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Abstract

Alpha-1 antitrypsin (AAT) deficiency–associated emphysema is
largely attributed to insufficient inhibition of neutrophil elastase
released from neutrophils. Correcting AAT levels using
augmentation therapy only slows disease progression, and that
suggests a more complex process of lung destruction. Because
alveolar macrophages (Mɸ) express AAT, we propose that the
expression and intracellular accumulation of mutated Z-AAT (the
most commonmutation) compromisesMɸ function and contributes
to emphysema development. Extracellular matrix (ECM)
degradation is a hallmark of emphysema pathology. In this study,Mɸ
from individuals with Z-AAT (Z-Mɸ) have greater proteolytic
activity on ECM than do normalMɸ. This abnormal Z-Mɸ activity is
not abrogated by supplementation with exogenous AAT and is likely
the result of cellular dysfunction induced by intracellular
accumulation of Z-AAT. Using pharmacologic inhibitors, we show
that several classes of proteases are involved in matrix degradation by
Z-Mɸ. Importantly, compared with normal Mɸ, the membrane-
bound serine protease, matriptase, is present in Z-Mɸ at higher levels
and contributes to their proteolytic activity on ECM. In addition, we
identified matrix metalloproteinase (MMP)-14, a membrane-
anchored metalloproteinase, as a novel substrate for matriptase, and

showed that matriptase regulates the levels of MMP-14 on the cell
surface. Thus, high levels of matriptase may contribute to increased
ECM degradation by Z-Mɸ, both directly and through MMP-14
activation. In summary, the expression of Z-AAT in Mɸ confers
increased proteolytic activity on ECM. This proteolytic activity is not
rescued by exogenous AAT supplementation and could thus
contribute to augmentation resistance in AAT deficiency–associated
emphysema.
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Clinical Relevance

The pathophysiology of Z–alpha-1 antitrypsin (Z-AAT)–related
emphysema has a complex nature, but the role of macrophages
(Mɸ) must still be defined. These studies show that Mɸ
expressing Z-AAT have enhanced proteolytic activity against
extracellular matrix through up-regulation of matriptase, and
propose a new role of Mɸ in lung damage.

Alpha-1 antitrypsin (AAT) is a 52-kD
circulating serine protease inhibitor
produced mainly by the liver, and it is a
principal inhibitor of neutrophil elastase
(NE) released from activated neutrophils.
AAT deficiency (AATD), manifested by

abnormally low levels of AAT in circulation,
was discovered in 1963, and was soon linked
to lung emphysema and liver disease (1–4).
AATD results from mutations in AAT gene
that cause improper AAT folding,
polymerization, and accumulation in the

endoplasmic reticulum (ER) of hepatocytes,
making an individual prone to developing
fibrosis, cirrhosis, or liver carcinogenesis
(1). The most common mutation leading to
AATD is caused by a glutamic acid to lysine
substitution at position 342 in AAT
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(denoted as Z-AAT). The wild-type allele is
denoted as M-AAT. As a result of the Z
mutation, hepatocytes secrete significantly
less AAT, leading to an increased risk of
developing pulmonary emphysema by the
third or fourth decade of life (5). The
current understanding of AATD-associated
lung disease is that emphysema results from
an imbalance in protease/antiproteinase
activity in the lung. In AATD, the
concentrations of AAT in the lung are
insufficient to protect both extracellular
matrix (ECM) and airway cells from the
damage induced by NE released from
activated neutrophils. To control NE
burden, AAT replacement therapy was
offered in the United States in 1989, and
involves weekly injections of AAT purified
from plasma of normal individuals. After
more than 20 years of replacement therapy,
it could be concluded that it slowed the
disease progression, but did not completely
halt it (6). Augmentation therapy
replenishes the AAT pool in the blood, but
it does not affect the expression of
mutated AAT. In the lungs, both
epithelial cells and macrophages (Mɸ)
express AAT, and their function may be
affected by intracellular accumulation of
mutated AAT.

Alveolar Mɸ play a central role in lung
homeostasis, host defense, response to
foreign substances, and tissue remodeling
(7). They are increased in patients with
chronic obstructive pulmonary disease
(COPD) (8) and, as suggested by recent
research, could be a driving force of
emphysema development (9). They can
contribute on different levels: by supporting
chronic inflammation; producing
chemokines and cytokines; or by
releasing the proteolytic activity against
ECM. In patients with COPD with
AATD, Mɸ release increased levels of the
chemoattractants, IL-8 and leukotriene B4,
in the lower respiratory tract, which
consequently result in increased neutrophil
recruitment (10, 11). These increased levels
of IL-8 and leukotriene B4 can be
corrected by administering extracellular
AAT in vitro (11, 12) and, hence,
should be corrected by augmentation
therapy too.

