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Stenotrophomonas maltophilia Serine
Protease StmPr1 Induces Matrilysis,
Anoikis, and Protease-Activated Receptor
2 Activation in Human Lung Epithelial
Cells

Ashley L. DuMont, Nicholas P. Cianciotto
Department of Microbiology and Immunology, Northwestern University Medical School, Chicago, lllinois, USA

ABSTRACT Stenotrophomonas maltophilia is an emerging, opportunistic nosocomial
pathogen that can cause severe disease in immunocompromised individuals. We re-
cently identified the StmPr1 and StmPr2 serine proteases to be the substrates of the
Xps type Il secretion system in S. maltophilia strain K279a. Here, we report that a
third serine protease, StmPr3, is also secreted in an Xps-dependent manner. By con-
structing a panel of protease mutants in strain K279a, we were able to determine
that StmPr3 contributes to the previously described Xps-mediated rounding and de-
tachment of cells of the A549 human lung epithelial cell line as well as the Xps-
mediated degradation of fibronectin, fibrinogen, and the cytokine interleukin-8 (IL-8).
We also determined that StmPr1, StmPr2, and StmPr3 account for all Xps-mediated
effects toward A549 cells and that StmPr1 contributes the most to Xps-mediated ac-
tivities. Thus, we purified StmPr1 from the S. maltophilia strain K279a culture super-
natant and evaluated the protease’s activity toward A549 cells. Our analyses re-
vealed that purified StmPr1 behaves more similarly to subtilisin than to trypsin. We
also determined that purified StmPr1 likely induces cell rounding and detachment of
A549 cells by targeting cell integrin-extracellular matrix connections (matrilysis) as
well as adherence and tight junction proteins for degradation. In this study, we also
identified anoikis as the mechanism by which StmPr1 induces the death of A549
cells and found that StmPr1 induces A549 IL-8 secretion via activation of protease-
activated receptor 2. Altogether, these results suggest that the degradative and cy-
totoxic activities exhibited by StmPr1 may contribute to S. maltophilia pathogenesis
in the lung by inducing tissue damage and inflammation.

KEYWORDS A549 cells, PAR2, Stenotrophomonas maltophilia, StmPr1, StmPr3, Xps,
anoikis, matrilysis, serine protease, type Il secretion

tenotrophomonas maltophilia is a Gram-negative bacterium found in soil and aque-

ous sources that has emerged as an important, opportunistic human pathogen
(1-3). Although considered relatively nonvirulent, S. maltophilia causes severe disease
in immunocompromised individuals, such as those with severe burns, cystic fibrosis,
and HIV infection, as well as patients receiving chemotherapy or immunosuppressive
therapy (4). Pneumonia is the most common infection associated with S. maltophilia,
and recently, surveillance studies found S. maltophilia to be the 6th most common
cause of respiratory tract infections worldwide (5). Bacteremia is the second most
common infection caused by S. maltophilia, but the pathogen has also been implicated
in bone, soft tissue, eye, urinary tract, heart, and brain infections (1, 2, 5). S. maltophilia
has long been considered a major problem in the hospital setting, especially in
intensive care units, where S. maltophilia infection prevalence rates were most recently
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determined to be 1.4 to 3.0% (5). In the general population, S. maltophilia infection
prevalence rates increased from 0.8% to 1.4% from 1997 to 2003 to 1.3 to 1.68% from
2007 to 2012 (5), indicating that S. maltophilia infections are on the rise in both
hospitals and the community. Studies documenting community-acquired S. maltophilia
infections (6-8), one of which recently described an infection in an immunocompetent
individual (8), provide further evidence that S. maltophilia is also emerging as a
community-associated pathogen. The intrinsic multidrug-resistant nature of S. malto-
philia makes treatment of infections very difficult (5, 9). The antibiotic trimethoprim-
sulfamethoxazole, which is currently the drug of choice for combating S. maltophilia
infections, has been losing effectiveness (9-12), and the WHO recently listed S. malto-
philia as one of the top drug-resistant pathogens found in hospitals worldwide (9).
Much progress has been made with regard to understanding the antibiotic resistance
mechanisms employed by S. maltophilia (5), but the virulence factors utilized by the
pathogen to cause disease are still largely uncharacterized (13).

Our laboratory has recently described the effects of the Xps type Il secretion (T2S)
system from the S. maltophilia clinical isolate K279a on several cell lines, including the
A549 lung epithelial cell line (14, 15). Specifically, we observed that the Xps T2S system
causes A549 cell rounding, actin rearrangement, cell detachment, and cell death (15).
We also ascribed a number of degradative activities to Xps, such as degradation of the
extracellular matrix (ECM) components collagen type |, fibronectin, and fibrinogen, as
well as degradation of the cytokine interleukin-8 (IL-8) (14). We went on to identify the
serine proteases StmPr1 and StmPr2, which belong to the S8 peptidase family of
subtilases, as secreted substrates of the Xps T2S system (14). StmPr1 and StmPr2
accounted for the Xps-mediated serine protease, gelatinase, and caseinolytic activities
exhibited by strain K279a culture supernatants (14). StmPr1 accounted for all observed
Xps-mediated collagen type | degradation and was also completely responsible for the
Xps-mediated death of A549 cells (14). However, StmPr1 and StmPr2 did not explain all
of the known Xps-mediated activities. A549 cell rounding and detachment were
observed after 24 h of incubation with culture supernatants lacking StmPr1 and StmPr2
(14). Similarly, the Xps-mediated degradative activity toward fibronectin, fibrinogen,
and IL-8 was not completely abolished in culture supernatants lacking StmPr1 and
StmPr2 (14). These data indicate that an additional Xps substrate(s) has yet to be
identified.

In this study, we show that another protease (StmPr3) contributes to Xps-mediated
A549 cell rounding and detachment, as well as fibronectin, fibrinogen, and IL-8
degradation. Furthermore, with the exception of IL-8 degradation, StmPr1, StmPr2, and
StmPr3 are completely responsible for these Xps activities, although we did confirm
that SmPr1 contributes the most out of the three proteases. Herein, we also identify
cell-ECM connections and tight and adherence junctions to be targets of StmPri
degradation, determine that StmPr1 induces anoikis in A549 cells, and show StmPr1-
mediated activation of protease-activated receptor 2 (PAR2).

RESULTS

S. maltophilia strain K279a produces a third Xps-secreted serine protease,
StmPr3. We first set out to determine what protease(s), in addition to StmPr1 and
StmPr2, contributes to the previously described Xps-mediated cell rounding/detach-
ment and degradative activities of S. maltophilia strain K279a (14). Two other S.
maltophilia S8 peptidases, denoted StmPr3 and StmPr4, were previously identified, but
they were studied only recombinantly in Escherichia coli with regard to their potential
use as commercial detergents (16). BLAST analysis of the K279a genome indicated that
the strain carries the stmPr3 (SMLT_RS20900) gene but not the stmPr4 gene. Alignment
of StmPr3 with StmPr1 and StmPr2 from strain K279a revealed that StmPr3 shares
25.1% amino acid sequence identity and 48.2% amino acid sequence similarity to
StmPr1 and shares 27.7% amino acid sequence identity and 50.7% amino acid se-
quence similarity to StmPr2 (Fig. S1). Like StmPr1 and StmPr2, StmPr3 is predicted to
have a conserved catalytic triad (Asp-His-Ser) and an N-terminal signal sequence,
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FIG 1 Contribution of StmPr3 to Xps-mediated A549 cell detachment and Xps-mediated degradative
activities. (A) His-tagged StmPr3 (Pr3-His) was exogenously produced from a plasmid in strain K279a
(WT), xpsF mutant NUS4 (xpsF), and gspF mutant NUS1 (gspF). Supernatants collected from the cultures
of these strains were analyzed by SDS-PAGE, followed by immunoblotting for anti-His. The migration of
molecular mass standards (in kilodaltons) is indicated to the left of the gel images. (B) A549 cells were
incubated for 24 h with 25% (vol/vol) culture supernatant collected from the WT strain, xpsF mutant
NUS4, stmPr1 stmPr2 mutant NUS7 (Pr1 Pr2), stmPr1 stmPr2 stmPr3 mutant NUS14 (Pr1 Pr2 Pr3), or the
stmPr1 stmPr2 stmPr3 mutant complemented with stmPr1 (Pr1 Pr2 Pr3 + Prl1), stmPr2 (Pr1 Pr2 Pr3 + Pr2),
or stmPr3 (Pr1 Pr2 Pr3 + Pr3). Cell detachment was determined by quantifying the remaining adherent
cells. Data were normalized to those for cells treated with medium alone, for which adherence was set
at 100%. (C) Ten micrograms of human fibronectin (Fn; top) or fibrinogen (Fb; bottom) was incubated at
37°C for 16 h with 25 ul of culture supernatant from the WT, the xpsF mutant, the indicated protease
mutant and complemented strains, or a control treated with medium alone. ECM protein degradation
was analyzed by SDS-PAGE and total protein staining with Coomassie. The fibrinogen «, B8, and y chains
are indicated. The migration of molecular mass standards (in kilodaltons) is indicated to the left of the
gel images. Data are representative of those from three independent experiments. (D) Recombinant IL-8
was incubated at 37°C for 16 h with 50 or 100 ul of culture supernatant collected from the WT strain, the
xpsF mutant, the indicated protease mutant and complemented strains, or a control treated with
medium alone. IL-8 levels were quantified by ELISA. For panels B and D, the data are represented as the
mean and SD from three independent experiments.

making it a likely candidate for a type Il secreted substrate (14, 16). To determine
whether StmPr3 is secreted by a T2S system, we employed the same approach used
previously to confirm that StmPr1 and StmPr2 are Xps substrates (14). StmPr3, which
was engineered to have a C-terminal His tag, was expressed via a plasmid in wild-type
(WT) K279a, as well as in the xpsF and gspF T2S mutants. SDS-PAGE and immunoblot
analysis of early-stationary-phase culture supernatants revealed that StmPr3-His was
secreted by the WT strain and the gspF mutant but not the xpsF mutant (Fig. 1A). These
results indicate that StmPr3, like StmPr1 and StmPr2, is secreted in an Xps-dependent
manner.

