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Inactivation of Peroxiredoxin 6 by the Pla Protease of Yersinia pestis

Daniel L. Zimbler, Justin L. Eddy, Jay A. Schroeder,
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Pneumonic plague represents the most severe form of disease caused by Yersinia pestis due to its ease of transmission, rapid pro-
gression, and high mortality rate. The Y. pestis outer membrane Pla protease is essential for the development of pneumonic
plague; however, the complete repertoire of substrates cleaved by Pla in the lungs is not known. In this study, we describe a pro-
teomic screen to identify host proteins contained within the bronchoalveolar lavage fluid of mice that are cleaved and/or pro-
cessed by Y. pestis in a Pla-dependent manner. We identified peroxiredoxin 6 (Prdx6), a host factor that contributes to pulmo-
nary surfactant metabolism and lung defense against oxidative stress, as a previously unknown substrate of Pla. Pla cleaves
Prdx6 at three distinct sites, and these cleavages disrupt both the peroxidase and phospholipase A, activities of Prdx6. In addi-
tion, we found that infection with wild-type Y. pestis reduces the abundance of extracellular Prdx6 in the lungs compared to that
after infection with Apla Y. pestis, suggesting that Pla cleaves Prdx6 in the pulmonary compartment. However, following infec-
tion with either wild-type or Apla Y. pestis, Prdx6-deficient mice exhibit no differences in bacterial burden, host immune re-
sponse, or lung damage from wild-type mice. Thus, while Pla is able to disrupt Prdx6 function in vitro and reduce Prdx6 levels in
vivo, the cleavage of Prdx6 has little detectable impact on the progression or outcome of pneumonic plague.

he respiratory tract of mammals serves as a major interface

with the external environment, and as such, the host relies on
a number of mechanisms to prevent and/or resolve infections by
pathogenic microorganisms within the pulmonary compartment.
These host defenses within the lungs include mucociliary clear-
ance, phagocytic cells, pulmonary surfactant, and an array of pro-
teins, including antimicrobial peptides and lysozyme (1-3). Fur-
thermore, infiltrating inflammatory cells produce large amounts
of reactive oxygen species (ROS) via the NADPH oxidase enzyme
complex during infection. This not only results in the killing of
invading pathogens but can also lead to the activation of various
cytokines and growth factors that promote a proinflammatory
environment while causing direct damage to the host itself (2, 4).

The alveoli are covered by a thin layer of pulmonary surfactant,
which not only lowers surface tension at the air-liquid interface
but also contributes to host defense and regulates immune cell
function (5, 6). A major component of this surfactant consists of
phospholipids; however, surfactant also contains the proteins
SP-A and SP-D, which play crucial roles in innate immune func-
tion and enhance the clearance of pathogen by acting as collectins
(7). Furthermore, several additional proteins found within the
surfactant have antibacterial properties, such as lactoferrin, com-
plement, and LL-37/CRAMP (2, 6, 8). Thus, changes in the com-
position of pulmonary surfactant can serve as biomarkers for in-
fection and underlie the mechanisms for the establishment of
multiple respiratory diseases (5).

Proteins within the peroxiredoxin family are emerging as im-
portant protectors in the response to ROS generated as part of the
host defense during lung disease and infection (9). Particularly,
peroxiredoxin 6 (Prdx6) has been shown to be a key antioxidant
enzyme that plays an important role in lung function by regulating
the cellular redox balance, particularly under stress conditions,
acute lung injury (ALI)/acute respiratory disease (ARD), and li-
popolysaccharide (LPS)-induced inflammation (10-13). Prdx6 is
present and associated with surfactant proteins in the alveolar
extracellular spaces of the lungs and is expressed at highest levels
by alveolar epithelial type II cells, lamellar bodies, and alveolar
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macrophages (6, 14—18). This bifunctional protein is a glutathione
peroxidase and is the only peroxiredoxin that also carries phos-
pholipase A, (PLA,) activity (12). Thus, the physiological roles of
Prdx6 include protection of cell-membrane phospholipids against
oxidative damage and the regulation of lung surfactant phospho-
lipid turnover.

Increased Prdx6 levels are detected within the lungs during
ALI/ARD, hyperoxia, and pneumonia (12, 19). In addition, recent
findings have demonstrated that Prdx6 is upregulated in response
to LPS and is necessary for the NADPH oxidase NOX2 activation
pathway in pulmonary endothelial cells, alveolar macrophages,
and polymorphonuclear leukocytes (PMN) (20-22). Investiga-
tions on the physiology of Prdx6 have shown increased lung injury
in response to oxidant stress and altered lung surfactant turnover
in Prdx6-deficient mice (10, 23), whereas transgenic mice overex-
pressing Prdx6 show increased resistance to oxidant stress (24). In
addition, while several proteomic studies have revealed increased
abundance of Prdx6 in the lungs in response to Klebsiella pneu-
moniae, Francisella tularensis, and HIN1 influenza virus pneumo-
nia (25-27), it is not known if Prdx6 contributes to the protective
response to pulmonary infections.