Because alveolar Mɸ express AAT,
we hypothesize that expression of Z-AAT
would affect their function, causing
them to contribute to emphysema
development and resistance to augmentation
therapy. ECM degradation is a hallmark

of emphysema development, and we
studied how expression of Z-AAT affects
Mɸ ability to digest ECM. We focused on
two classes of proteases involved in
ECM degradation by Mɸ: matrix
metalloproteinases (MMPs) and serine
proteases (13–17). For our experiments,
we used peripheral blood mononuclear
cell (PBMC)–derived Mɸ maturated in
the presence of macrophage colony-
stimulating factor (M-CSF) and
granulocyte-macrophage colony–
stimulating factor (GM-CSF). The Mɸ
produced this way express AAT, and can
serve as alveolar Mɸ model at least to
some extent. Among serine proteases,
the urokinase plasminogen
activator–plasmin cascade is a major
contributor to matrix degradation by
Mɸ, primarily through activation of
latent MMPs (15, 18, 19). Given that
there is no available plasmin
for in vitro–cultured Mɸ unless it is
added exogenously, we focused on a
membrane-bound serine protease,
matriptase. Although Mɸ express
matriptase (20, 21), information about
its function in Mɸ is limited.

We report here that Mɸ derived from
PBMCs of individuals with Z-AAT have an
increased ability to degrade gelatin ECM
through the up-regulation of a membrane-
bound serine protease, matriptase. These
results suggest a novel role for Mɸ in
lung damage and emphysema development,
and promote further attention to lung
Mɸ as a possible target for new therapy
development.

Materials and Methods

Reagents
All cell culture reagents, unless otherwise
specified, were purchased from Life

Technologies, (Carlsbad, CA). All chemicals
not specified are from Sigma-Aldrich
(St. Louis, MO). Fluorogenic peptides
and matriptase catalytic domain
were purchased from R&D Systems
(Minneapolis, MN).

Subjects
PBMCs expressing M-AAT or Z-AAT were
obtained from outpatient volunteers
(University of Florida Institutional Review
Board protocol 08-2007). Subject
characteristics are presented in Table 1. All
patients were stable without any sign of
acute exacerbation of COPD. Subjects
homozygous for the normal PiM allele
(PiMM) had normal pulmonary
function and no history of respiratory
disease.

Experimental Procedures
Details for experimental procedures are
given in the online supplement.

Statistical Analysis
All results are expressed as the mean (6SE).
Statistical analysis was performed using
the two-tailed Student’s t test (GraphPad
Prism 6.01 software; GraphPad Software,
San Diego, CA), and a P value less
than 0.05 was considered statistically
significant. Data are plotted using
GraphPad Prism 6.01.

Results

Z-AAT Is Retained in the ER
In our experiments, we use Mɸ derived
from PBMCs of individuals with normal
M-AAT (M-Mɸ) and Mɸ with Z-AAT
mutation (Z-Mɸ), which results in AATD.
To differentiate PBMCs into Mɸ, we used a
combination of GM-CSF and M-CSF and
characterized them by FACS and response

Table 1. Characteristics of the Subjects

PiMM PiZZ
Characteristic (n = 5) (n = 5) P Value (t Test)

Age, yr 38.5 (24–68) 44 (35–55) .0.05
Male sex, n 3 2 N/A
FEV1% predicted 103.1 (95.5–106) 89.9 (58–111.9) .0.05
FEV1/FVC 86.8 (82.0–91.0) 71.1 (55.0–83.7) ,0.05
Current smoker No No N/A

Definition of abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity;
N/A, not applicable; PiMM, individuals homozygous for normal PiM allele; PiZZ, individuals
homozygous for mutant PiZ allele.
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to LPS treatment (see Figure E1 in the
online supplement). Although M-Mɸ and
Z-Mɸ showed comparable levels of AAT
mRNA expression (Figure 1A), AAT levels
in M-AAT Mɸ culture media (8 h of
incubation) were significantly higher
compared with Z-AAT Mɸ (1.726 0.88
pmol/mg of protein versus 0.26 0.082
pmol/mg of protein; P, 0.05) as measured
by ELISA (Figure 1B). Western
blot analysis of AAT in media and cell
lysates confirmed that in Z-Mɸ AAT is
retained in cells (Figure 1C). Because
Mɸ autofluorescence hampered

immunolocalization of intracellular AAT,
we evaluated intracellular AAT distribution
using Z-Mɸ infected with Z-AAT tagged
with red fluorescent protein (Z-AAT-RFP)
packaged in mutant AAV6 capsids
(Z-AAT–RFP/AAV6-Y705-731F).
Z-AAT–RFP formed in Mɸ reticular
aggregates (Figure 1D) that colocalized with
the ER marker protein, disulphide
isomerase (Figure 1E), suggesting that
reduced secretion and abnormal
accumulation of Z-AAT in Z-Mɸ may
represent a toxic gain-of-function
phenotype on the Z- Mɸ. It is worth noting

that fluorescence from cells infected with
M-AAT–RFP was barely detectable without
any aggregate formation, confirming that
only mutated Z-AAT accumulates in cells
(data not shown).

