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Macrophage elastase kills bacteria within murine macrophages
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Abstract

Macrophages are aptly positioned to function as the primary line of defence against invading
pathogens in many organs, including the lung and peritoneum. Their ability to phagocytose and clear
microorganisms has been well documentedl:2. Macrophages possess several substances with which
they can kill bacteria, including reactive oxygen species, nitric oxide, and antimicrobial proteins3™
9. We proposed that macrophage-derived proteinases may contribute to the antimicrobial properties
of macrophages. Macrophage elastase (also known as matrix metalloproteinase 12 or MMP12) is an
enzyme predominantly expressed in mature tissue macrophages!® and is implicated in several disease
processes, including emphysemall. Physiological functions for MMP12 have not been described.
Here we show that Mmp12~/~ mice exhibit impaired bacterial clearance and increased mortality when
challenged with both Gram-negative and Gram-positive bacteria at macrophage-rich portals of entry,
such as the peritoneum and lung. Intracellular stores of MMP12 are mobilized to macrophage
phagolysosomes after the ingestion of bacterial pathogens. Once inside phagolysosomes, MMP12
adheres to bacterial cell walls where it disrupts cellular membranes resulting in bacterial death. The
antimicrobial properties of MMP12 do not reside within its catalytic domain, but rather within the
carboxy-terminal domain. This domain contains a unique four amino acid sequence on an exposed
B loop of the protein that is required for the observed antimicrobial activity. The present study
represents, to our knowledge, the first report of direct antimicrobial activity by a matrix
metallopeptidase, and describes a new antimicrobial peptide that is sequentially and structurally
unique in nature.

To determine whether MMP12 has a role in host defence against bacteria, we subjected
Mmp12~/~ mice and wild-type littermates to intraperitoneal (i.p.) injection of either
Staphylococcus aureus or Escherichia coli. In each case, there was a significant survival
advantage for wild-type mice as compared to Mmp12~~ mice over a 3-day period (Fig. la—c,
g). Lower titres of i.p. S. aureus injection (1 x107 colony-forming units (c.f.u.)), which did not
result in mortality in wild-type mice, still proved >50% lethal in Mmp12~~ mice. Soon after
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i.p. injection of S. aureus, the local bacterial burden in the peritoneal fluid and liver was similar
in both groups of mice. However, wild-type mice were significantly protected from bacterial
dissemination to distal sites, such as the blood and lung (Fig. 1d). None of these observations
was attributable to differences in inflammatory cell recruitment, because the macrophage and
neutrophil counts were equivalent between the two groups at 2 and 24 h after i.p. S. aureus
injection (Fig. 1e, ).

Bacteremia generated by tail vein injection (TVI) of 1 x108 c.f.u. S. aureus in Mmp12~/~ and
wild-type control mice produced equivalent 2-week mortality in both genotypes (Fig. 1h).
However, the bacterial burden in the lungs of Mmp12~/~ mice was significantly greater than
in wild-type counterparts at both 2 and 24 h after TVI (Fig. 1i). The bacterial burden was
equivalent in kidney and spleen homogenates between the two groups at the same time points
(data not shown). Thus, it seems that MMP12 exerts its antimicrobial properties solely in
organs, such as the lung, that are fortified with macrophages.

To validate this hypothesis, we subjected Mmp12~~ mice and wild-type littermates to an in
vivo pneumonia model in which mice received the approximate lethal dose to 50% of animals
tested (LDsg dose; 1 x108 c.f.u.) of S. aureus intratracheally (i.t.). As with peritonitis, wild-
type mice showed a decided survival advantage over Mmp12~/~ mice (Fig. 2a). Repeating the
experiment using a sub-lethal titre of S. aureus (1 x108 c.f.u.) resulted in ~100-fold greater
increased bacterial burden in Mmp12~~ lungs 2 h after infection (Fig. 2b). The bacteria were
eliminated by 24 h in both groups, which correlated with an equivalent increase in lung
neutrophils in both groups. Surprisingly, the bacterial burden in Mmp12~~ mice was
predominantly located within macrophages (Fig. 2c, d).