Yersinia pestis, the causative agent of plague, is reemerging as a
significant human pathogen, and currently, there is no approved
vaccine for plague in the United States. More recently, there have
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been reported outbreaks of plague in the United States and Mad-
agascar (28, 29). The pneumonic form of plague represents the
most severe form of the disease due to its rapid progression and
ease of transmission by aerosols. The progression of pneumonic
plague is characterized as biphasic; the beginning phase is rela-
tively asymptomatic and noninflammatory, while the second
phase is proinflammatory, as evidenced by the development of
massive inflaimmatory lesions, upregulation of cytokine and
chemokine levels, and bacterial dissemination (30). Through the
mechanisms of its type III secretion system, Y. pestis limits its
exposure to ROS and reactive nitrogen species (RNS) within the
host early during the infection (31). Additionally, Y. pestis is
known to manipulate additional innate immune responses of the
lungs through the activities of multiple virulence determinants,
thereby creating a protective environment in the lungs (32, 33).

One of the virulence factors of Y. pestis responsible for acute
pathogenesis in mammals is the omptin family outer membrane
protease Pla, which has a wide range of proteolytic, adhesive, and
invasive properties (34-37). The protease activity of Pla is essential
for the development of pneumonic plague, and its best-studied
activity in vitro is the activation of host plasminogen (plg) into
plasmin (38-40). Although Pla has been demonstrated to cleave a
number of additional host substrates in vitro, including alpha2-
antiplasmin (A2AP), plasminogen activator inhibitor-1 (PAI-1),
urokinase plasminogen activator (uPA), complement component
C3, and the apoptotic molecule Fas ligand (FasL) (39, 41-43), to
date only the cleavage of FasL by Pla (43) has been shown to
contribute to the progression of pneumonic plague. Thus, the
precise mechanisms by which the Pla protease manipulates lung
function and innate immunity are still largely unknown.

As Y. pestis infection is primarily extracellular in nature and
localized to the small airways of the lung (44), in this study we
sought to discover additional host factors degraded or cleaved by
Pla specifically within the alveolar space that might contribute to
the development of pneumonic plague. Here, we describe Prdx6
as a newly identified Pla substrate within the lungs of mice and
show that the cleavage by Pla disrupts both the peroxidase and
phospholipase activities of Prdx6. Furthermore, we demonstrate
that following infection with Y. pestis, the levels of extracellular
Prdx6 are reduced in a Pla-dependent manner; however, Prdx6-
deficient mice infected with Y. pestis exhibit no significant differ-
ence from wild-type mice in bacterial burden, host immune re-
sponse, or lung damage. These results suggest that while Pla alters
Prdx6 levels in the lung and inactivates Prdx6 activities, these ef-
fects during pneumonic plague have little impact on the develop-
ment of disease within the lungs.

MATERIALS AND METHODS

Reagents, bacterial strains, and culture conditions. All reagents used in
this work were obtained from Sigma-Aldrich or VWR unless otherwise
stated. The bacterial strains and plasmids used in this work are listed in
Table S1 in the supplemental material. Brain heart infusion (BHI) broth
or agar (Difco) was used to maintain Y. pestis strains and derivatives.
Luria-Bertani (LB) broth or agar was used to maintain all Escherichia coli
strains. Experiments described in Fig. 1 to 3 and in Fig. S1 and Table S2 in
the supplemental material used the pCD1 "~ derivatives of CO92; all other
experiments used the virulent Y. pestis CO92 and derivatives. Ampicillin
(100 pg/ml) was added to the medium as needed. For animal infections,
Y. pestis strains were cultured in BHI with the addition of 2.5 mM CaCl, at
37°C to induce the type III secretion system, as previously described (35).
All experiments using select agent strains of Y. pestis were conducted in a
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Centers for Disease Control and Prevention-approved biosafety level 3
(BSL-3)/animal biosafety level 3 (ABSL-3) facility at Northwestern Uni-
versity.