StmPr3 contributes to Xps-mediated A549 cell detachment and Xps-mediated
degradation of ECM components and IL-8. We next constructed several stmPr3
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mutants of strain K279a to evaluate the role of StmPr3 in a panel of assays where
StmPr1 and StmPr2 did not account for all of the Xps-mediated activity. In addition to
the previously constructed stmPr1, stmPr2, and stmPr1 stmPr2 mutants, for this study we
made an stmPr3 mutant, stmPr1 stmPr3 and stmPr2 stmPr3 double mutants, and an
stmPr1 stmPr2 stmPr3 triple mutant. All of the newly generated mutants grew similarly
to the WT strain in broth culture (data not shown), indicating that the mutations do not
result in a general growth defect. The secretion profiles of the stmPr3 mutants were
analyzed by SDS-PAGE and total protein staining to confirm that these strains lacked
StmPr3 (see Fig. S2 in the supplemental material). The parental strain and the stmPr1
stmPr2 mutant were also included in the analysis for comparison. An approximately
70-kDa band was observed in the WT and stmPr1 stmPr2 mutant but was absent from
all mutants lacking stmPr3 (Fig. S2). The predicted size of StmPr3 is approximately 58
kDa, but the size of the StmPr3-His band observed by immunoblotting was also
approximately 70 kDa (Fig. TA). These data indicate that the 70-kDa band missing from
the stmPr3 mutants corresponds to StmPr3 and that these strains indeed lack stmPr3.

In our previous study, we found that StmPr1 and StmPr2 did not account for all of
the observed Xps-mediated A549 cell detachment at 24 h postincubation with strain
K279a culture supernatants (14). Therefore, we were interested in seeing how the
stmPr1 stmPr2 stmPr3 triple mutant compared to the stmPr1 stmPr2 mutant in the A549
cell detachment assay. As previously reported (14), incubation of A549 cells with culture
supernatants from the stmPr1 stmPr2 mutant resulted in WT levels of cell detachment,
whereas the xpsF mutant supernatant did not cause cell detachment (Fig. 1B). When the
supernatant from the stmPr1 stmPr2 stmPr3 triple mutant was tested in this assay, it also
did not promote cell detachment, and no significant difference between the stmPr1
stmPr2 stmPr3 mutant and the xpsF mutant was observed (Fig. 1B). The stmPr1 stmPr2
stmPr3 mutant’s inability to cause A549 cell detachment could be restored by providing
stmPr1, stmPr2, or stmPr3 in trans (Fig. 1B). These results indicate that StmPr1, StmPr2,
and StmPr3 all contribute to A549 cell detachment and that these proteases account for
all of the observed Xps-mediated A549 cell detachment caused by strain K279a.

Similar to the results of the A549 cell detachment assay, our previous study found
that StmPr1 and StmPr2 did not account for all of the observed Xps-mediated degra-
dation of the ECM components fibronectin and fibrinogen (14). To investigate whether
StmPr3 contributes to the degradation of these ECM components, the stmPr1 stmPr2
stmPr3 mutant supernatant was compared to the WT, xpsF, and stmPr1 stmPr2 mutant
supernatants upon incubation with purified human fibronectin and fibrinogen. When
ECM component stability was monitored by SDS-PAGE and total protein staining, we
observed that, unlike the stmPr1 stmPr2 mutant supernatant, the stmPr1 stmPr2 stmPr3
mutant supernatant behaved like the xpsF mutant supernatant and did not degrade
fibronectin and fibrinogen (Fig. 1C). In this assay, the stmPr1 stmPr2 stmPr3 mutant
could also be complemented with the genes for any of the three proteases that it
lacked, although to various degrees. Complementation of the stmPr1 stmPr2 stmPr3
mutant with the stmPr1 gene restored the most degradative activity toward fibronectin
and fibrinogen, followed by complementation with stmPr2 and complementation with
stmPr3, in that order (Fig. 1C). We concluded that StmPr3 also contributes to fibronectin
and fibrinogen degradation and that StmPr1, StmPr2, and StmPr3 are completely
responsible for the Xps-mediated degradation of these ECM components.

Finally, we also tested whether StmPr3 contributes to Xps-mediated degradation of
the cytokine IL-8, which we previously showed was predominantly, but not entirely,
due to StmPr1 and StmPr2 (14). When purified recombinant IL-8 was incubated with 50
wul of supernatant and IL-8 stability was monitored by enzyme-linked immunosorbent
assay (ELISA), we observed no difference between the xpsF, stmPr1 stmPr2, and stmPr1
stmPr2 stmPr3 culture supernatants, none of which caused degradation of IL-8 (Fig. 1D).
However, at a high dose of supernatant (100 wl), the stmPr1 stmPr2 stmPr3 mutant
supernatant caused significantly less IL-8 degradation than the stmPr1 stmPr2 mutant
supernatant (Fig. 1D). The stmPr1 stmPr2 stmPr3 mutant supernatant also caused
significantly more IL-8 degradation than the xpsF mutant supernatant at the 100-ul
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FIG 2 Predominant contribution of StmPr1 to Xps-mediated activities. (A) A549 cells were incubated for
3 h with 25% (vol/vol) culture supernatant collected from the WT, xpsF mutant NUS4, stmPr1 mutant
NUSS5 (Pr1), stmPr2 mutant NUS6 (Pr2), stmPr3 mutant NUS11 (Pr3), stmPr1 stmPr3 mutant NUS12 (Pr1 Pr3),
stmPr2 stmPr3 mutant NUS13 (Pr2 Pr3), stmPr1 stmPr2 mutant NUS7 (Pr1 Pr2), or stmPr1 stmPr2 stmPr3
mutant NUS14 (Pr1 Pr2 Pr3). Cell detachment relative to that for control cells treated with medium alone
was determined as described in the legend to Fig. 1. (B) Human fibronectin (Fn; top) and fibrinogen (Fb;
bottom) were incubated at 37°C for 16 h with 25 ul of culture supernatant from the WT, the xpsF mutant,
the indicated protease mutant strains, or a control treated with medium alone. ECM protein degradation
was analyzed as described in the legend to Fig. 1. The fibrinogen «, 8, and vy chains are indicated. The
migration of molecular mass standards (in kilodaltons) is indicated to the left of the gel images. Although
the samples were examined on the same gel, they were not in adjacent lanes, and therefore, we cropped
out intervening lanes that were not pertinent to the analysis. Data are representative of those from three
independent experiments. (C) Recombinant IL-8 was incubated at 37°C for 16 h with 50 ul of culture
supernatant collected from the WT strain, the xpsF mutant, the indicated protease mutant strains, or a
control treated with medium alone. IL-8 levels were quantified by ELISA. For panels B and D, data are
represented as the mean and SD from three independent experiments.

dose, indicating that an additional Xps-secreted substrate contributes to the degrada-
tion of IL-8 (Fig. 1D). At the 100-ul dose, the stmPr1 stmPr2 stmPr3 mutant was equally
complemented with stmPr1, stmPr2, or stmPr3, but at the 50-ul dose, complementation
of the stmPr1 stmPr2 stmPr3 mutant was achieved only with stmPr1 and stmPr2. From
these data, we concluded that while StmPr3 does contribute to IL-8 degradation,
StmPr1, StmPr2, and StmPr3 do not entirely account for the Xps-mediated degradation
of IL-8.

StmPr1 is predominantly responsible for Xps-mediated activities. While we
were initially interested in comparing the stmPr1 stmPr2 stmPr3 mutant with the stmPr1
stmPr2 mutant to elucidate the role of StmPr3 (Fig. 1), performance of the cell
detachment and degradation assays with the full panel of protease mutants revealed
the relative importance of StmPr1, StmPr2, and StmPr3. Deletion of only stmPr1, stmPr2,
or stmPr3 did not affect the ability of the strain K279a culture supernatant to cause
A549 cell detachment upon 3 h (Fig. 2A) or 24 h (data not shown) of incubation. When
the stmPr1 stmPr2, stmPr1 stmPr3, and stmPr2 stmPr3 double protease mutants were
evaluated, all supernatants showed comparable cell detachment activity after 24 h of
incubation with A549 cells (data not shown). However, after a 3-h incubation, the
stmPr1 stmPr2 and stmPr1 stmPr3 mutant supernatants caused significantly less A549
cell detachment than the stmPr2 stmPr3 mutant supernatant, which behaved like the
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WT supernatant (Fig. 2A). Furthermore, there was no significant difference between the
XpsF, stmPr1 stmPr3, stmPr1 stmPr2, and stmPr1 stmPr2 stmPr3 mutant supernatants at
the 3-h time point (Fig. 2A). These data indicate that the loss of stmPri1 causes the
greatest effect on the ability of the strain K279a culture supernatant to cause A549 cell
detachment.