MMP12, like other MMPs, is transcriptionally regulated'2. The pro-enzyme is secreted and
subsequently activated in the extracellular space where MMPs are thought to perform their
biological functions13. Yet, preformed intracellular pools of MMP12 exist within quiescent
macrophages4, presumably for rapid secretion from the cell. To determine whether these
intracellular stores of MMP12 are responsible for antimicrobial activity within macrophages,
we performed macrophage intracellular bacterial killing assays. Wild-type and Mmp12~/~
macrophages were co-incubated with S. aureus for 60 min in antibiotic-free medium, at which
time (t =0) the medium was changed and the cells were washed with PBS to remove non-
phagocytosed bacteria. The bacterial content was equal at this time point, demonstrating equal
phagocytic capacity in both genotypes (Fig. 3a). Macrophages were collected after further 30-
and 90-min incubations, and intracellular bacterial burden was quantified. Wild-type
macrophages efficiently cleared bacteria within 90 min. In contrast, bacterial content increased
over time in Mmp12~/~ macrophages. Overall, the bacterial burden was tenfold greater in
Mmp12~/~ macrophages than in wild-type macrophages. Scanning electron microscopy of
wild-type macrophages demonstrated very few intracellular bacteria after 60 min (Fig. 3b). In
contrast, Mmp12~/~ macrophages phagocytosed the bacteria but were unable to kill them,
resulting in the presence of several intracellular bacteria even after 60 min (Fig. 3b). Immuno-
gold labelling and transmission electron microscopy demonstrated the presence of MMP12 in
clusters on disrupted areas of bacterial cell walls within phagolysosomes of wild-type but not
Mmp12~/~ macrophages (Fig. 3c, d).

To determine whether MMP12 possesses direct antimicrobial activity, as suggested by the
transmission electron microscopy studies, we incubated full-length recombinant human
MMP12 with S. aureus and Klebsiella pneumoniae in tryptic soy broth (TSB) buffer (Fig. 4a).
Staphylococcus aureus killing assays were repeated in RPMI with 10% FCS (Fig. 4b) in an
attempt to produce a physiological environment. In both conditions we observed a dose-
dependent inhibition of S. aureus growth by human MMP12. We suspect that the concentration
of MMP12 within intracellular granules is much greater than the effective concentrations in
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these assays, although the exact concentrations are unknown. Bacterial content (c.f.u.) after
incubation with >5 pug mI~1 MMP12 was less than the input amount, suggesting bactericidal
activity. None of the other MMPs tested, including MMP3, 7, 8, 9 and 14, showed direct
antimicrobial activity at concentrations above 100 ug mi~1 (data not shown). The antimicrobial
properties of MMP12 were not dependent on catalytic activity, as determined by continued
activity with the co-administration of a hydroxamic acid MMP inhibitor and the lack of activity
of the catalytic domain alone. The catalytic domain may contribute to host defence by
processing/degrading other proteinases or bacterial toxins. However, MMP12 does not degrade
S. aureus alpha-toxin (data not shown).

Full-length MMP12 is a 54 kDa pro-enzyme consisting of three common MMP domains: an
amino-terminal pro-domain, a zinc- and calcium-binding catalytic domain, and a haemopexin-
like carboxy-terminal domain (CTD)0. CTD functions include enhancement of TIMP binding
and improved catalysis of both collagen and chemokines15-18. The CTD is not required for
MMP12-mediated substrate catalysis, and is commonly shed during MMP12 activation in
vitro®®,

To isolate region(s) of antimicrobial activity, we generated recombinant mouse MMP12 CTD
(residues 280-473) in E. coli. Co-incubation of MMP12 CTD (but not MMP9 CTD) with either
S. aureus or E. coli demonstrated a dose-dependent inhibition of bacterial growth equivalent
to full-length MMP12 (Fig. 4c). In addition to S. aureus, K. pneumoniae and E. coli, MMP12
also Kills Salmonella enteriditis. Notably, MMP12 is not active against Listeria
monocytogenes, an organism that is able to survive within macrophages (data not shown).

To expand on the immuno-electron-microscopy results, which suggest that MMP12 is directly
bactericidal by disrupting bacterial outer membrane integrity, we performed a propidium iodide
exclusion assay. Mouse MMP12 CTD killed 98% of S. aureus in this assay (Fig. 4d). We also
generated S. aureus cell-walls loaded with fluorescent dextran and performed a liposomal
release assay demonstrating that MMP12 CTD can disrupt liposomal membranes (data not
shown).

To more precisely locate the region of antimicrobial activity in mouse MMP12 CTD, we
generated three recombinant fragments corresponding to the initial (Ser 280-Ile 342), middle
(Glu 343—Glu 404), and last (Trp 405—Cys 473) third of the CTD. Only the middle fragment
showed antimicrobial activity. Synthetic peptides were generated from this region of mouse
MMP12 that narrowed the antimicrobial properties of the MMP12 CTD to a 20 amino acid
sequence, designated SR-20 (344- SRNQLFLFKDEKYWLINNLV-363). SR-20 proved
bactericidal against S. aureus in a propidium iodide exclusion assay, whereas the comparable
region in mouse MMP13 (343-SRDLMFIFRGRKFWALNGYD-362) did not (data not
shown). Bacterial killing assays also demonstrated that MMP12 CTD Kkilled bacteria without
further processing to smaller fragments, suggesting that SR-20 preferentially killed bacteria
within the scaffold of the entire CTD (Fig. 4e).

We generated a three-dimensional homology model of mouse MMP12 CTD (Fig. 4f). The
SR-20 antimicrobial peptide resides within blade 1l of the CTD, which is an all § structure
featuring a fourfold B propeller in all experimental structures reported. Interactions with either
the catalytic domain or the pro-domain are not predicted. The only exposed portions of SR-20
that could theoretically interact with bacteria are the surface accessible loops that flank and
connect the two central B strands (LB2B3 on the entry side, and LB1p2 and LB3B4 on the exit
side of the CTD disk; Fig. 4f). Lp2B3 is of particular interest given its unique sequence of
acidic amino acids flanked by basic residues. Although this amino acid sequence is homologous
in rabbit, rat, mouse and human MMP12, it is not found in any other MMP (Fig. 4g). The
sequence Lys-Asp-Glu-Lys is commonly found in various proteins, but a search of three-
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dimensional structures that contain this motif protruding from the surface of a § loop confirmed
that it is sequentially and structurally unique to MMP12.

To prove that this motif is responsible for the observed antimicrobial properties of MMP12,
we constructed a mutant peptide identical to SR-20 except that the Lys-Asp-Glu-Lys motif
found in mouse MMP12 was replaced by the human MMP9 sequence, Ser-Gly-Arg-Gln.
Incubation of S. aureus with wild-type and mutant peptide confirmed that the Lys-Asp-Glu-
Lys motif is essential for the antimicrobial properties of mouse MMP12 CTD (Fig. 4h). Shorter
four-amino-acid peptides (Ser-Gly-Arg-Gln, Lys-Asp-Asp-Lys and Lys-Asp-Glu-Lys) did not
show antimicrobial activity (data not shown), suggesting that the loop structure of the protein
is required for bacterial killing.