Incubation of Y. pestis with BALF and iTRAQ analysis. All proce-
dures involving animals were carried out in compliance with protocols
approved by the Institutional Animal Care and Use Committee of North-
western University. Mouse bronchoalveolar lavage fluid (BALF) was col-
lected from uninfected, female C57BL/6 mice using 1 ml phosphate-buff-
ered saline (PBS) for each lavage for a total of two lavages per animal as
described previously (43). Samples were pooled and centrifuged at 300 X g
for 10 min to separate cells and cell debris; supernatants were passed
through a 0.22-pm filter. The protein content of the BALF (supernatant)
was measured with Bradford reagent (Bio-Rad). Y. pestis strains grown
overnight at 37°C in BHI were diluted to an optical density at 620 nm
(ODg,() of 0.1 into 1 ml of filter-sterilized cell-free BALF (diluted to a
concentration of 100 wg/ml total protein with PBS). Three independent
1-ml assay mixtures of either BALF alone, BALF plus Y. pestis, or BALF
plus Y. pestis Pla D206A were incubated in a rotor drum at 37°C for 6 h.
Following incubation, the 3 replicates for each condition were pooled and
centrifuged at 6,000 X g for 10 min at 4°C to pellet the bacteria. The
supernatants were removed and precipitated with 20% trichloroacetic
acid (TCA). The resulting pellets were analyzed by 4-plex isobaric tag for
relative and absolute quantitation (iTRAQ) by the W. M. Keck Founda-
tion Biotechnology Resource Laboratory at Yale University. Samples were
prepared and analysis was performed as previously described (45). The
samples were labeled with iTRAQ tags as follows: 114, BALF only; 115, Y.
pestis plus BALF; 116, Y. pestis Pla D206A plus BALF; and 117, Y. pestis
plus BALF. Mass spectrometric (MS) analysis was performed on an AB
Sciex TripleTOF 5600 mass spectrometer with AB Sciex ProteinPilot soft-
ware used for protein identification and quantitation (46). Amino acid
sequences were further analyzed with BLAST and analysis tools available
through the ExPASy Molecular Biology Server (http://www.expasy.ch/)
and UniProt (http://www.uniprot.org/).

Plasminogen activation assay, cleavage of Prdx6, and immunoblot
analyses. The plasminogen-activating ability of Y. pestis strains was as-
sessed as described previously (35, 47). Briefly, strains were cultured for 6
h at 37°C in either BHI or BALF before being diluted to 4 X 10° CFU in 20
mM HEPES buffer and combined with purified human Glu-plasminogen
(Hematologic Technologies; 4 wg) and the chromogenic substrate
D-AFK-ANSNH-iC,H,-2HBr (SN5; Hematologic Technologies; 50 M)
in a total volume of 200 .l and incubated at 37°C for 3 h. The absorbance
at 460 nm was measured every 10 to 11 min in a Molecular Devices Spec-
traMax M5 fluorescence microplate reader.

The cleavage of Prdx6 by Y. pestis or E. coli strains producing Pla was
assessed in a manner similar to that previously described for FasL (43).
Briefly, strains were cultured in BHI for 6 h at 37°C before being diluted to
4 X 10° CFU or 8 X 10° CFU in 20 mM HEPES and combined with 0.1 p.g
recombinant His-tagged human Prdx6 (Novus Biologicals) and incu-
bated at 37°C. For experiments with Pla-producing E. coli, pla expression
was induced by the addition of isopropyl-f-p-thiogalactopyranoside
(IPTG) (1 mM) for 14 to 16 h at 37°C before being diluted to 8 X 10° CFU.
Following incubation for the indicated times, bacteria were removed by
centrifugation and proteins contained within the supernatant were mixed
with reducing sample buffer, separated by SDS-PAGE, and transferred to
nitrocellulose for analysis by immunoblotting with an anti-Prdx6 anti-
body (1:1,000 dilution) (Abcam; catalog no. 59543). Densitometry of all
blots was measured using Image].

Peroxidase and phospholipase assays. The peroxidase activity of
Prdx6 was assessed by quantifying the removal of H,O, by the peroxidase
activity assay (48). Recombinant human Prdx6 (0.2 pg) or mock samples
(PBS only) were digested in triplicate with trypsin (0.1 pg) at 37°C over-
night or incubated with Y. pestis strains (4 X 10° CFU) as described above.
Supernatants (5 pl) were then mixed with 45 pl reaction buffer (1 mM
dithiothreitol [DTT], 0.03X PBS, 0.5% glycerol) and 5 .l of 5 mM H,0,.
Following incubation at room temperature for 20 min, 20 pl of 26% TCA
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was added to stop the reaction. Remaining peroxide levels were quantified
by measuring the A, on a Molecular Devices SpectraMax M5 fluores-
cence microplate reader after the addition of 30 pl formation solution (10
mM ferrous ammonium sulfate and 2.5 M potassium thiocyanate). Prdx6
activity is presented as percentage of H,O, removed, based on the ratio of
the amount of H,0, removed in the presence to that removed in the
absence of Prdxé.

The phospholipase A, (PLA,) activity of Prdx6 was assessed using a
cytosolic PLA, (cPLA,) assay kit (Cayman Chemical, Ann Arbor, MI).
Following the incubation of recombinant human Prdx6 with the indi-
cated Y. pestis strains for 2 h as described above or with the PLA, inhibitor
MJ33 (1 mM) in duplicate, 10 pl of the supernatant was assayed as de-
scribed by the manufacturer. Phospholipase A, activity was quantified by
measuring the A, on a Molecular Devices SpectraMax M5 fluorescence
microplate reader after the addition of 10 pl of 25 mM 5,5’ -dithiobis(2-
dinitrobenzoic acid) (DTNB) to stop enzyme catalysis and develop the
reaction.