The predominant contribution of StmPr1 to Xps-mediated activities was also evident
when the degradation of fibronectin, fibrinogen, and IL-8 was evaluated using the full
panel of protease mutants. The ECM degradation pattern caused by the stmPr2 and
stmPr3 mutant supernatants was no different from that caused by the WT super-
natant, and out of the single mutants, only the stmPr1 mutant supernatant was
attenuated for degradation (Fig. 2B). As was observed in the A549 cell detachment
assay, the double mutants lacking stmPr1 (the stmPr1 stmPr2 and stmPri1 stmPr3
double mutants) were more attenuated at causing ECM component degradation than
the stmPr2 stmPr3 mutant (Fig. 2B). Moreover, these patterns seen among the single
and double protease mutants in the ECM component degradation assays were also
observed when the degradation of IL-8 was evaluated using the full panel of mutants
(Fig. 2C). These data confirm that StmPr1 contributes the most to the known Xps-
mediated activities. Therefore, we decided to focus our efforts on elucidating the
mechanism by which StmPr1 acts.

Purified StmPr1 is sufficient to cause A549 cell rounding and detachment. To
better study the mechanism of action of the StmPr1 protease, we purified StmPr1 from
the S. maltophilia strain K279a culture supernatant using benzamidine-Sepharose. This
approach was employed to purify a serine protease from Vibrio cholerae on the basis of
the property that benzamidine is a serine protease inhibitor that binds specifically to
serine proteases (17). We chose to purify StmPr1 from the supernatant of the stmPr1
stmP2 stmPr3 mutant complemented with stmPri to avoid contamination by StmPr2
and StmPr3. We also performed a mock purification with supernatant from the stmPr1
stmP2 stmPr3 mutant with an empty vector. When purified StmPr1 was analyzed by
SDS-PAGE and total protein staining with SYPRO Ruby, we observed a band at approx-
imately 47 kDa that was not present in the mock purification (Fig. 3A and S3A) and that
corresponds to the expected size of StmPr1 (14). We also noted the appearance of
smaller bands in the purified material that were absent from the mock purification (Fig.
3A and S3A). These less abundant bands may be indicative of some StmPr1 degradation
or a more processed version of StmPr1, as we have observed that StmPr1 is likely
autoprocessed at both the N and C termini (14). Most serine proteases typically fall into
one of two major clades, a trypsin-like clade or a subtilisin-like clade (18), but a StmPr1
variant purified from a S. maltophilia bronchoalveolar lavage (BAL) fluid isolate was
previously classified as both trypsin-like and subtilisin-like with regard to cleavage
specificity (19). Therefore, to determine if purified StmPr1 from strain K279a is more
trypsin-like or subtilisin-like in its mechanism of action, we included subtilisin A purified
from Bacillus licheniformis and trypsin purified from bovine pancreas in our analyses
(Fig. 3A). To confirm the quality of our protein preparation, we tested the proteolytic
activity of purified StmPr1 at various concentrations using N-succinyl-Ala—Ala—Pro-Phe-
p-nitroanilide (pNA) as a substrate. Purified StmPr1 hydrolyzed the substrate in a
dose-dependent manner, and the mock-purified sample exhibited no proteolytic ac-
tivity toward the substrate (Fig. 3B and S3B). As expected, subtilisin A, but not trypsin,
hydrolyzed the N-succinyl-Ala—Ala-Pro-Phe-pNA substrate, although not as efficiently
as StmPr1 (Fig. 3B) (20, 21).

We next tested whether purified StmPr1 was sufficient to cause A549 cell detach-
ment. When incubated with purified StmPr1, approximately 75% of A549 cells rounded
and detached from the tissue culture dish within 1 h of treatment with as little as 10
nM the protease, and similar results were observed with subtilisin A (Fig. 3C). StmPr1 at
the 5 nM dose was also able to cause 75% of A459 cells to detach at 1 h, while subtilisin
A at 5 nM caused significantly less A549 cell detachment (approximately 55%) at this
time point (Fig. 3C). At 3 h postincubation, StmPr1 and subtilisin A behaved similarly
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FIG 3 Characterization of the proteolytic and cell-detaching activities of purified StmPr1 compared to
those of subtilisin A and trypsin. (A) StmPr1 was purified from the supernatant of the stmPri stmPr2
stmPr3 mutant complemented with stmPr1 using benzamidine-Sepharose. Purified StmPr1, subtilisin A,
and trypsin (0.5 ug of each) were analyzed by SDS-PAGE, followed by SYPRO Ruby staining. (B) Purified
StmPr1, subtilisin A, or trypsin was incubated with N-succinyl-Ala—Ala-Pro-Phe-pNA at the indicated
equimolar concentrations for 60 min at 37°C to evaluate serine protease activity. The result for StmPr1
was statistically significantly different from the results for both subtilisin A and trypsin at all doses (P <
0.001). (C) A549 cells were incubated for 1 h or 24 h with the indicated equimolar concentrations of
purified StmPr1, subtilisin A, or trypsin. Cell detachment was determined as described in the legend to
Fig. 1. *, the difference between subtilisin A and StmPr1 was statistically significant (P < 0.001); «, the
difference between subtilisin A and StmPr1 was statistically significant (P = 0.002). The results for both
StmPr1 and subtilisin A were statistically significantly different from those for trypsin at the 5 to 100 nM
doses (P < 0.001), and the results between StmPr1 and trypsin were also statistically significantly
different at the 1 nM dose at 24 h (P < 0.001). (D) The morphology of A549 cells after 24 h of incubation
with 100 nM StmPr1, subtilisin A, or trypsin was determined by phase-contrast light microscopy. Data are
representative of those from three independent experiments. For panels B and C, data are represented
as the mean and SD from three independent experiments.

with regard to A549 cell detachment at all doses tested (Fig. S4A). However, at 24 h
postincubation with the proteases, StmPr1 again induced significantly more A549 cell
detachment than subtilisin A at the 1 nM and 5 nM doses (Fig. 3C). Trypsin was able to
induce A549 cell detachment only when 100 nM the protease was incubated with A549
cells for 1 h, and extending the incubation to 3 h (Fig. 3C) or 24 h (Fig. S4A) did not
increase the amount of trypsin-induced detachment observed. When A549 cells were
pretreated with the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF), the
level of cell detachment induced by StmPr1 (and subtilisin A) was significantly reduced,
indicating that the proteolytic activity of the proteases was responsible for the induced
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A549 cell detachment (Fig. S4B). Overall, these data indicate that StmPr1 is sufficient to
cause A549 cell detachment and does so more efficiently than subtilisin A at low doses,
while trypsin is the least efficient at inducing rounding and detachment of A549 cells.
Interestingly, we did notice that the morphology of A549 cells after protease-induced
rounding differed depending on which protease the cells were incubated with. StmPr1
(as well as trypsin) treatment resulted in chains of rounded and detached A549 cells,
whereas subtilisin A treatment reduced the A549 cells to a single-cell suspension (Fig.
3D). We hypothesized that this result may indicate that these proteases degrade
different cell targets or hydrolyze the same cell targets to various degrees. Therefore,
we next wanted to determine what targets StmPr1 degrades to induce A549 cell
rounding and detachment.

StmPr1 targets ECM connections as well as tight junction and adherence
junctions to induce A549 cell rounding and detachment. Based on the results of our
earlier experiments (Fig. 1 and 2), we hypothesized that StmPr1 likely targets ECM
connections to induce A549 cell rounding and detachment. Therefore, we next inves-
tigated whether StmPr1 degrades ECM proteins in the context of A549 cell culture and
to compare the effects of StmPr1, subtilisin A, and trypsin on ECM protein degradation.
A549 cells were incubated with equimolar concentrations of StmPr1, subtilisin A, and
trypsin, and the stability of the major ECM proteins fibronectin and collagen type | was
evaluated by immunoblot analysis with specific antibodies. Fibronectin was degraded
by StmPr1 in a dose-dependent manner, as evidenced by the disappearance of
full-length fibronectin (263 kDa) and the appearance of lower-molecular-mass fibronec-
tin degradation products (Fig. 4A). Both subtilisin A and trypsin also degraded fibronec-
tin, but StmPr1 and subtilisin A caused more extensive fibronectin degradation than
trypsin. As little as 1 nM StmPr1 and subtilisin A degraded fibronectin when A549 cells
were incubated with the proteases for 3 h, and the extent of fibronectin degradation
observed with T nM StmPr1 and subtilisin A was comparable to that observed with 100
times the amount of trypsin (100 nM) (Fig. 4A). Moreover, degradation of fibronectin by
StmPr1 was observed as early as 1 h postincubation, but at this time point subtilisin A
caused more fibronectin degradation than StmPr1 (Fig. S5A). We were unable to detect
collagen degradation when A549 cells were incubated with the proteases for 1 or 3 h
(data not shown), but we did detect a dose-dependent degradation of collagen when
collagen type | stability was assessed at 24 h postincubation (Fig. 4A). Similar to the
findings for fibronectin, a loss of full-length collagen type | (400 kDa trimer) and the
appearance of lower-molecular-mass degradation products were observed when A549
cells were incubated with StmPr1 (Fig. 4A). StmPr1 and subtilisin A degraded collagen
to a greater extent than trypsin, with as little as T nM StmPr1 or subtilisin A inducing
collagen degradation (Fig. 4A). Also, subtilisin A caused more collagen degradation
than StmPr1 at the 10 nM dose of protease (Fig. 4A). From these data, we concluded
that StmPr1 (and subtilisin A and trypsin) targets both fibronectin and collagen for
degradation during A549 culture.