Z-Mɸ Have Increased Protease
Activity
To assess whether expression of Z-AAT
affects Mɸ ability to degrade ECM, M-Mɸ
and Z-Mɸ were plated on fluorescent Cy3-
labeled gelatin, and matrix degradation was
measured by fluorescent microscopy after
24 hours. M-Mɸ seeded on the gelatin
surface displayed low protease activity
against the matrix. Z-Mɸ degraded
significantly more gelatin (M-Mɸ
degradation, 5.96 6.8% of cell area; Z-Mɸ,
26.76 15.3%; P, 0.01; Figures 2A and
2B), demonstrating increased extracellular
proteolytic activity.

Increased Proteolytic Activity of Z-Mɸ
Cannot Be Corrected by Addition of
Exogenous AAT
To ascertain whether higher proteolytic
activity of Z-Mɸ was caused by the lower
levels of secreted AAT in the media, Z-Mɸ
were seeded on the gelatin matrix in the
presence of excess exogenous AAT. Adding
AAT to culture medium in concentrations
higher than usually present in lung
(1 mg/ml) did not block gelatin degradation
(Figures 2C and 2D), thus suggesting that
increased pericellular protease activity in
Z-Mɸ results from gain of proteolytic
activity rather than from lower extracellular
AAT antiproteinase activity.

Different Classes of Proteases Are
Involved in Matrix Degradation by
Z-Mɸ
Because Mɸ express a number of proteases
that can digest gelatin, we used a panel of
class-specific protease inhibitors, including
BB-94 (a broad-range MMP inhibitor),
aprotinin (a competitive and reversible
serine protease inhibitor), and e64 (an
inhibitor of lysosomal cysteine proteases).
Adding BB-94 or e64 to incubation media
partially reduced gelatin degradation,
whereas aprotinin alone did not have an
effect. Combining these three inhibitors
almost completely prevented gelatin matrix
degradation (Figure 3), suggesting that
proteases from different classes are involved
in matrix degradation.
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Figure 1. Alpha-1 antitrypsin (AAT) production by M- and Z-macrophages (Mɸ). (A) Comparison of
AAT mRNA expression levels in M- and Z-Mɸ. AAT mRNA was measured by real-time PCR (n = 6
individuals for each group) and normalized to 18S. (B) AAT protein levels in conditioned media from
M- and Z-Mɸ (n = 3 individuals for each group) were measured by ELISA after 8 hours of incubation.
(C) Immunoblot of AAT in conditioned media and cell lysates from M- and Z-Mɸ (n = 3 individuals
for each group). *P, 0.05. (D and E) Images of Z-Mɸ infected with Z–alpha-1 antitrypsin Z-AAT
tagged with red fluorescent protein (Z-AAT)-RFP/AAV6-Y705-731F. (E) To show ER localization of
intracellular Z-AAT, cells were additionally stained with ER marker, disulphide isomerase (PDI; FITC-
labeled secondary antibody). Yellow area represents colocalization of PDI and Z-AAT–RFP. Scale bar,
45 mm. Images were taken at magnification 340.
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Matriptase Plays a Critical Role in
Protease Activity of Z-Mɸ
To identify the proteases involved in
increased Z-Mɸ gelatinolytic activity, we

used fluorogenic assays that measure
fluorescence released from synthetic
peptides upon digestion. First, conditioned
media from Mɸ did not have noticeable

protease activity against fluorescent
peptide, Mca-PLGL-Dpa-AR-NH2, which
is a substrate for a broad range of MMPs,
indicating that MMPs released into media
by Mɸ were present in a nonactive,
zymogen form (data not shown). The
higher protease activity in Z-Mɸ may be
associated with the plasma membrane
cell surface. Mɸ express matriptase, a
membrane-bound serine protease that plays
a major role in matrix degradation in some
types of cancer cells. Although matriptase is a
serine protease, its membrane-associated
location confers an unusual protease-
inhibition profile. Interestingly, at a
cellular level, matriptase is inhibited by
cysteine protease inhibitors, but not by serine
protease inhibitors (22).