Identification of Pla cleavage site(s) of Prdx6. Recombinant human
Prdx6 (0.5 pg) was incubated in the presence or absence of Y. pestis (4 X
10° CFU) at 37°C for 2 h in 20 mM HEPES. Following incubation, bacteria
were removed by centrifugation and proteins contained within the
supernatant were mixed with reducing sample buffer and separated by
SDS-PAGE. To determine the cleavage site(s) of Prdx6, cleaved frag-
ments were cut from the gel, digested with trypsin, and analyzed by ma-
trix-assisted laser desorption ionization—time of flight mass spectrometry
(MALDI-TOF MS). The peptides were analyzed with the Mascot search
engine (www.matrixscience.com). MS and peptide analysis were per-
formed by the Northwestern University proteomics core.

Animal infections. Wild-type C57BL/6 mice were bred at Northwest-
ern University. Breeder stocks of C57BL/6 prdx6 '~ mice (49) were gen-
erously supplied by Aaron Fisher (University of Pennsylvania). All mice
were maintained in a specific-pathogen-free facility at Northwestern Uni-
versity. Mice were sex and age matched at 6 to 8 weeks for all experiments.
Mice were anesthetized with ketamine and xylazine and infected by the
intranasal (i.n.) route with Y. pestis strains diluted in PBS at a dose of 1 X
10* CFU or 1 X 10® CFU as previously described (35, 43). The inoculating
dose was confirmed by plating on BHI agar. Mice were monitored twice
daily for the length of the experiment. Mice were euthanized by intraper-
itoneal (i.p.) injection of pentobarbital sodium followed by organ removal
or cervical dislocation. All animal infections were performed at least twice,
and the data were combined. To determine bacterial burden, mice were
inoculated i.n. with Y. pestis strains and euthanized at 48 h postinfection.
Organs were subsequently removed and weighed, homogenized in sterile
PBS, serially diluted, and plated onto BHI agar. Following incubation at
26°C for 2 to 3 days, the CFU per organ were enumerated.

Quantification of total Prdx6 in BALF. C57BL/6 mice were inocu-
lated via the i.n. route with PBS (mock), Y. pestis, or Y. pestis Apla, and
after 48 h, BALF was collected. Prdx6 abundance in BALF was assessed
both by immunoblotting and by the Prdx6 human enzyme-linked immu-
nosorbent assay (ELISA) kit Quantikine ELISA (Abcam). For ELISA,
100-pl aliquots of BALF were analyzed in duplicate as described by the
manufacturer. The absorbance at 450 nm was measured in a Molecular
Devices SpectraMax M5 microplate reader. For immunoblot analysis,
50-pl aliquots of BALF were separated by SDS-PAGE and transferred to
nitrocellulose for analysis with an anti-Prdx6 antibody. Densitometry of
all blots was measured using Image]J.

Histopathology. Mice were inoculated i.n. with PBS (mock) or the
indicated Y. pestis strains as described above, and at 48 h postinfection,
mice were euthanized and lungs were inflated with 1 ml of 10% neutral
buffered formalin via tracheal cannulation. Lungs were removed, fixed in
10% formalin, and subsequently embedded in paraffin. Two 5-microme-
ter sections, 200 wm apart per lung, were stained with hematoxylin and
eosin (H&E) for examination. Tissue embedding, sectioning, and staining
with H&E were performed by the Northwestern University Mouse His-
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tology and Phenotyping Laboratory. Slides were imaged using a Zeiss
Axioskop/Nuance camera.

Innate immune cell analysis. Mice were infected via the i.n. route with
PBS (mock) or the indicated Y. pestis strains as described above, and at 48
h postinfection, mice were euthanized and BALF was collected using 1 ml
PBS for each lavage for a total of 5 lavages per animal as described previ-
ously (43). Samples were centrifuged at 300 X gfor 10 min to separate cells
and cell debris; the supernatant from the first wash was saved for cytokine
analyses (see below). Cells were washed once each in PBS and twice in flow
buffer (2% fetal bovine serum in PBS). For ex vivo cell surface marker
detection, cells were stained with antibodies for CD45 (BioLegend; clone
30-F11), CD11b (BioLegend; clone M1/70), CD11c (BD Biosciences;
clone HL3), Ly6G (BioLegend; clone IA8), F4/80 (eBioscience; clone
BMS8), and aqua Live/Dead fixable stain (Invitrogen) for 30 min at 4°C. All
antibodies were used at 1:100 dilutions in flow buffer, while Live/Dead cell
stain was used at 1:1,000. An anti-CD16/32 FcBlock antibody was in-
cluded to minimize nonspecific staining (eBioscience). Cells were washed
with flow buffer and fixed with 2% paraformaldehyde. Samples were an-
alyzed using a BD FACSCanto II flow cytometer and FlowJo software
(TreeStar). Identification of specific cell populations was performed as
previously described (50) based on the following markers: neutrophils,
CD45" F4/80~ Ly6G* CD11b*; alveolar macrophages, CD45" F4/80"
Ly6G~ CDl11b~ CDl11c™; CD11b-high macrophages, CD45" F4/80"
Ly6G~ CD11b™; monocytes, CD45" Ly6G~ F4/80~ CD11b™ CD11c™;
and both CD11b-high and -low dendritic cells, CD45™ Ly6G~ F4/80~
CD11c*.