Previously, we, and others, have shown that neutrophil elastase is able to kill bacteria within
neutrophil phagolysosomes20~22. Other serine-proteinases, including cathepsin G, proteinase
3, and the inactive azurocidin have been shown to possess antimicrobial activity, independent
of catalytic activity?3. However, sequence analysis of these serine-proteinases did not reveal
the presence of the Lys-Asp-Glu-Lys motif (data not shown). Matrilysin (also known as
MMP7), the only other MMP known to participate in bacterial killing, does so indirectly by
clegving and activating alpha-defensins within Paneth cells before their secretion into the
gut?4,

MMPs participate in physiological functions, including embryonic growth and development,
generation and termination of the cytokine/chemokine gradients, and regulation of cell growth,
differentiation and angiogenesis by cleavage of non-matrix proteins!:18:25:26 \When
aberrantly or excessively expressed, MMPs cause tissue destruction leading to emphysema,
vascular disease and arthritis11:27:28. Although virtually all MMP functions had been thought
to occur extracellularly or on the cell surface, MMPs have recently been implicated in intra-
cellular functions including apoptosis and cell cycle regulation29-30. This study extends this
concept to include intracellular (within the phagolysosome) antimicrobial activity.

The present study supports the participation of the macrophage in the earliest stages of the
host’s defence against microorganisms, and adds to our understanding of MMP biology by
demonstrating that MMP12 possesses direct antimicrobial activity. After engulfment of
microorganisms by macrophages, intracellular stores of MMP12 are mobilized to
phagolysosomes, where MMP12 uses a new antimicrobial peptide within the CTD to disrupt
the integrity of cell wall structures in the invading microorganisms. The continued discovery
of new antimicrobial mechanisms may prove essential to combat the increasing incidence of
resistance to antibiotics now in use.

METHODS SUMMARY

Mmp12~/~ and wild-type mice were maintained on a 129/SvJ background and housed in a
sterile barrier facility. In vivo infection models were accomplished by i.p. (peritonitis),
intratracheal (pneumonia) or i.v. (bacteremia) administration of bacteria. Staphylococcus
aureus, S. enteritidis and K. pneumoniae (clinical isolates) and E. coli (K1 strain) were grown
in TSB and isolated on Luria-Bertani broth agar (LB) plates. Organ c.f.u. were determined by
plating limiting dilutions of organ homogenates on LB plates. Inflammatory cell counts were
determined using a haemocytometer and Wright-stained cytospins. Macrophage Killing assays
were performed using thioglycollate-induced peritoneal macrophages. After 60 min incubation
with bacteria, macrophages were washed with PBS and incubated for a further 30 or 90 min.
Colony-forming units were determined from macrophage lysates. Recombinant protein
constructs were generated in pet 20b vectors and grown in E. coli. All synthetic peptides were
generated by the University of Pittsburgh protein core facility. Protein and peptide killing
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assays were performed in either TSB or RPMI plus 10% FCS at 37 °C for 60 min. Propidium
iodide exclusion assay was performed using Syto 59 (red) to stain total bacteria and S-7020

(9

reen) to stain bacteria with disrupted membranes (both from Molecular Probes). A three-

dimensional homology model of mouse MMP12 CTD was constructed on the basis of crystal
structures of related full-length MMPs. The programs CPHmodels 2.0
(www.cbs.dtu.dk/services/CPHmodels) and Swiss Model (swissmodel.expasy.org) were used

fo

r construction.

Full Methods and any associated references are available in the online version of the paper at
www.nature.com/nature.

Supplement
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MMP12 provides survival advantage in Gram-positive and Gram-negative infection