We used the Boc-QAR-AMC peptide
to determine matriptase activity. M-Mɸ
and Z-Mɸ displayed significant cell surface
protease activity against the matriptase
substrate, but, compared with M-Mɸ,
Z-Mɸ activity was significantly higher
(Figure 4A). To analyze how protease
inhibitors affect matriptase activity on
the cell surface, we pretreated cells with
class-specific inhibitors for 15 minutes
before the Boc-QAR-AMC peptide
was added. Compared with the control,
the serine protease inhibitor, aprotinin,
inhibited only 20% of activity, whereas the
cysteine protease inhibitor, e64, inhibited
95% of activity and MMP-inhibitor, BB-94,
inhibited 30% (Figure 4B).

To confirm that the activity against the
Boc-QAR-AMC peptide on the Mɸ cell
surface was related to matriptase, we
measured the fluorescence generated from
the peptide after silencing matriptase with
specific small interfering RNA (siRNA).
After 48 hours of transfection with
matriptase siRNA, Mɸ had reduced
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Figure 2. Gelatin matrix degradation by Mɸ. M- and Z-Mɸ were seeded on Cy3-gelatin–coated slides
for 24 hours to obtain efficient matrix degradation, then fixed and permeabilized. F-actin was stained with
FITC-labeled phalloidin, and cells were examined by fluorescence microscopy. (A) Representative images
and (B) quantification of images show significant degradation of gelatin (observed as black spots on Cy-3
stained gelatin) only by Z-Mɸ; M-Mɸ does not degrade a significant amount of gelatin. Data collected for Mɸ
from five individuals for each group. *P,0.01. (C) Z-Mɸwere seeded on fluorescent gelatin–coated slides in
the presence of 1 mg/ml AAT or BSA (control). Representative image (C) and quantification (D) from three
independent experiments. Images were taken at magnification 320.
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Figure 3. Effect of protease inhibitors on matrix degradation by Z-Mɸ. Z-Mɸ were plated on Cy3-gelatin–coated slides in the presence of aprotinin (Apr;
10 mg/ml), BB-94 (5 mM), e64 (10 mM), or all three inhibitors together (protease inhibitors mix, PI mix). After 24 hours of incubation, cells were fixed and
F-actin was stained with FITC-phalloidin to visualize cell areas. Images were taken at magnification 320. Representative image (A) and quantification (B)
from three independent experiments. *P, 0.01, **P, 0.05. Cont, control.
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matriptase protein expression by more than
50% compared with control siRNA
treatment. RNA silencing reduced
matriptase proteolytic activity on the Boc-
QAR-AMC peptide by 25% (Figure 4C),
indicating that at least 50% of anti–Boc-
QAR-AMC proteolytic activity could be
attributed to matriptase. Taken together,
matriptase must be responsible for
enhanced gelatin matrix degradation by
Z-Mɸ.

Matriptase Has High Activity in Z-Mɸ
We next explored matriptase expression
in Mɸ of M-AAT and Z-AAT
individuals. Matriptase protein was
expressed in nonstimulated Mɸ, and could
be detected by immunoblotting as a single
band of roughly 70 kD in nonboiled,
nonreduced samples and roughly 80 kD
in boiled, reduced samples (Figure 5A),
corresponding to the nonactive, zymogen
form of matriptase. The predicted size for

matriptase is 95 kD, whereas the decreased
size of 80 kD in reduced conditions is
caused by its folded conformation, which is
even more profound at nonreducing
conditions (23).

Compared with M-Mɸ, Z-Mɸ
consistently showed higher levels of
matriptase protein (Figure 5A), despite no
differences in matriptase mRNA expression
between M-Mɸ and Z-Mɸ (Figure 5B).
This indicates that matriptase is
differentially regulated at the
posttranslational level in M-Mɸ and Z-Mɸ.

Zymogen matriptase is a single
polypeptide. Upon activation, it is cleaved
into two chains, a and b, bound by
disulfide bonds, and only in active form is it
able to form complexes with its inhibitors
(24). AAT is considered to be a matriptase
inhibitor (21, 25), and we proposed that,
upon activation of matriptase, we would see
complexes between matriptase and AAT.
We studied the activation of matriptase in
Mɸ based on the activation scheme of
previous work in epithelial cells (26), and
treated Mɸ for 20 minutes with mild acidic
buffer (pH 6.0) to activate matriptase, or
with PBS (pH 7.4) as a control. Consistent
with the notion that matriptase is shed
from the cell surface upon activation, we
found that the levels of matriptase shed
from the surface of Z-Mɸ were
considerably higher than from M-Mɸ
(Figure 5C). Furthermore, the appearance
of the b chain on immunoblot indicates
that matriptase is shed in its active form
(boiled, reduced samples), but we were
unable to identify complexes with other
proteins that could be detected in
immunoblots of nonboiled, nonreduced
samples. Protease activity assays
confirmed that matriptase was shed in
active form, and that Z-Mɸ shed
markedly higher matriptase activity in
conditioned buffer than M-Mɸ (Figure 5D).

Strikingly, activated matriptase did not
form complexes with its inhibitors within
Mɸ. In particular, no complexes were
seen between AAT and matriptase,
notwithstanding that both are expressed in
the same cells. AAT interacts with
matriptase catalytic domain in vitro, and
AAT was found to be a slow, tight-binding
inhibitor of the catalytic domain of
matriptase, with a second-order reaction
rate constant of 3.13 102 M21 s21 (25).
We were able to reproduce the findings of
this work (Figure 6). For the AAT to be able
to inhibit matriptase after 30 minutes of

20

15

10

5

25

0

*

*
*

*

*

M
at

rip
ta

se
 a

ct
iv

ity
no

rm
al

iz
ed

 to
 p

ro
te

in

A

M-Mφ Z-Mφ

siRNA Cont matriptase

Matriptase

β-actin

siRNA    Cont matriptase

20

15

10

5

25

0

M
at

rip
ta

se
 a

ct
iv

ity
no

rm
al

iz
ed

 to
 p

ro
te

in

C

100

50

150

0

M
at

rip
ta

se
 A

ct
iv

ity
(%

 o
f c

on
tr

ol
)

B

Control BB-94 Aprotinin e64

Figure 4. Matriptase activity on the cell surface of Mɸ measured with fluorescent matriptase
substrate, Boc-QAR-AMC. (A) Peptide (10 mM) in Hanks’ balanced salt solution was added directly to
cells. After 20 minutes of incubation at 378C, media were removed for fluorescence measurement,
and cells were lysed for protein quantification to correct for differences in cell number. Data are a
summary of three independent experiments. (B) Mɸ were preincubated with indicated inhibitors for
15 minutes, then Boc-QAR-AMC peptide was added to cells. After 20 minutes, media were taken
in triplicate to measure fluorescence induced by peptide degradation. Data are representative of three
independent experiments. *P, 0.01 versus control. (C) Activity against Boc-QAR-AMC peptide was
measured in Mɸ after 48 hours of transfection with control small interfering RNA (siRNA) or with
matriptase siRNA. Efficiency of silencing was monitored by immunoblotting of cell lysates with
matriptase antibody. Data are representative of three independent experiments.
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incubation, the concentration of
AAT should exceed the matriptase
concentration by more than 1,000-fold
(Figure 6A). A prolonged incubation
reduced the ratio between AAT and
matriptase needed for matriptase
inhibition (Figure 6B), and complexes
between matriptase and AAT could be
identified by immunoblot (Figure 6C).
These slow kinetics of interaction were
likely the reason that AAT was not
considered a matriptase inhibitor in some
publications (27).

Matriptase Has a Strong Catalytic
Activity for MMP-14 and Regulates Its
Level on the Cell Surface
Our experiments with inhibitors to different
classes of proteases clearly showed that
degradation of gelatin ECM by Mɸ is a

complex process. Matriptase, like many
other proteases, can be a part of a protease
network and contribute to ECM
degradation not only through direct
digestion of ECM components, but also
through discrete cleavage and activation of
other proproteases that target ECM
proteins. To test if matriptase activates
other proteases, we investigated the effect of
matriptase on activation of pro–MMP-14,
pro–MMP-2, and pro–MMP-9 in vitro
(MMP-14, MMP-2, and MMP-9 are the
most abundant MMPs in Mɸ). The
matriptase catalytic domain activated
MMP-14, but not MMP-2 or MMP-9
(Figure 7A). Pro–MMP-14 was activated by
the matriptase catalytic domain in a
concentration- and time-dependent
manner (Figure 7B). At a concentration of
5 nM, matriptase processed MMP-14 with

the same efficiency as furin at a
concentration of 200 nM (matriptase has
a much higher relative activity than does
furin: 10,000 U/mg of protein versus
125 U/mg of protein, respectively), which is
a known endogenous activator of MMP-14
(28). N-terminal sequence analysis of active
MMP-14 processed by matriptase revealed
cleavage at Arg111–Tyr112, the same
cleavage site as for furin (Figure 7C). MMP-
14 is a membrane-bound metalloprotease
that is synthesized as a zymogen with a size
of 63 kD, and, to be functionally active, the
prodomain should be proteolitically
removed, with the size of the mature form
being 58 kD. In many types of cells, Golgi-
associated proprotein convertase furin is
responsible for MMP-14 activation.
However, a portion of the cellular MMP-14
pool can be processed by other proteases,
especially in the absence of furin (28). In
addition, the part of the MMP-14 pool at
the cell surfaces is able to process by
autocatalysis (29). To further characterize
the ability of matriptase to activate MMP-
14, we used Mɸ derived from the
monocytic cell line, THP-1 (THP-1–Mɸ),
which expresses both MMP-14 and
matriptase. In THP-1–Mɸ lysates, MMP-14
was present in the mature 58-kD form.
Even after the treatment of cells with furin
inhibitor or the MMP inhibitor,
marimastat, to block autoprocessing, the
majority of MMP-14 still appeared in its
mature form, indicating alternative
pathways for MMP-14 maturation in THP-
1–Mɸ (Figure 7D). To assess the role of
matriptase in MMP-14 activity, we silenced
matriptase with siRNA and measured
MMP-14 expression in THP-1–Mɸ. After
48 hours of transfection, matriptase was
silenced more than 90%, but the levels of
MMP-14 protein in cell lysates were not
affected (Figure 7E). Inside the cells,
MMP-14 is stored in microvesicles near the
plasma membrane, and has functional
activity only when transported to the
plasma membrane. As such, we next
investigated whether matriptase regulates
the levels of MMP-14 on the cell surface.
To identify the cell surface–associated
pool of MMP-14, we used a cell surface
biotinylation procedure with membrane-
impermeable EZ-Link NHS-SS-biotin
(Thermo Fisher Scientific, Waltham, MA).
After that procedure, biotinylated proteins
were pulled down with neutravidin agarose
and levels of biotinylated MMP-14 were
analyzed by Western blotting. The silencing

B,R

M Z M Z

NB, NR

Matriptase

GAPDH

75 kDa

A

3

2

1

4

0
M-M

M
at

rip
ta

se
 m

R
N

A

Z-M

B

400

300

200

100

500

0
150100500 200R

el
at

iv
e 

m
at

rip
ta

se
 a

ct
iv

ity
D

M/ pH 7.4

Z/ pH 6.0
M/ pH 6.0
Z/ pH 7.4

C

75 kDa

37 kDa

B, R

pH 7.4 6.0 7.4 6.0 7.4 6.0 7.4 6.0

M Z

NB, NR

M Z

-chain

minutes

Figure 5. Expression and activation of matriptase in M- and Z-Mɸ. (A) Representative immunoblot of
matriptase in cell lysates from M- and Z-Mɸ. Samples were prepared either without adding reducing
agent and without boiling (nonboiled, nonreduced [NB, NR]) or with boiling and with reducing
agent (B, R). Matriptase is a single polypeptide (B, R samples), and does not form complexes with
AAT or other proteins (NB, NR samples). Z-Mɸ have much higher matriptase levels than do M-Mɸ
(experiment was performed four times with Mɸ from different individuals). (B) Comparison of
matriptase mRNA levels in M- and Z-Mɸ. Each group represents Mɸ from six individuals. (C)
Matriptase was activated by incubation of Mɸ in phosphate buffer with mild acidity (pH 6.0) or with
PBS (pH 7.4) as control for 20 minutes at 378C. Shed matriptase was analyzed by immunoblot in NB,
NR and B, R conditions. Buffer with pH 6.0 induced increased shedding of matriptase from Z-Mɸ
cell surface as noncomplexed protein (NB, NR samples). Activated matriptase (30 kD) could be
visualized in R, B samples. (D) Compared with M-Mɸ, Z-Mɸ exhibited increased activity of shed
matriptase in conditioned media. Data are representative of three independent experiments.

ORIGINAL RESEARCH

Krotova, Marek, Wang, et al.: Matriptase in AAT-Deficient Macrophages 243



of matriptase led to reduction of cell
surface–associated MMP-14, especially if
furin activity was inhibited (Figure 7E).
Thus, matriptase mediated ECM
degradation in Mɸ, at least in part, through
cell surface MMP-14 activation.

Discussion

Our study was designed to answer the
question: do Mɸ that express mutated
Z-AAT have an altered phenotype that
contributes to the development of
emphysema? We focused on activities of
Mɸ-derived proteases and their ability to
degrade ECM, which is a key process in the
progression of emphysema.

The ability of Mɸ to express AAT was
established in early publications on AATD
(30, 31). However, human alveolar Mɸ are
not easily accessible, which may explain
why the number of articles published on

AAT in Mɸ is low compared with that for
other cell types. As a model for alveolar
Mɸ, we used PBMC-derived Mɸ cultured
in the presence of GM-CSF and M-CSF
growth factors, which are both present in
the lung (32, 33). After characterization of
Mɸ, derived in the presence of both factors,
by FACS and by response to LPS (Figure E1
in the online supplement), we concluded
that these Mɸ can be used as an alveolar
Mɸ model, with some caveats. Next, we
showed that Mɸ derived from the PBMCs
of patients with Z mutation accumulate
Z-AAT inside these cells, and that Z-AAT
colocalized with the ER marker, disulphide
isomerase. In several cell types, the
accumulation of misfolded Z-AAT is
capable of inducing ER stress with an
ensuing unfolded protein response, ER-
associated degradation, and autophagy (34).
As a consequence, a number of cellular
functions are affected, including
constitutive activation of the NF-kB

pathway, enhanced cytokine production,
mitochondrial injury, and activation of
caspase-12 and caspase-4 (35–38). In the
present study, we demonstrate that, in
Z-Mɸ, intracellular accumulation of
unfolded Z-AAT results in higher proteolytic
activity on ECM compared with wild-type
M-Mɸ. Furthermore, supplementation of
media with AAT at the concentrations
higher than found in lung did not rescue
this phenotype, thus indicating that
increased proteolytic activity is an
intrinsic feature of the Z-Mɸ. Therefore,
we hypothesize that this AAT
supplementation–insensitive extracellular
proteolytic activity of Z-Mɸ is a key
component of AATD-derived emphysema
development.

We also showed that Z-Mɸ proteolytic
activity against gelatin ECM could be
decreased by the addition of protease
inhibitors to the media. The practically
complete inhibition was achieved with a
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mixture of several inhibitors of different
classes of proteases. Thus, matrix
degradation may be the result of different
proteases that work as a proteolytic
network (40, 41).

MMPs are the most abundant class of
Mɸ-secreted proteases. However, in cell-
conditioned media, MMPs remain mostly
inactive due to the absence of plasmin, the
major activator of MMPs (15, 39). We found

no differences in MMP activities between
M-Mɸ– and Z-Mɸ–conditioned media.
Therefore, we hypothesized that the
membrane-bound proteases may be
involved in the Z-Mɸ proteolytic phenotype.

A

MMP-9 MMP-2 MMP-14

100

50

0

150

F
lu

or
es

ce
nc

e 
un

its
/ m

in

31 kDa

Active MMP14

Pro-MMP-14

Time (min) 0

5 nM Matriptase
50 nM

Matriptase
200 nM
Furin

21.918.116.01.5 27.0

15 30 60 90 60 60

35.0 22.0
MMP-14 activity

(OD/min)

25 kDa

B

1.0

0.5

0.0

1.5

F

re
la

tiv
e 

de
ns

ity
 u

ni
ts

– + – +Matriptase silencing
– – + +Furin Inhibitor

C
Sig/propeptide Catalytic

101
aeikanvrrkryaiqglkwq

62 kDa

68 kDa

Furin Inhibitor – + – +
MMP Inhibitor – – + +

D

MMP-14

GAPDH

E

– + – +Matriptase silencing

IP: Neutravidin agarose

Blot: MMP-14

MMP-14

Matriptase

GAPDH

– – + +Furin Inhibitor

Figure 7. Activation of pro–matrix metalloproteinase (MMP)-14 with matriptase catalytic domain. (A) Pro-MMP-14, pro-MMP-2, and pro-MMP-9 were
incubated with 10 nM of matriptase catalytic domain for 1 hour at 378C, then activity against the fluorescent peptide substrate, Mca-PLGL-Dpa-AR-NH2
(10 mM), was measured. Data from a representative experiment (n = 3) are shown. (B) Pro–MMP-14 (0.5 mM) was incubated with 5 nM of matriptase
catalytic domain at 378C. Aliquots were removed at specified times for measuring activity against the fluorescent peptide. At the same time, the cleavage
of pro–MMP-14 during activation was examined using immunoblot analysis. Activation of pro–MMP-14 with 0.2 U furin was used as positive control.
Data from a representative experiment (n = 3) are shown. (C) Cleavage site determined by N-terminal sequence analysis after pro–MMP-14 was incubated
with matriptase catalytic domain overnight at room temperature. Cleavage site is marked with downward-pointing arrow. (D) THP-1–Mɸ were
incubated with furin inhibitor I, marimastat, or both inhibitors together, and the expression of MMP-14 was analyzed by immunoblot. (E) Matriptase was
silenced with specific siRNA in THP-1–Mɸ, and the levels of MMP-14, matriptase, and GAPDH were analyzed by WB. Some wells were pretreated with
furin inhibitor I to block furin-dependent maturation of MMP-14. To estimate the levels of the cell surface pool of MMP-14, the proteins on the surface of
cells were biotinylated and then pulled down with NeutrAvidin agarose. Representative blots from three experiments. (F) Densitometric analysis of MMP-14
levels on the cell surface with correction to total level of MMP-14 in cells. Each bar represents the mean of the relative density units (6SE) from three
experiments. IP, immunoprecipitation; OD, optical density.