Cytokine analysis. The levels of tumor necrosis factor (TNF), gamma
interferon (IFN-v), monocyte chemoattractant protein 1 (MCP-1), inter-
leukin-6 (IL-6), and IL-10 were quantitatively established from the super-
natants of collected BALF (see above) using the cytometric bead array
technique (BD cytometric bead array mouse inflammation kit; BD Bio-
sciences) as specified by the manufacturer (43). Prior to analysis, super-
natants were passed through a 0.22-pm filter and plated for sterilization.
Data were analyzed using the BD cytometric bead array software.

Albumin quantification. The albumin in the supernatants of col-
lected BALF from mock-infected (PBS) or Y. pestis-infected (see above)
mice at 48 h postinoculation was quantitatively measured by the mouse
albumin ELISA as described in the manufacturer’s instructions (Immu-
nology Consultants Laboratory, Inc.).

Statistics. In all cases, statistical means are graphed and error bars
represent standard errors of the means (SEM) for combined experiments.
For bacterial burden comparisons, the Mann-Whitney U test was per-
formed; for all other experiments, Student’s two-tailed unpaired ¢ test or
one-way analysis of variance (ANOVA), as indicated, was performed us-
ing GraphPad Prism 5. P values are indicated as follows: *, P < 0.05; **, P
= 0.01; and ***, P =< 0.001.

RESULTS

Identification of Pla substrates within mouse BALF. Previous
work has shown that the protease activity of Pla is necessary for the
rapid proliferation of Y. pestis within the small airways of the lungs
during pneumonic plague (34, 35). As Y. pestis infection is gener-
ally extracellular in nature, it is therefore likely that Pla cleaves
host targets within the alveolar space to alter innate immune re-
sponses within the lungs and to allow for rapid bacterial replica-
tion. Thus, the lung-air interface represents an ideal location to
discover and examine previously unknown Pla substrates in order
to further elucidate the mechanisms by which Y. pestis causes
pneumonic plague.

To do so, we employed a shotgun proteomic approach using
isobaric tag for relative and absolute quantitation (iTRAQ) to
identify putative Pla substrates within cell-free BALF isolated
from uninfected C57BL/6 mice. We incubated BALF alone or with
wild-type Y. pestis or a strain of Y. pestis in which the native allele
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FIG 1 Validation of Pla-dependent Prdx6 degradation within BALF. Immu-
noblot analysis of Prdx6 from C57BL/6 mouse BALF only or BALF following
incubation with wild-type Y. pestis or Y. pestis Pla D206A for 6 h at 37°C. The
density of each band relative to BALF only is indicated beneath. Numbers to
the left of the blot indicate molecular masses in kilodaltons. The blot is repre-
sentative of 3 independent experiments.

of pla is replaced with a protease-inactive mutant (Pla D206A)
(35) for 6 h at 37°C. We subsequently separated the cells from the
BALF by centrifugation and confirmed that Pla was still active in
the wild-type-treated sample after 6 h by plg activation assay (see
Fig. S1 in the supplemental material). The cell-free supernatants
from each sample were then normalized for protein level, and
protein abundance was analyzed by iTRAQ. A total of 212 differ-
ent (mouse) proteins were identified from these cell-free BALF
samples, of which the abundance of 23 proteins changed signifi-
cantly (1.25-fold compared to BALF alone) in the presence of Y.
pestis expressing the wild-type form of Pla compared to untreated
controls (see Table S2). Compared to Y. pestis Pla D206A, the
abundances of 14 of these proteins were significantly reduced,

demonstrating a specific effect by the protease activity of Pla (see
Table S2). The abundances of the previously described Pla targets
complement component C3 and plg (51) were significantly re-
duced only when incubated with wild-type Y. pestis, providing
internal validity to our substrate discovery analysis. The 14 iden-
tified putative Pla substrates within the BALF were analyzed and
ranked based upon their biological function and processes, as well
as the relative fold change compared to BALF alone or with the
proteolytically inactive Pla D206A variant (see Table S2). Based
upon these criteria, the physiological role, and the observed al-
tered levels within the lungs during respiratory disease, Prdx6 was
chosen as a newly identified Pla substrate to pursue from this
substrate discovery screen. Immunoblot analysis of the same ma-
terials as those used for iTRAQ analysis confirmed a significant
reduction in Prdx6 within the BALF but only when incubated with
Y. pestis producing wild-type Pla (Fig. 1).