Of the two ECM proteins evaluated, fibronectin was the most susceptible to deg-
radation by StmPr1. Therefore, we decided to also examine the stability of the fibronec-
tin receptor integrin 581, which is utilized by cells to anchor to fibronectin in the ECM
and may also be targeted by StmPr1 to induce cell detachment. Similar to the results
of the ECM degradation assays, we performed immunoblot analysis utilizing antibodies
specific to the integrin o5 and integrin B1 subunits on A549 cell lysates after incubation
of the cells with StmPr1, subtilisin A, or trypsin. StmPr1 degraded both integrin
subunits, as evidenced by the loss or reduction of the band corresponding to full-
length integrin a5 (115 kDa predicted, 145 kDa detected) and integrin 81 (88 kDa
predicted, 115 kDa detected) following 1-h (Fig. S5B) and 3-h (Fig. 4B) incubations,
although we did observe that the integrin was less susceptible than fibronectin to
StmPr1-mediated degradation, as integrin degradation was observed only at a dose as
low as 10 nM at 3 h (Fig. 4B). Subtilisin A degraded both integrin subunits to a similar
degree as StmPr1, but trypsin did not degrade either of the integrin subunits at any of
the doses or time points tested (Fig. 4B and S5B). These results demonstrate that
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FIG 4 Effect of purified StmPr1 compared to the effects of subtilisin A and trypsin on ECM connections
as well as adherence and tight junctions during A549 cell culture. A549 cells were incubated for 3 h (24
h for collagen analysis) with the indicated equimolar concentrations of purified StmPr1, subtilisin A, or
trypsin, as well as a PBS-treated control. Cell culture supernatants (A) or cell lysates (B and C) were
collected and analyzed by SDS-PAGE and immunoblot analysis with antifibronectin (Fn) and anti-collagen
type | antibodies (A), anti-integrin a5 and anti-integrin B1 antibodies (B), and anti-E-cadherin and
anti-occludin antibodies (C). The migration of molecular mass standards (in kilodaltons) is indicated to
the left of the gel images. For cell lysates (B and C), immunoblot analysis with anti-GAPDH was also
performed to confirm equal loading. Data are representative of those from three independent
experiments.

StmPr1 (and subtilisin A) targets both fibronectin itself and the fibronectin receptor
integrin o581 for degradation.

To investigate whether StmPr1 can also degrade tight and adherence junction
proteins, we assessed the stability of E-cadherin and occludin in the A549 cell culture
by immunoblot analysis with specific antibodies. The loss of a band corresponding to
the full-length adherence junction protein E-cadherin (120 kDa) indicated that StmPr1
degrades E-cadherin as early as 1 h postincubation, although not as efficiently as
subtilisin A (Fig. 4C and S5C). The tight junction protein occludin was also degraded by
StmPr1, evidenced by the loss of full-length occludin (59 kDa) (Fig. 4C and S5C).
However, subtilisin A degraded occludin to a greater extent than StmPr1, as subtilisin
A, but not StmPr1, caused degradation of occludin at the 1 nM dose at 1 h and 3 h
postincubation (Fig. 4C and S5C). Like the fibronectin receptor, both E-cadherin and
occludin were resistant to degradation by trypsin at the doses and time points tested
(Fig. 4C and S5C). These data indicate that StmPr1 and subtilisin A degrade the
adherence and tight junction proteins E-cadherin and occludin.

StmPr1 induces anoikis in A549 cells. In our previous study, we observed that
A549 cells incubated with strain K279a culture supernatants for 24 h were less viable
than cells treated with a medium control and that this drop in viability was dependent
on StmPr1 (14). To determine if StmPr1 can directly cause a decrease in A549 viability,
we incubated A549 cells with various concentrations of purified StmPr1, as well as
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FIG 5 Effect of purified StmPr1 compared to the effects of subtilisin A and trypsin on A549 cell viability.
(A) A549 cells were incubated for 3 h and 24 h with the indicated equimolar concentrations of purified
StmPr1, subtilisin A, or trypsin. Cell viability was measured using the metabolic dye PrestoBlue. Data were
normalized to those for cells treated with PBS alone, the viability of which was set at 100%. *, statistically
significant difference from the result for StmPr1 for both subtilisin A and trypsin (P < 0.001). (B) A549 cells
were incubated with 100 nM purified StmPr1, subtilisin A, or trypsin for 24 h. Caspase-3/7 activity was
monitored at the indicated times over the 24-h time course using CellEvent caspase-3/7 green detection
reagent, where the background level of caspase activity for a PBS-treated control was subtracted from
the values for the experimental samples. Staurosporine was included as a positive control for caspase
activation. *, statistically significant difference from the result for StmPr1 (P < 0.001); «, statistically
significant difference from the results for StmPr1, subtilisin A, and staurosporine (P < 0.001). (C)
Caspase-3/7 activity was monitored as described in the legend to panel B after 24 h of incubation with
100 nM purified StmPr1, subtilisin A, or trypsin in the presence or absence of the pan-caspase inhibitor
Z-VAD-FMK. *, statistically significant difference from the result obtained in the absence of Z-VAD-FMK
(P < 0.001). (D) A549 cells were incubated with 100 nM purified StmPr1, subtilisin A, or trypsin for 24 h.
Cell lysates were collected and analyzed by SDS-PAGE and immunoblot analysis with an anti-caspase-3
antibody. The sizes of caspase-3 and cleaved caspase-3 are indicated. The migration of molecular mass
standards (in kilodaltons) is indicated to the left of the gel images. Data are representative of those from
three independent experiments. Data are represented as the mean and SD from three independent
experiments.

subtilisin A and trypsin for comparison, and monitored the health of the cells over time
using a metabolic dye. When cells were incubated for 3 h with purified StmPr1 or either
of the other proteases, no loss of cell viability was observed (Fig. 5A). However, when
A549 cells were incubated with StmPr1 for 24 h, we did observe a dose-dependent
decrease in cell viability, with an approximately 30% decrease in viability occurring with
the 50 and 100 nM doses of StmPr1 (P < 0.001) (Fig. 5A). These results were comparable
to the StmPr1-mediated decrease in viability caused by the strain K279a culture
supernatant, which was also approximately 30% (14). Subtilisin A also caused a loss of
A549 cell viability, approximately 20% at the 100 nM dose (P < 0.001), though this was
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significantly less than the decrease in viability caused by StmPr1 (Fig. 5A). Trypsin
treatment of the A549 cells for 24 h had the least effect, causing an approximately 10%
decrease in cell viability at the 100 nM dose (P < 0.001) (Fig. 5A). From these data, we
concluded that StmPr1 is sufficient to cause A549 cell death and that StmPr1 causes the
most A549 cell death relative to that caused by subtilisin A and trypsin.

Cells that lose connection with the ECM typically undergo a form of detachment-
induced apoptosis known as anoikis (22, 23). Detachment is sensed by the cell through
a loss of signaling through integrin-ECM connections, which then triggers apoptosis to
occur through induction of the canonical caspase cascade (22, 23). The caspase cascade
relies on initiator caspases to cleave and activate the executioner caspases, which
include caspases 3, 6, and 7 (24). Because StmPr1 targets integrin-ECM connections for
degradation (Fig. 4) and induces A549 cell detachment and death (Fig. 3 and 5A), we
hypothesized that the A549 cells exposed to StmPr1 were likely dying through anoikis.
To test this hypothesis, we kinetically monitored effector caspase activation in A549
cells incubated with StmPr1 using a DEVD peptide-linked fluorescent dye, which binds
only DNA and fluoresces when the DEVD inhibitory peptide is cleaved by activated
caspase-3 and caspase-7. Staurosporine is a well-known inducer of apoptosis and
therefore was used as a positive control in this assay. Similar to the findings for the
staurosporine-treated control, we observed that StmPr1 induced caspase activation in
A549 cells over time, with maximum caspase activation occurring at 24 h postincuba-
tion (Fig. 5B). In line with the results from the cell viability assay, we observed that
subtilisin A also induced caspase activation in A549 cells, although the level of caspase
activation induced by subtilisin A was significantly less than the level of caspase
activation induced by StmPr1 at the 24-h time point (Fig. 5B). Some caspase activation
induced by trypsin was detected at the 24-h time point, but the level of caspase
activation was significantly less than that induced by StmPr1, subtilisin A, and stauro-
sporine (Fig. 5B). Importantly, when A549 cells were pretreated with the pan-caspase
inhibitor N-benzyloxycarbonyl-Val-Ala-Asp(O-methyl)-fluoromethylketone (Z-VAD-FMK)
prior to incubation with StmPr1, subtilisin A, trypsin, or staurosporine, caspase-3/7
activation was significantly inhibited (Fig. 5C). We next examined whether we could
detect cleaved caspase-3 in A549 cells incubated with StmPr1 by immunoblot analysis
with a caspase-3-specific antibody. Consistent with the results of the kinetic caspase
activation assay, when A549 cells were incubated with StmPr1 for 24 h, we detected a
reduction in full-length caspase-3 (35 kDa) and the appearance of lower-molecular-
mass bands corresponding to cleaved caspase-3 (17 to 19 kDa) (Fig. 5D). Subtilisin A
also induced caspase-3 cleavage in A549 cells, but we did not detect cleaved caspase-3
when cells were incubated with trypsin (Fig. 5D). Together, these results indicate that
A549 cells incubated with StmPr1 or subtilisin A undergo anoikis, characterized by
caspase-3 cleavage and activation.

StmPr1 cleaves and activates PAR2 to induce IL-8 secretion by A549 cells. We
previously observed that strain K279a induces IL-8 secretion in A549 cells at early time
points, but at later time points, the IL-8 secreted by A549 cells is degraded in an
StmPr1-dependent manner (14). Similarly, here we observed that recombinant IL-8 is
degraded by purified StmPr1 when a high dose of protease is used but not when a low
dose of protease is tested, and this pattern was also observed for subtilisin A and
trypsin (Fig. 6A). At low doses, trypsin has been shown to stimulate A549 cells to secrete
IL-8 through activation of PAR2 (25, 26). A549 cells express all four PARs (PAR1, PAR2,
PAR3, and PAR4) on their cell surface, although PAR2 is the most abundant (26).
Typically, PARs are activated by a cleavage event involving host serine proteases like
trypsin and thrombin (27). However, subtilisin A is also thought to activate PAR2, as
subtilisin A-induced inflammation in the murine lung was dependent on PAR2 (28).
Therefore, we hypothesized that StmPr1 may activate PAR2 to induce IL-8 secretion by
A549 cells and first evaluated whether purified StmPr1 is sufficient to induce IL-8
secretion in A549 cells. A549 cells incubated with StmPr1 secreted significantly larger
amounts of IL-8 than cells treated with the phosphate-buffered saline (PBS) control
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FIG 6 Activation of PAR2 by StmPr1 compared to that by subtilisin A and trypsin. (A) Recombinant IL-8
was incubated at 37°C for 16 h with the indicated concentrations of StmPr1, subtilisin A, or trypsin, and
IL-8 levels were quantified by ELISA. (B) A549 cells were incubated with 3 nM purified StmPr1, subtilisin
A, or trypsin or 100 uM the PAR2 agonist SLIGKV-NH, and a PBS-treated control for 16 h. IL-8 levels in
the cell culture supernatants were quantified by ELISA. (C) A549 cells that were transfected with
PAR2-targeting shRNA and nontargeting (NT) shRNA were incubated with 100 uwM SLIGKV-NH, and 3 nM
purified StmPr1 for 16 h. (Right) IL-8 levels in the cell culture supernatants were quantified by ELISA and
normalized to the levels for control cells transfected with the NT shRNA for each cell line, which were set
at 100%. (Left) Knockdown of PAR2 was confirmed via immunoblot analysis with an anti-PAR2 antibody
and an anti-GAPDH loading control. The sizes of molecular mass standards (in kilodaltons) are indicated
to the left of the gel images. (D) CHO cells that were transfected with alkaline phosphatase (AP)-labeled
PART and PAR2 reporter constructs were incubated with 10 nM purified StmPr1, subtilisin A, trypsin, or
thrombin for 1 h. AP levels in the cell culture supernatants were quantified by measuring AP activity,
where AP activity in the cell culture supernatant indicates that cleavage of the AP reporter from the PAR
N terminus has occurred. The background level of AP activity measured for a PBS-treated control was
subtracted from the values for the experimental samples. Data are represented as the mean and SD from
three independent experiments.

(Fig. 6B). Moreover, the IL-8 level detected in the culture medium of cells incubated
with StmPr1 was comparable to that induced by subtilisin A and trypsin (Fig. 6B). As
expected, treatment of A549 cells with the PAR2 agonist peptide SLIGKV-NH, resulted
in IL-8 secretion, similar to the results of treatment with StmPr1, subtilisin A, and trypsin
(Fig. 6B). These data demonstrate that StmPr1 is sufficient to induce IL-8 secretion by
A549 cells.

To determine if the observed StmPr1-mediated induction of IL-8 secretion in A549
cells is due to PAR2 activation, we next performed RNA interference with A549 cells by
stably transfecting the cells with a short hairpin RNA (shRNA) against PAR2. When PAR2
levels were compared in PAR2-knockdown cells and cells stably transfected with the
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nontargeting (NT) shRNA control, approximately 50% knockdown of PAR2 was ob-
served by immunoblot analysis with an anti-PAR2 antibody (Fig. 6C). When the PAR2-
knockdown cells and NT control cells were incubated with the PAR2 agonist for 16 h
and secreted IL-8 levels were monitored by ELISA, we observed approximately 80% less
IL-8 secretion by the PAR2-knockdown cells than the NT shRNA-transfected control cells
(Fig. 6C and S6). Thus, the level of PAR2 knockdown achieved was sufficient to see a
significant reduction in the level of A549 cell IL-8 secretion. Incubation of the PAR2-
knockdown cells with StmPr1 also resulted in a significant reduction (approximately
45% less) in the level of IL-8 secretion by A549 cells compared to that by the NT
shRNA-transfected control cells (Fig. 6C and S6). These results indicate that the StmPr1-
induced IL-8 secretion by A549 cells is at least partially due to StmPr1-mediated PAR2
activation.

PARs are G-protein-coupled receptors that are activated by proteolytic cleavage at
the N terminus, which creates an N-terminal tethered ligand that binds to and signals
though the PAR (27). To investigate whether StmPr1 directly cleaves PAR2, we utilized
a previously described alkaline phosphatase (AP)-PAR2 reporter construct transiently
transfected into CHO-K1 cells (29, 30). Upon PAR2 cleavage, the AP reporter fused to the
N terminus of PAR2 is released into the cell culture medium; thus, detection of AP
activity in the cell culture medium is indicative of PAR2 cleavage (29, 30). The trans-
fected CHO-K1 cells were incubated with StmPr1 for 1 h, and the AP activity in the
culture medium was assayed at this time. Trypsin was included as a positive control for
PAR2 cleavage, and thrombin, which cleaves PAR1 but not PAR2 (27), was included as
a negative control. We found that the level of AP activity induced by StmPr1 cleavage
of PAR2 was comparable to that induced by the trypsin control (Fig. 6D). Subtilisin A
treatment of cells also resulted in a level of AP activity similar to that induced by
StmPr1, indicating that subtilisin A also cleaves PAR2. Significantly less AP activity was
observed when transfected CHO-K1 cells were incubated with thrombin (Fig. 6D). For
comparison, an AP-PART reporter construct was also tested. As expected, AP activity
was detected in the cell culture medium of the CHO-K1 cells transfected with AP-PAR1
when they were treated with thrombin, but significantly less AP activity was detected
when the cells were incubated with trypsin, which preferentially targets PAR2 for
cleavage (27) (Fig. 6D). Interestingly, we found that incubation of AP-PAR1-expressing
CHO-K1 cells with StmPr1 and subtilisin A induced AP activity in the cell culture
medium at an amount comparable to that induced by thrombin (Fig. 6D), indicating
that these two proteases also cleave PART. Altogether, these data demonstrate that
StmPr1 cleaves PAR2 (and PART), with the cleavage of PAR2 explaining, at least in part,
the StmPr1-induced IL-8 secretion.

DISCUSSION

Our understanding of the virulence mechanisms employed by S. maltophilia to
cause disease is limited. A combination of S. maltophilia genome analyses and func-
tional studies, including our own, have indicated that potential virulence factors may
include flagella (31, 32), fimbriae (33, 34), a DNase (13), adhesins (13), a hemolysin (35,
36), exopolysaccharides and lipopolysaccharides (37), toxins (13, 38), a siderophore (36,
39), lipases (13), phospholipases (13, 40), hemagglutinin (13, 40), secretion systems
(13-15, 40), and proteases (13, 14, 19). Building on our previous work describing the
StmPr1 and StmPr2 proteases, here we identify the StmPr3 serine protease to be a third
Xps T2S system substrate secreted by S. maltophilia strain K279a. BLASTP analysis
revealed that StmPr3 from strain K279a is most closely related to an annotated serine
protease from Shinella fusca (99% identity), followed by proteases from Xanthomonas
retroflexus (95% identity) and Pseudomonas geniculata (86% identity). An updated
BLASTP analysis of StmPr1 and StmPr2 also revealed that the amino acid sequences of
these proteases also share the most homology with those of annotated serine pro-
teases from S. fusca (70% identity and 97% identity, respectively). Among the 22 S.
maltophilia strains previously analyzed for the presence of StmPr1 and StmPr2, StmPr3
is present in all of the genomes except for the draft genomes of RA8, Ab55555, EPMI,
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and the BAL fluid isolate described by Windhorst et al. (19) (Fig. S7). For comparison,
BLASTP analysis revealed that StmPr4, which is not present in strain K279a, is found in
only 5 of the 22 strains previously analyzed, and these include R551-3, RA8, RR-10, 53,
and B418. StmPr3, like StmPr1 and StmPr2, is an S8 peptidase with a catalytic domain
and catalytic triad, but it appears to have a short or nonexistent intermolecular
chaperone (IMC) domain (14, 16). The IMC domain is essential for the proper folding of
subtilisins and also serves as an inactivating peptide until autocleavage of the IMC
domain by the catalytic domain converts the serine protease from the inactive pro-
protein form to the active mature form (41-43). Thus, it is unclear if StmPr3 is expressed
as a proenzyme and/or undergoes autoprocessing in the same manner as StmPr1 and
StmPr2. Unlike StmPr1 and StmPr2 (14), we did not detect both the proprotein and
mature forms of secreted StmPr3 but detected only a single band of approximately
70 kDa, which most likely corresponds to the full-length StmPr3 without further
processing.

Using a panel of mutants, we found that StmPr1, StmPr2, and StmPr3 are completely
responsible for the observed Xps-mediated effects toward A549 cells and the Xps-
mediated degradation of ECM components. However, we concluded that StmPr1 plays
the biggest role, followed by StmPr2 and StmPr3, in that order. Out of the three
proteases, StmPr1 is also the most abundant in the culture supernatant (Fig. S2),
perhaps explaining its predominant role in Xps-mediated secretion activities. The
StmPr1 purified from the strain K279a supernatant was sufficient to cause the rounding,
detachment, and death of A549 cells, and when we compared the behavior of purified
StmPr1 to that of subtilisin A and trypsin, we found that StmPr1 behaved more similarly
to subtilisin A than to trypsin with regard to A549 cell detachment and death and
degradative activities. Trypsin in combination with EDTA is typically used to passage
adherent cell lines, and subtilisin (also known as Alcalase) is routinely used in the
commercial detergent industry (44). With the exception of a few studies (28, 45), neither
subtilisin A nor trypsin has been extensively studied for its effect on mammalian cells
or degradative activities. Therefore, by including subtilisin A and trypsin in our analyses,
we also learned about the effects of these proteases on A549 cells. In the absence of
the calcium chelator EDTA, trypsin was not very efficient at inducing A549 cell detach-
ment. EDTA greatly enhances the trypsin-induced detachment of cells by sequestering
divalent cations, in turn destabilizing adhesion molecules like cadherins and integrins
that rely on divalent cations to form cell-cell and cell-ECM interactions (46, 47).
Interestingly, StmPr1 and subtilisin A successfully detached A549 cells in the absence of
EDTA, suggesting that they degrade cadherins and integrins more efficiently than
trypsin. In support of this hypothesis, we found that StmPr1 and subtilisin A both
degraded E-cadherin and integrin «581 in A549 cell culture to a greater extent than
trypsin. Moreover, subtilisin A degraded E-cadherin and the tight junction protein
occludin to a greater extent than StmPr1, perhaps explaining why subtilisin A treatment
reduces A549 cells to a single-cell suspension, while StmPr1 treatment (or trypsin
treatment, in the absence of EDTA) results in chains of A549 cells.

The previously described StmPr1 variant from an S. maltophilia BAL fluid isolate was
shown to round and detach human fibroblasts and degrade purified collagen type | and
fibronectin in vitro, but the mechanism by which fibroblast rounding occurred was not
identified (19). Here, we show that purified StmPr1 rapidly degrades fibronectin,
integrin «5B1, E-cadherin, and occludin within 1 h in the context of A549 cell culture.
These data suggest that the targeting of these proteins by StmPr1 leads to A549 cell
rounding and detachment, as StmPr1-mediated cell rounding and detachment also
occur within 1 h. In contrast, the degradation of collagen type | by StmPr1 was detected
only at 24 h postincubation, and therefore, it is unlikely that the StmPr1-mediated
degradation of collagen contributes to A549 cell rounding and detachment. A number
of human bacterial pathogens exploit the host ECM for adhesion and colonization, and
there are numerous examples of secreted bacterial proteases promoting pathogen
invasion and host tissue destruction by targeting ECM components like collagen and
fibronectin for degradation (48-50). Specifically, the Pseudomonas aeruginosa metallo-
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protease LasB, like StmPr1, degrades a number of ECM components and junction
proteins in the context of mammalian cell culture to promote cell rounding and
detachment (51, 52). However, LasB does not degrade integrins (52), while we observed
that StmPr1 did target the fibronectin receptor integrin «581 for degradation.

Cell detachment induced by the targeting of cell-ECM connections, or matrilysis,
causes cells to undergo a type of cell death referred to as anoikis. Anoikis, or
detachment-induced apoptosis, is typically studied in the context of cancer, as cancer
cells become resistant to the death signals triggered by the loss of ECM-integrin
connections (22, 23). However, it is becoming clear that the proteases produced by
human pathogens can also induce anoikis. Cell detachment induced by Entamoeba
histolytica cysteine proteases was shown to cause anoikis in epithelial cells (53), and
LasB-induced cell detachment led to anoikis in endothelial cells (51, 52). Here, we show
that StmPr1 causes anoikis in A549 cells, as StmPr1-induced cell detachment caused cell
death that was characterized by caspase activation, a hallmark of anoikis (22, 23).
Interestingly, only about 30% of A549 cells succumbed to cell death after StmPr1-
induced detachment, but due to the fact that immortalized cell lines are more resistant
to anoikis (22, 23), this result is not unexpected and was also observed in epithelial cells
treated with amoebal cysteine proteases (53). Our results also indicate that subitilisin
A treatment can induce anoikis in A549 cells, but to a lesser extent than StmPr1
treatment. These data are the first to show that bacterial serine proteases induce
anoikis, and it is likely that many other ECM-targeting bacterial proteases also induce
anoikis.

In addition to targeting cell-cell and cell-ECM connections, we also observed that
StmPr1 cleaves and activates PAR2. PAR2 has been linked to the lung inflammation
caused by both pathogens and allergens (27) and is expressed by respiratory cells on
their apical surface, where it is readily exposed to a variety of host and pathogen
proteases (54). PAR2 activation is considered proinflammatory in vivo (27), and activa-
tion of PAR2 in epithelial cell culture results in the release of proinflammatory cytokines,
such as IL-8 (55). Our data show that, like trypsin, StmPr1 and subtilisin A stimulate
A549 cells to secrete IL-8 at low concentrations but degrade IL-8 at high concentrations.
We previously found in the context of S. maltophilia-A549 cell coculture that IL-8
secretion was not dependent on Xps secretion, but IL-8 degradation over time was
dependent on StmPr1 (14). However, it is possible that lipopolysaccharide-induced IL-8
secretion via Toll-like receptor signaling potentially masked any effect of StmPr1-
induced PAR signaling in our previous study (56). Overall, the ability of proteases like
StmPr1 to both induce IL-8 secretion by epithelial cells and degrade IL-8 sets up a
complex dynamic in the lung where S. maltophilia may both cause and mitigate
inflammation.

Due to the nature of PAR activation, cleavage of PAR2 by both host and pathogen
serine proteases can be either activating or disabling (57). Trypsin is the prototypical
activator of PAR2, but a number of other host proteases, such as neutrophil elastase,
cleave PAR2 in a way that removes the N-terminal tethered ligand typically exposed by
trypsin, thus disabling the receptor (57). LasB, also known as Pseudomonas elastase, and
thermolysin from Bacillus thermoproteolyticus Rokko have also been shown to cleave
and disable PAR2 (58, 59). Here we report that StmPr1 and subtilisin A, like trypsin, act
as activators of PAR2. To our knowledge, the only other bacterial proteases shown to
activate PARs are Porphyromonas gingivalis gingipains (60). Interestingly, we also found
that StmPr1 and subtilisin A cleave PAR1, and like PAR2, PAR1 has also been associated
with tissue damage in the murine lung (61, 62). It is yet to be determined if StmPr1- or
subtilisin A-induced PAR1 cleavage is an activating event in A549 cells. However, the
observation that PAR2 knockdown in A549 cells reduced PAR2 agonist-induced IL-8
secretion to a greater extent than StmPr1-induced IL-8 secretion suggests that PAR2
may not account for all of the StmPr1-induced IL-8 secretion by A549 cells.

S. maltophilia induces inflammation and neutrophil recruitment in the murine lung,
and activation of both PAR1 and PAR2 has been shown to increase neutrophil recruit-
ment to the lung in vivo, which results in increased tissue damage and impairs the host
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TABLE 1 S. maltophilia strains used in this study

Strain Description Source or reference

K279a Clinical isolate from blood 15,73

NUS1(pBstmPr3-His) gpsF mutant carrying pBstmPr3-His This study

NUS4 xpsF mutant of K279a 15

NUS4(pBstmPr3-His) xpsF mutant carrying pBstmPr3-His This study

NUS5 stmPr1 mutant of K279a 14

NUS6 stmPr2 mutant of K279a 14

NUS7 stmPr1 stmPr2 mutant of K279a 14

NUS11 stmPr3 mutant of K279a This study

NUS12 stmPr1 stmPr3 mutant of K279a This study

NUS13 stmPr2 stmPr3 mutant of K279a This study

NUS14 stmPr1 stmPr2 stmPr3 mutant of K279a This study

NUS14(pBstmPr1) stmPr1 stmPr2 stmPr3 mutant This study
complemented with stmPr1

NUS14(pBstmPr2) stmPr1 stmPr2 stmPr3 mutant This study
complemented with stmPr2

NUS14(pBstmPr3) stmPr1 stmPr2 stmPr3 mutant This study

complemented with stmPr3

response (62, 63). Our data presented here suggest that StmPr1-induced PAR signaling
may contribute to S. maltophilia-mediated inflammation in the lung. Moreover, we
show that StmPr1 degrades lung epithelial cell collagen and fibronectin, and degrada-
tion of these ECM components has been shown to cause tissue damage and airway
destruction in cystic fibrosis patients (64), who are commonly plagued by S. maltophilia
infections. Taken together, the ability of StmPr1 to target cell-ECM and cell-cell con-
nections for degradation, induce anoikis in lung epithelial cells, and stimulate lung
epithelial cells to secrete IL-8 via PAR2 reinforces StmPr1’s role as a potential virulence
factor that likely contributes to S. maltophilia-mediated tissue destruction in the lung.

MATERIALS AND METHODS

Bacterial strains and media. The multidrug-resistant isolate K279a (American Type Culture Collec-
tion [ATCC] strain BAA-2423) served as the wild-type (WT) S. maltophilia strain for these studies (Table 1).
The mutants used in this study are also listed in Table 1. S. maltophilia strains were routinely cultured at
37°C on Luria-Bertani (LB) agar (Becton, Dickinson) or LB broth (14). In order to obtain supernatants for
enzymatic assays and other analyses, S. maltophilia strains were cultured in buffered yeast extract (BYE)
broth as previously described (14). Bacterial growth was monitored by measuring the optical density at
600 nm (ODg,) of the cultures using a DU 720 spectrophotometer (Beckman Coulter). Escherichia coli
strain DH5« (Life Technologies) served as the host strain for cloning and propagation of recombinant
plasmids. E. coli cells were routinely grown on LB agar or in LB broth at 37°C, and when necessary,
antibiotics were added as described before (14). All chemicals were from Sigma-Aldrich, unless otherwise
noted.

DNA and protein sequence analysis. S. maltophilia K279a genomic DNA was isolated as previously
described (15). The primers used for sequencing and PCR were obtained from Integrated DNA Technol-
ogies (IDT). The primer names and sequences are listed in Table S1 in the supplemental material. DNA
and protein sequences were analyzed using Lasergene software (DNAStar). BLASTN and BLASTP homol-
ogy searches were done using the sequences in the GenBank database at the NCBI. Signal sequence
prediction was performed using the SignalP (version 4.1) server.

Mutant construction and genetic complementation. Mutants of strain K279a were constructed
using the gene replacement vector pEX18Tc as described previously (14). All primers used to make the
mutants and complemented strains in this study can be found in Table S1. A mutant (NUS11) from which
the entire stmPr3 (SMLT_RS20900) coding region was deleted was obtained using a recombineering
approach though E. coli and Flp excision as previously described (65). The stmPr3 gene with 800 bp of
DNA flanking stmPr3 in both the 5’ and 3’ directions was PCR amplified from K279a DNA with Platinum
Pfx DNA polymerase (Life Technologies) using the primer pair AD94 and AD95 and ligated into the
pGEM-T Easy vector (Promega, Madison, WI), creating plasmid pGEMstmPr3. An Flp recombination target
(FRT)-flanked chloramphenicol cassette with the 800-bp 5’ and 3’ stmPr3 flanking regions was PCR
amplified from pKD3 (65) using primers AD86 and AD87 and High Fidelity Tag DNA polymerase (Life
Technologies). Two micrograms of pGEMstmPr3 DNA and 700 ng of the FRT-flanked chloramphenicol
cassette were transformed into electrocompetent cells of strain DY330, an E. coli strain with bacterio-
phage A red recombinase genes (65). The transformed bacteria were recovered at 30°C, and the
recombineered plasmid (o GEMAstmPr3:frt-cat-frt) was selected on LB agar supplemented with chloram-
phenicol (30 ng/ml) at 30°C for 2 days. After PCR confirmation of the recombination event using M13
universal primers, the mutated stmPr3 gene was PCR amplified with High Fidelity Tag DNA polymerase
using primers AD129 and AD95 and pGEMAstmPr3:frt-cat-frt as the template DNA, followed by digestion
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with Sacl and Hindlll and ligation into pEX18Tc that had been digested with the same enzymes, yielding
pEXAstmPr3:frt-cat-frt. The newly made plasmid was moved into E. coli S17-1 (66) and then mobilized
from there into S. maltophilia K279a via conjugation (15). Transconjugants were selected on LB agar
supplemented with tetracycline (20 wg/ml), chloramphenicol (10 wg/ml), and norfloxacin (5 wg/ml).
Resistant colonies were streaked onto LB agar supplemented with 10% (wt/vol) sucrose and chloram-
phenicol (10 png/ml). To perform Flp-mediated excision of the chloramphenicol cassette in the stmPr3
mutant, pBSFlp (65) was electroporated into NUS11, and transformants were selected on LB agar
supplemented with gentamicin (30 wg/ml) and IPTG (isopropyl-B-b-thiogalactopyranoside; 1 mM).
Following an overnight incubation at 37°C, the plates were further incubated at room temperature for
another 24 h. Small individual colonies that appeared after the 24-h incubation at room temperature
were patched onto LB agar containing either chloramphenicol (10 ng/ml), gentamicin (30 ug/ml), or no
selection. Colonies that were either chloramphenicol or gentamicin sensitive were streaked onto LB agar
with 10% (wt/vol) sucrose. Deletion of stmPr3 was confirmed by PCR using the primer pair AD72 and
AD73.

A mutant (NUS12) lacking both stmPr1 and stmPr3 was constructed by mobilizing the pEXAstmPr3:
frt-cat-frt plasmid carried by the E. coli S17-1 strain into mutant NUS5 containing the stmPr1 deletion.
Transconjugants were selected as described above, and mutation of stmPr3 was confirmed by PCR using
the primer pair AD72 and AD73. A mutant (NUS13) lacking both stmPr2 and stmPr3 was constructed by
mobilizing the pEXstmPr2:Gm" plasmid carried by the E. coli S17-1 strain into mutant NUS11 containing
the stmPr3 deletion. Transconjugants were selected as described above, and mutation of stmPr2 was
confirmed by PCR using the primer pair ADOT and AD02. A mutant (NUS14) lacking stmPr1, stmPr2, and
stmPr3 was constructed by mobilizing the pEXstmPr2::Gm" plasmid carried by the E. coli S17-1 strain into
mutant NUS12 containing the stmPr1 and stmPr3 deletions. Transconjugants were selected as described
above, and mutation of stmPr2 was confirmed by PCR using the primer pair ADO1 and ADO2.

For trans-complementation of the stmPr1 stmPr2 stmPr3 mutant (NUS14) with stmPr3, a 2.03-kb PCR
fragment containing the stmPr3-coding region plus its 260-bp promoter region was PCR amplified from
K279a DNA using primers AD108 and AD112. The stmPr3 fragment was digested with Apal and Sacl and
cloned into pBBRTMCS (67) that had been digested with the same enzymes, yielding pBstmPr3. pBstmPr3,
along with the previously made pBstmPr1 (15) and pBstmPr2 (14), was electroporated into the stmPr1
stmPr2 stmPr3 mutant (NUS14). Transformants were selected on LB agar supplemented with chloram-
phenicol (30 wg/ml). Cmr clones were confirmed to be carrying pBstmPr1, pBstmPr2, or pBstmPr3 by PCR
using primer pairs SK251 and SK252, AD0O1 and ADO02, or AD108 and AD112, respectively.

Detection of secreted bacterial proteins and degradative activities. Culture supernatants were
collected from bacteria grown to early stationary phase as previously described (14). To visualize secreted
proteins, trichloroacetic acid precipitation of culture supernatants, followed by SDS-PAGE analysis and
SYPRO Ruby total protein staining (Bio-Rad), was also performed as previously described (14). To
specifically track the secretion of StmPr3 by S. maltophilia, a 6-histidine (6 XHis) tag was added to the C
terminus with the primer pair AD108 and AD109, and pBstmPr3-His was electroporated into WT strain
K279a, the xpsF mutant NUS4, and the gspF mutant NUS1, as previously described (14). To visualize the
secretion of StmPr3, early-stationary-phase supernatants were collected, precipitated, and subjected to
SDS-PAGE and immunoblot analysis with a mouse anti-6XHis horseradish peroxidase (HRP)-conjugated
antibody (Invitrogen) as previously described (14). Degradation of human fibronectin and fibrinogen by
bacterial supernatants was analyzed by SDS-PAGE analysis and colloidal Coomassie staining as previously
described (14), and the degradation of IL-8 by bacterial supernatants was determined by ELISA as
previously described (14).

Purification of StmPr1. StmPr1 was purified from the S. maltophilia culture supernatant with
benzamidine-Sepharose as was done to purify VesB from V. cholerae (17). Early-stationary-phase culture
supernatant was collected as described above from the stmPr1 stmPr2 stmPr3 mutant NUS14 with the
empty complementation vector (mock purification) and NUS14 with pBstmPri. The supernatant was
filtered through a 0.2-um-pore-size filter and then precipitated with 60% ammonium sulfate for 1 h at
4°C. Following precipitation, the supernatant was centrifuged at 10,000 X g at 4°C for 35 min. The
precipitated pellet was then resuspended in 5 ml of 50 mM Tris-HCI, 150 mM NaCl, pH 8 (buffer A), and
the sample was dialyzed in 3,500-molecular-weight-cutoff Slide-A-Lyzer dialysis cassettes (Thermo Fisher
Scientific) against 2 liters of buffer A at 4°C for 16 h to remove the excess ammonium sulfate. StmPr1 was
then purified by affinity chromatography using a 1 ml HiTrap benzamidine FF prepacked column (GE
Healthcare) prepared according to the manufacturer’s instructions. The flowthrough was collected and
run through the column a second time, and then the column was washed 2 times with buffer A. StmPr1
was eluted from the column with 5 ml of 50 mM Tris-HCl, pH 8, buffer containing 200 mM benzamidine.
To remove the benzamidine, the buffer was exchanged to 50 mM Tris-HCl, pH 8, using PD-10 columns
(GE Healthcare) according to the manufacturer’s instructions. The protein concentration was determined
with a Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific) using bovine serum albumin
(BSA) as a reference.

Assays for A549 cell rounding, detachment, and viability. Cells of the human A549 cell line (ATCC
CCL-185) were routinely passaged in RPMI medium (Corning) containing 10% fetal bovine serum (FBS;
Atlanta Biologicals) and maintained at 37°C in 5% CO, (14). Detachment of A549 cells after 3 or 24 h of
incubation with bacterial supernatants was determined as previously described (14). For analyzing the
detachment of A549 cells following incubation with purified StmPr1, subtilisin A (catalog number P5380;
Sigma-Aldrich), or trypsin (catalog number T1426; Sigma-Aldrich), cells were plated as described previ-
ously (14) and then incubated with the proteases for 1, 3, or 24 h at 37°C in 5% CO,. The wells were
washed to remove nonadherent cells, and the remaining adherent cells were enumerated with Presto-
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Blue cell viability reagent (Life Technologies) as previously described (14). For cell rounding experiments,
images were captured using a 40X objective on an Evos imaging system (AMG, Life Technologies) (14).
To assess the effects of the protease inhibitors on cell detachment, prior to adding the proteases, A549
cells were pretreated with 0.25 mM the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF;
MP Biomedicals) as described previously (14). To examine the effect of purified StmPr1 (and subtilisin A
and trypsin) on host cell viability, A549 cells were seeded into a 96-well tissue culture plate and washed
prior to addition of StmPr1, subtilisin A, or trypsin as described above. The proteases were then
incubated with A549 cells for 3 or 24 h at 37°C with 5% CO,. Cellular metabolism was evaluated at this
time point using PrestoBlue (Life Technologies), as previously described (14).

Collection of cell culture supernatant and cell lysates for immunoblot analysis. A549 cell culture
supernatants and cell lysates were collected as previously described (52). Briefly, A549 cells were seeded
into a 24-well tissue culture plate at a density of 5 X 10° cells/well and allowed to adhere for 2 h in 1
ml of RPMI medium with 10% FBS. The monolayers were then washed with 0.5 ml of serum-free RPMI
medium and serum-free RPMI medium was added to the cells. The cells were then incubated with
StmPr1, subtilisin A, or trypsin for 1, 3, and 24 h at 37°C with 5% CO,. The cell culture medium was
removed and centrifuged at 2,000 X g for 5 min at room temperature to pellet the detached cells and
then centrifuged at 17,000 X g for 30 min at 4°C to pellet the debris. The remaining attached cells and
the cell pellet containing the detached cells in the cell culture medium were lysed with radioimmuno-
precipitation assay (RIPA; Thermo Fisher Scientific) buffer containing protease inhibitors (cOmplete
protease inhibitor cocktail tablets; Roche) on ice for 20 min. The lysed cells were then centrifuged at
17,000 X g for 30 min at 4°C to pellet the debris. Both the cell culture supernatant and the cell lysates
were stored at —80°C until immunoblot analysis.

For immunoblot analysis, the proteins in the cell culture supernatant or the cell lysate were mixed
with 2X Laemmli sample buffer containing 5% pB-mercaptoethanol, except for the samples for the
collagen analysis, which were prepared and run under native conditions. Samples were heated for 5 min
at 95°C before separation on a 4 to 20% SDS-polyacrylamide gel and then transferred to a polyvinylidene
difluoride (PVDF) membrane. Proteins were visualized by immunoblotting with specific antibodies:
antifibronectin (1:1,000; catalog number F3648; Sigma-Aldrich), anti-collagen | (1:1,000; catalog number
ab34710; Abcam), anti-integrin «5 and anti-integrin 81 (1:1,000; catalog numbers 4705 and D2ES5,
respectively; Cell Signaling Technology), anti-E-cadherin (1:1,000; catalog number 610181; BD Biosci-
ences), antioccludin (1:125; catalog number 71-1500; Invitrogen), and anti-GAPDH (glyceraldehyde-3-
phosphate dehydrogenase; 1:2,000; Santa Cruz Biotechnology). For all immunoblots, the membranes
were blocked for 1 h at room temperature in Tris-buffered saline solution with 0.1% Tween (TBST) and
5% milk, with the exception of the immunoblots probed with antifibronectin and anti-GAPDH, which
were blocked overnight at 4°C. All primary antibody incubations were performed at 4°C overnight, where
antibodies were diluted in TBST with 5% milk, with the exception of the antifibronectin and anti-GAPDH
incubations, which were performed for 1 h at room temperature in TBST with 5% BSA and for 4 h at room
temperature in TBST with 5% milk, respectively. All secondary antibody incubations were performed with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit or rabbit anti-mouse immunoglobulin anti-
bodies (Santa Cruz Biotechnology) at a 1:10,000 dilution in TBST with 5% milk for 1 h at room
temperature. All immunoblots were visualized using an enhanced chemiluminescence (ECL) reagent (GE
Healthcare) and exposure to film.

Caspase activation and cleavage assays. A549 cells were seeded and washed as described above
for the rounding, detachment, and viability assays but were plated in 96-well black clear-bottom plates
(Corning) and in phenol red-free RPMI medium (Corning) to reduce the background. Cells were
preloaded with 5 uM per well of CellEvent caspase-3/7 green detection reagent (Thermo Fisher Scientific)
(68) and then incubated with 100 nM StmPr1, 100 nM subtilisin A, 100 nM trypsin, or 2 uM staurosporine
(Santa Cruz) for 24 h at 37°C with 5% CO,. A subset of cells was also pretreated with the pan-caspase
inhibitor Z-VAD-FMK (R&D Systems) for 30 min at 37°C with 5% CO, and then loaded with CellEvent
caspase-3/7 green detection reagent and treated with the proteases and staurosporine. At 3, 6, 12, and
24 h postincubation, caspase activation was quantified by measuring the fluorescence at 503 nm and 530
nm using a Synergy H1 plate reader (BioTek). To measure caspase-3 cleavage, A549 cells were seeded in
a 24-well plate as described above and then incubated with 100 nM StmPr1, subtilisin A, or trypsin for
24 h at 37°C with 5% CO,. Cells were lysed with RIPA buffer and collected as described above. Proteins
in the cell lysate were separated by SDS-PAGE on a 10% gel and transferred to a PVDF membrane as
described above, followed by immunoblotting with anti-caspase-3 (1:2,000; catalog number AF-605-SP;
R&D Systems). Blocking in TBST with 5% milk was performed at room temperature for 1 h, followed by
primary incubation in TBST with 5% milk at 4°C overnight and secondary incubation with HRP-
conjugated mouse anti-goat immunoglobulin (1:10,000; Santa Cruz) at room temperature for 1 h.
Proteins were visualized using an enhanced ECL reagent and exposure to film.

Degradation of IL-8 and detection of IL-8 secretion by A549 cells. As previously described (14),
IL-8 degradation by StmPr1, subtilisin A, or trypsin was performed by incubating various concentrations
of the proteases with carrier-free recombinant IL-8 for 16 h at 37°C and assessing IL-8 levels via ELISA. IL-8
secretion by A549 cells after protease stimulation was also evaluated as previously described (26). Briefly,
cells were seeded into a 24-well tissue culture plate as described above. Monolayers were then washed
with 0.5 ml of serum-free RPMI medium, 1 ml of serum-free RPMI medium was added back to the wells,
and the cells were serum starved for 24 h. After serum starvation, the spent medium was removed and
fresh serum-free RPMI medium was added to the cells. The cells were then incubated with 3 nM StmPr1,
3 nM subtilisin A, 3 nM trypsin, or 100 wM PAR2 agonist peptide SLIGKV-NH, (Sigma-Aldrich) for 16 h at
37°C with 5% CO,. To measure the levels of secreted IL-8 by ELISA, the cell culture media were collected

December 2017 Volume 85 Issue 12 e00544-17

Infection and Immunity

jaiasm.org 18


http://iai.asm.org

StmPr1 Induces Matrilysis, Anoikis, and PAR Activation

Infection and Immunity

and centrifuged at 1,000 X g for 10 min to pellet any host cells, and then the supernatant was analyzed
using a human IL-8 ELISA Ready-Set-Go! kit (eBioscience) as described previously (14).

Knockdown of PAR2 in A549 cells. A549 cells were seeded into a 24-well tissue culture plate at a

density of 2.5 X 10° cells/well and allowed to adhere for 16 h in RPMI medium with 10% FBS. To prepare
the transfection reagent, 500 ng/well of plasmid DNA encoding shRNA against PAR2 (clone
V2LHS_43134; GE Healthcare) or plasmid DNA harboring a nontargeting shRNA (clone RHS4346; GE
Healthcare) and polyethylenimine (PEI) at a 4:1 ratio of PEI/DNA were mixed in Opti-MEM medium
(Gibco) and incubated for 15 min at room temperature (69-71). The transfection mixture was added to
the A549 cells for 16 h and then removed, and fresh RPMI medium with 10% FBS was added back to the
cells. At 48 h posttransfection, the cells were selected with 1.5 uM puromycin (VWR) to kill any
untransfected cells and create stable cell lines. Knockdown was confirmed by collecting cell lysates as
described above, separating the proteins by SDS-PAGE on a 10% gel, transferring the proteins to a PVDF
membrane as described above, and immunoblotting with anti-PAR2 (1:1,000; clone SAM11; Abcam).
Blocking in TBST with 5% milk was performed at room temperature for 1 h, followed by primary
incubation in TBST with 5% milk at 4°C overnight and secondary incubation with HRP-conjugated rabbit
anti-mouse immunoglobulin (1:10,000; Santa Cruz) at room temperature for 1 h. Proteins were visualized
using an enhanced ECL reagent and exposure to film.

PAR cleavage assay. CHO-K1 cells (ATCC CCL-61), routinely passaged in Ham’s F-12 medium

(Corning) with 10% FBS, were seeded at 2 X 10% cells/well in a 96-well plate and transiently transfected
with 50 ng/well alkaline phosphatase (AP)-labeled PAR1 or PAR2 reporter constructs (72) with the
FUGENEG6 transfection reagent (3:1 FUGENE/DNA ratio; Promega) in Opti-MEM medium. After 48 h, the
transfected CHO-K1 cells were then incubated with 10 nM StmPr1, subtilisin A, trypsin, or thrombin
(catalog number T6884; Sigma-Aldrich) for 1 h. After protease treatment, 25 ul of cell culture medium
was collected from each well, the medium was centrifuged at 17,000 X g for 5 min at room temperature,
and the AP activity in 20 ul of the supernatants was then assayed by using Quanti-Blue secreted alkaline
phosphatase (InvivoGen) and reading of the absorbance at 630 nm using the plate reader.
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