ORIGINAL RESEARCH

Krotova, Marek, Wang, et al.: Matriptase in AAT-Deficient Macrophages 245



The Z-Mɸ had increased activity against the
substrate (Boc-QAR-AMC) for the
membrane-bound serine protease,
matriptase, that corresponded to increased
matriptase protein levels compared with
M-Mɸ. Matriptase is a serine protease with a
distinctive inhibitory profile on the cell
surface; the cysteine protease inhibitor, e64,
was the most effective matriptase inhibitor,
whereas the serine protease inhibitor,
aprotinin, had a marginal effect. The ability
to change sensitivity to inhibitors for
enzymes associated with plasma membrane
is well known. Membrane location protects
NE and cathepsin G on the neutrophil cell
surface and plasmin on the Mɸ cell surface
(17, 40, 41). Similarly, the first study that
identified matriptase’s gelatinolytic activity
also demonstrated that pepstatin (an aspartic
protease inhibitor), benzamidine, and PMSF
(serine proteinase inhibitors) had no effect
on matriptase activity, whereas the cysteine
protease inhibitor, leupeptin, and EDTA
completely blocked the activity (22). Indeed,
the activation of matriptase is also resistant
to inhibition by pharmacological inhibitors
in epithelial cells (26).

In summary, these data indicate that
Z-Mɸ have increased ability to degrade
ECM and increased matriptase activity on
the cell surface; in experiments with an e64
inhibitor, cell surface matriptase activity and
degradation of ECM by Mɸ are positively
correlated (Figures 3B and 4C). Together,
the data strongly support the hypothesis that
matriptase plays an important role in matrix
degradation by Z-Mɸ.

Mechanisms for increased levels of
matriptase in Z-Mɸ still need to be
determined. In epithelial cells, in which it
plays a key role in epithelial barrier
function and tight junction assembly (42),
matriptase is tightly regulated by its cognate
inhibitor, hepatocyte growth factor

activator inhibitor (HAI)-1. In Mɸ, the
process of matriptase maturation has not
been well studied. However, cells of
immune origin, such as monocytes and the
monocytic cell line, THP-1, express high
levels of matriptase without detectable
levels of HAI-1 (43). These data suggest
that there may be an HAI-1–independent
mechanism in matriptase regulation in
these cells. In line with this suggestion, in
addition to matriptase–HAI-1 complexes,
human milk contains complexes of
matriptase with serine antiproteases:
antithrombin-III, AAT, and a2-antiplasmin
(21). However, we did not find the
complexes between AAT and matriptase in
Mɸ, although this could have been due to
technical difficulties or formation of
complexes only in particular conditions.
We cannot exclude that Z-AAT
accumulation inside Z-Mɸ can affect
matriptase levels indirectly. For example,
Z-AAT accumulation in the ER may
possibly affect the function of ER-resident
proteins, leading to changes in the
matriptase glycosylation that increases the
half-life of matriptase (44). In our future
studies, we will address the mechanisms of
up-regulated matriptase levels in Z-Mɸ.

Although matriptase can directly digest
gelatin matrix, it also activates other
proteases involved in ECM degradation.
Matriptase can activate urokinase-type
plasminogen activator on the cell surface
(43). In addition, the matriptase catalytic
domain can activate pro-MMP-1 and pro-
MMP-3 in vitro (45, 46). Because these
proteases are not expressed in our system,
we tested if matriptase can activate the most
abundantly expressed MMP in Mɸ and,
thus, demonstrated that MMP-14 can be
processed by matriptase. MMP-14 is a
membrane-associated metalloproteinase,
synthesized as a zymogen and classically

controlled by a proprotein convertase,
furin, although a furin-independent route
has also been identified (28). In our in vitro
assays, matriptase processed MMP-14 at
the same Arg-Arg-Lys-Arg (RRKR) site and
as effectively as furin. MMP-14 has
multiple levels of regulation on its
functional activity (47, 48). Because
matriptase is located at the plasma
membrane, it may act on MMP-14
activation directly at the cell surface. The
knockdown of matriptase in THP-derived
Mɸ led to a significant decrease in
the levels of MMP-14 on the cell surface.
Interestingly, the same mechanism of
recruitment of MMP-14 to the cell surface of
cancer cells was shown for another
membrane-bound protease, ADAM
metallopeptidase domain 12 (ADAM12) (49).
Thus, matriptase can mediate its effect on
ECM degradation not only directly, but also
through regulation of active MMP-14 levels.

In conclusion, using human PBMC-
derived Mɸ, we demonstrated a novel
aspect of Z-Mɸ function. Mɸ-mediated
increases in protease activity against
ECM offers a new explanation for lung
destruction in individuals with AATD,
different from the protease–antiprotease
model. Additional studies are necessary to
understand why matriptase is increased in
Z-Mɸ, how the matriptase–MMP-14
relationship affects the larger protease
milieu in AATD, and if the activation of
proteolytic activity in Z-Mɸ can be
modulated. n
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