Validation of Prdx6 as a Pla substrate. Analysis of mouse
Prdx6 shows a high degree of identity at the amino acid level
with Prdx6 encoded by genes in other mammals, including hu-
man Prdx6 (90% identity/93% similarity) and rat Prdx6 (93%
identity/94% similarity). Therefore, to validate Prdx6 as a Pla sub-
strate, we incubated recombinant full-length human Prdx6 with
wild-type Y. pestis, Y. pestis Apla, or Y. pestis carrying the Pla
D206A variant. Immunoblot analysis shows a time-dependent
cleavage of Prdx6, with the appearance of four distinct cleavage
products only when incubated with bacteria producing wild-type
Pla but not when incubated with the isogenic Apla mutant or the
D206A variant of Pla (Fig. 2A). To show that Pla is sufficient for
Prdx6 cleavage, we performed a similar assay with a strain of E. coli
that produces either the wild type or the D206A variant of Pla and
found that only the wild-type pla-expressing strain is able to cleave
Prdx6 (Fig. 2, compare panels A and B).

To define the Pla cleavage site(s) within Prdx®6, isolated pep-
tides corresponding to bands a, b, ¢, and d in Fig. 2A were analyzed
by MALDI-TOF MS analysis. This analysis identified two cleavage
sites, one between amino acids K173 and R174 and a second be-
tween amino acids K201 and L202 (Fig. 2C). We were unable to

A Y. pestis Y. pestis Y. pestis B E. coli E. coli
Pla D206A Apla Pla Pla D206A
0 15 30 60 120 15 30 60 120 min 0 15 30 60 120 min 0 15 30 60 120 15 30 60 120 min

150 150 150

100 100 100

75 75 75

50 50 | 50

37 37 o

05 -- == ;bga.- = o5 25 --__ !glg--—-.

— — — —C 20 20 — ]
20 ;i S 15
15 15

lipase peroxidase
C 1MPGGLLLGDVAPNFEANTTVGRIRFHDFLILFSHPRDFTGRAAKLAPEFAKRNVKLI
ALSIDSVEDHLAWSKDINAYNCEEPTEKLPFPIIDDRNRELAILLGMLDPAEKDEKGMPVTARVVFVFGP

DKKLKLSILLYPATTGRNFDEILRVVISLQLTAEKVRVATPVDWKDGDSVMVLPTIPEEEAKK ILFPKGVFT

KELPSGKKYLRYTPQP?2>

FIG 2 Cleavage of Prdx6 requires catalytically active Pla. (A) Immunoblot analysis of recombinant human Prdx6 following incubation with Y. pestis, Y. pestis Pla
D206A, or Y. pestis Apla at 37°C for the indicated times. (B) Immunoblot analysis of recombinant human Prdx6 following incubation with E. coli producing Pla
or Pla D206A or E. coli carrying the corresponding empty expression vector at 37°C for the indicated times. (C) Amino acid sequence of human Prdx6. Black
arrowheads indicate identified Pla cleavage sites. The lipase and peroxidase motifs are boxed, and residues for the active site for peroxidase activity (C47, H39, and
R132) or the catalytic triad for lipase activity (S32, D140, and H26) are in bold. Lowercase letters in panels A and B represent Pla-cleaved Prxd6 products.
Numbers to the left of the blots indicate molecular masses in kilodaltons. Data are representative of at least 3 independent experiments.
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identify a third cleavage site that would correspond with band b,
although we cannot rule out the possibility that this is a result of
the partial digestion product of the generated band a. Thus, these
data demonstrate that Pla directly cleaves Prdx6 into 4 discrete
peptides within the C-terminal domain of the protein.

Cleavage by Pla disrupts both peroxidase and phospholipase
A, activities of Prdx6. Our results indicate that through the activ-
ity of Pla, Y. pestis is able to cleave both human and mouse Prdx6.
The major physiological function associated with Prdx6 is its per-
oxidase activity (12). Therefore, to assess the consequences of the
Pla-dependent cleavage on Prdx6 function, we measured the per-
oxidase activity of Prdx6 after incubation with Y. pestis producing
either native Pla or the protease-inactive (D206A) variant of Pla.
Incubation of Prdx6 with Y. pestis producing wild-type Pla results
in significantly reduced peroxidase activity compared to untreated
Prdx6 or Prdx6 incubated with Y. pestis producing the D206A
variant of Pla, but not to the same extent as treatment with trypsin
(Fig. 3A). While incubation of Prdx6 with Y. pestis D206A did
significantly reduce the peroxidase activity of Prdx6 compared to
Prdx6 alone, it was to only a modest extent, demonstrating that
the protease activity of Pla is the primary mechanism by which Y.
pestis disrupts Prdx6 function (Fig. 3A).

In addition to its peroxidase activity, and unlike the other per-
oxiredoxins, Prdx6 has also been demonstrated to have phospho-
lipase A, activity (12). We therefore assessed the consequences of
the Pla-dependent cleavage of Prdx6 on its ability to hydrolyze
arachidonic acid. Prdx6 was incubated alone or with wild-type Y.
pestis, Y. pestis carrying Pla D206A, or the phospholipase A, inhib-
itor MJ33 (52). We found that wild-type Y. pestis significantly
reduced the phospholipase A, activity of Prdx6 to levels similar to
those of MJ33, and while bacteria carrying the protease-inactive
variant of Pla also significantly affected the activity of Prdx6 com-
pared to Prdx6 alone, again it was only minimal (Fig. 3B). Taken
together, these data indicate that Y. pestis disrupts both the perox-
idase and phospholipase A, activities of Prdx6 primarily through
the protease activity of Pla.

Y. pestis affects Prdx6 abundance in the lungs during pri-
mary pneumonic plague. As Pla is required for the full virulence
of Y. pestis during pneumonic plague (34, 35), we set out to deter-
mine if (i) the total levels of Prdx6 are altered in the lungs of mice
during respiratory infection with Y. pestis and (ii) if Pla cleaves
Prdx6 in vivo. As the Apla mutant of Y. pestis is attenuated during
respiratory infections (35), to compare the effects of Pla on Prdx6
levels when bacterial loads are normalized between the wild-type
and Apla strains, we can increase the inoculum of the Apla mutant
(“input CFU”) so that the CFU in the lungs at 48 h (“output
CFU”) is equivalent between the wild-type and mutant strains, as
we have done previously (43, 50). To do so, we infected C57BL/6
mice via the i.n. route with 10* CFU of wild-type Y. pestis or 10°
CFU of Apla Y. pestis, doses of each strain that result in approxi-
mately 10® CFU in the lungs by 48 h (43), or 10* CFU of the Apla
mutant (to compare the effects of equivalent input CFU on Prdx6
levels), or mice were mock infected with PBS. After 48 h, BALF was
collected and analyzed by ELISA to quantify the total levels of
Prdx6 present in the lung airspace. We found that the abundance
of total Prdx6 within the BALF of mice is significantly increased in
mice infected with 10° CFU of Apla Y. pestis compared to both
mock-infected mice and mice infected with 10* CFU of Apla Y.
pestis, indicating that increased numbers of bacteria in the lungs
result in greater abundance of Prdx6 within the airspace (Fig. 4A).
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FIG 3 Cleavage of Prdx6 by Pla disrupts both phospholipase A, and peroxi-
dase activities. (A) Peroxidase activity of Prdx6 following incubation with Y.
pestis, Y. pestis Pla D206A, or trypsin or incubation alone for 2 h at 37°C. Prdx6
activity is calculated as the percentage of H,O, removed, based on the ratio of
the amount of H,O, removed in the presence to that removed in the absence of
Prdx6. (B) Phospholipase A, activity of Prdx6 following incubation with Y.
pestis, Y. pestis Pla D206A, or the inhibitor MJ33 or incubation alone. One
representative experiment of 2 biological replicates is shown, and error bars
represent the SEM (¥, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way
ANOVA with Bonferroni’s multiple-comparison test).

In contrast, however, we determined that, in mice infected with
wild-type Y. pestis, the levels of Prdx6 are significantly reduced
compared to those found in mice with an equivalent number of Y.
pestis Aplabacteria (10° output CFU), suggesting that the presence
of Pla reduces the abundance of Prdx6 in the airspace (Fig. 4A).
Therefore, to determine if we could detect the cleavage of
Prdx6 by Pla from samples isolated from infected mice, we ana-
lyzed the same BALF by immunoblotting with an antibody to
Prdx6. Consistent with our ELISA data, there is a significant in-
crease in Prdx6 abundance in the airspace of mice infected with
10® CFU of Apla Y. pestis compared to either mock-infected or
wild-type Y. pestis-infected mice as determined by Image] densi-
tometry (Fig. 4B). Similarly to our ELISA data, we observed a
reduction in the abundance of Prdx6 present in the airspace of
wild-type Y. pestis-infected mice compared to a dose-matched in-
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FIG 4 Pla-dependent changes in Prdx6 levels within the lung during Y. pestis respiratory infection. Abundance of extracellular Prdx6 recovered by BAL
of C57BL/6 mouse lungs 48 h post-inoculation with PBS (mock), 10* CFU of Y. pestis, 10* CFU of Y. pestis Apla, or 10° CFU of Y. pestis Apla as measured by
ELISA (A) or immunoblotting (B). Data from mock- or wild-type Y. pestis-infected C57BL/6 prdx6 '~ mice are shown as controls in panel B. The input CFU
and output CFU are included below the graph and blot to denote the number of bacteria inoculated and present at the time of assessment. The density of
each band relative to BALF is indicated beneath the immunoblot. Data in panel A are combined from 2 independent experiments (# = 10), and error bars
represent the SEM. Data in panel B are representative of 3 independent experiments (*, P < 0.05; ns, not significant by one-way ANOVA with Bonferroni’s

multiple-comparison test).

fection with Apla Y. pestis (10® output CFU) at 48 h (Fig. 4B). In
contrast to the in vitro cleavage of Prdx6 by Pla (Fig. 2), however,
we were unable to detect cleavage products by immunoblotting of
Prdx6 present in the BALF of wild-type Y. pestis-infected mice. In
total, these data demonstrate that although pulmonary infection
with high doses of Y. pestis Apla results in an increase in Prdx6
levels within the airspace, the presence of Pla reduces these levels
to ones approaching those for uninfected mice, suggesting that
Prdx6 is a Pla substrate during pneumonic plague.

The cleavage or absence of Prdx6 does not influence the out-
growth or dissemination of Y. pestis following respiratory infec-
tion. As Pla is necessary for the outgrowth of Y. pestis in the lungs
during pneumonic plague, we hypothesized that if the cleavage of
Prdx6 by Pla contributes to the virulence of Y. pestis, then infec-
tions of mice lacking Prdx6 with the Apla strain would result in an
increased bacterial burden or dissemination compared to wild-
type mice. To test this, wild-type or prdx6 '~ C57BL/6 mice were
infected via the i.n. route with equivalent doses (10* CFU) of ei-
ther wild-type or Apla Y. pestis, and after 48 h, the bacteria in the
lungs and spleens were enumerated. We found no difference in
bacterial outgrowth in either the lungs or the spleens of Prdx6-
deficient mice compared to wild-type mice infected with wild-
type Y. pestis or between the same sets of mice infected with the
Apla mutant (Fig. 5), suggesting that Prdx6 has little impact on the
outgrowth or dissemination of Y. pestis during pneumonic plague.

Prdx6-deficient mice are not altered in the host response to
pulmonary Y. pestis infection. While we found that the absence
of Prdx6 does not affect bacterial numbers following respiratory
infection, it is possible that Prdx6 may influence the innate im-
mune response to Y. pestis in the lungs (11, 53). Therefore, to test
the impact of Prdx6 deficiency on the host response, we first ex-
amined the pulmonary pathology of Prdx6-deficient mouse lungs
at 48 h postinfection following i.n. infection with equivalent doses
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of wild-type or Apla Y. pestis. Analysis of pulmonary histopathol-
ogy by H&E staining revealed no qualitative difference in the size
of the pulmonary lesions either between Prdx6-deficient and wild-
type mice following infection with wild-type Y. pestis or between
the same sets of mice following infection with Apla Y. pestis (Fig.
6A, insets, arrows). Closer examination of these individual lesions
reveals similarity in cellular architecture between Prdx6-deficient
and wild-type mice, with the Apla Y. pestis infection resulting in
small compact foci comprised of PMN and with greater hematox-
ylin staining than that of wild-type Y. pestis, which shows more
diffuse infiltration of PMN (Fig. 6A).

To assess this more quantitatively, we then performed flow
cytometry to enumerate the numbers and types of immune cells
infiltrating into the lung airspace in the presence or absence of
Prdx6. Prdx6-deficient and wild-type mice infected with wild-
type Y. pestis exhibit a similar and significant recruitment of im-
mune cells into the lungs compared to mock and Apla Y. pestis
infections (Fig. 6B). Using the percentages (data not shown) and
the total number of immune cells recruited, the absolute numbers
of neutrophils, alveolar macrophages, CD11b-high macrophages,
monocytes, and both CD11b-high and -low dendritic cells were
determined. We found no significant difference in the numbers of
any immune cell type measured between wild-type and Prdx6-
deficient mice when infected with Y. pestis or between the same
sets of mice infected with Apla Y. pestis (see Fig. S2 in the supple-
mental material).

We also investigated the effects of Prdx6 deficiency on the pro-
duction of proinflammatory cytokines in response to pulmonary
Y. pestis infection. Examination of the pulmonary inflammatory
cytokine response by cytometric bead array showed no differences
between wild-type and Prdx6-deficient mice when infected with
Y. pestis or between the same sets of mice infected with Apla Y.
pestis (Fig. 6C).
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FIG 5 Absence of Prdx6 does not alter bacterial burden during Y. pestis respi-
ratory infection. