymers may be accelerated by these proin-
flammatory stimuli. Polymers may therefore contribute to
both the fulminant disease found in Z-AT homozygotes
who smoke, and the increased neutrophilic inflammation
seen in Z-AT homozygotes at times of pulmonary infec-
tion.51 We also speculate that Z polymer formation may
play a role in chronic obstructive pulmonary disease in
MZ heterozygotes.

In summary, these data establish a novel mechanism
of disease in Z-AT homozygotes. In particular they illus-
trate how a structural transition resulting from a single
amino acid substitution can dramatically alter a protein’s
function: in this case converting an anti-inflammatory mol-
ecule into a proinflammatory stimulus. Although the fac-
tors that cause polymers to form and the exact contribu-
tion of polymers of AT to progression of the disease
remain to be determined, these findings have implica-
tions for the therapy of Z-AT-related emphysema. The
presence of polymers and their chemotactic properties in
vivo indicate that replacement therapy alone may not be
sufficient treatment for individuals with Z �1-AT-related
emphysema. Indeed, this may provide an explanation for
the progression of lung disease in Z �1-AT homozygotes
after smoking cessation and despite adequate replace-
ment therapy.
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