a, Kaplan-Meier curve for Mmp12~/~ and wild-type (WT) mice after i.p. injection with 1
x108 c.f.u. S. aureus (n = 40 for each group from six experiments); P = 0.0014, log-rank test.
b, ¢, Kaplan-Meier curves for low (b; 1 x107 c.f.u.) and high (c; 1 x10° c.f.u.) S. aureus titres
(n = 6 each group); P <0.05. d, Bacterial c.f.u. 24 h after i.p. S. aureus injection in peritoneal
fluid (PF), blood, liver and lungs (n = 4 each group); *P <0.01. e, f, Peritoneal macrophage
(macs; e) and neutrophil (f) counts 2 and 24 h after i.p. S. aureus injection (n = 6 each group).
PMN, polymorphonuclear leukocytes; P >0.05. g, Kaplan-Meier curve for Mmp12~/~ (n = 15)
and wild-type (n = 16) mice (from three experiments) after 1 x108 c.f.u. i.p. E. coli injection;
P =0.0271. h, Kaplan—Meier curve for intravenous S. aureus (1 x108 c.f.u.) to wild-type (n =
13) and Mmp12~~ (n = 16) mice (from three experiments); P = 0.9640. i, Lung bacterial burden
(c.f.u.) 2 h after S. aureus TVI (n = 6 each group); *P <0.005. All error bars represent s.d.
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Figure 2. MMP12 improves bacterial clearance and survival in S. aureus pneumonia

a, Kaplan-Meier curve for Mmp12+/*(n = 30; wild-type, WT) and Mmp12~/~ (n = 36) mice
(from six experiments) administered with S. aureus i.t. (1 x108 c.f.u.); P = 0.0093, log-rank
test. b, Bacterial burden in the lung after sub-lethal dose of S. aureus i.t. (1 x10% c.fu;n=8
each group); *P<0.01. ¢, Intramacrophage bacterial particle counts on Gram stain (n =8 each
group); *P <0.001. d, Mmp12*/* and Mmp12~/~ alveolar macrophages on Gram stain at the
2-h time point. Original magnification, x100. All error bars represent s.d.
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Figure 3. MMP12 is required for early intracellular bacterial killing by macrophages

Peritoneal macrophages were incubated with S. aureus in RPMI plus 10% FCS without
antibiotics for 60 min (t = 0). a, Intracellular bacterial c.f.u. from macrophage lysates. Data are
from an experiment in triplicate. Error bars represent s.d., *P <0.05. b, Scanning electron
microscopy (original magnification, x4,400) of macrophages (from three experiments) at t =
60 min. ¢, Staphylococcus aureus in phagolysosomes of wild-type macrophages. Immuno-
electron-microscopy (original magnification, x30,000) shows MMP12 (gold particles) on S.
aureus cocci (c, d) within wild-type macrophages. Gold particles were not detected within
Mmp12~/~ macrophages (d).
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Figure 4. MMP12 CTD possesses bactericidal activity

a—c, Bacteria were incubated with human pro-MMP12 in 5% TSB (a) or RPMI plus 10% FCS
(b), or with mouse MMP12 CTD (c) for 60 min at 37 °C. Data are expressed as c.f.u. (from
three experiments); *P <0.005. d, Fluorescent propidium iodide exclusion assay after co-
incubation of S. aureus and MMP12 CTD or control for 30 min. All bacteria stain positive for
Syto 59 (red), but only those with disrupted membranes stain with S-7020 (green). e, Human
pro-MMP12 incubated with and without S. aureus to study CTD processing in the presence of
bacteria using a CTD antibody. The 54 kDa band represents full-length MMP12, the 45 kDa
band represents shedding of pro-domain, and the 25 kDa band represents the CTD. The CTD
is not processed to smaller fragments. f, Computational three-dimensional model of mouse
MMP12 CTD. The SR-20 sequence is located within CTD blade 1l including  strands p2 and
B3, as well as the connecting and flanking loops (green trace). g, SR-20 shows a high degree
of homology among MMP12 orthologues but not among other MMPs. h, Staphylococcus
aureus was incubated with either wild-type (WT) MMP12 SR-20 peptide or mutant peptide
(Lys-Asp-Glu-Lys replaced by Ser-Gly-Arg-GIn) (both at 20 ug mI~1), in RPMI plus 10% FCS
for 60 min. Data are expressed as c.f.u., *P <0.001. All error bars represent s.d.
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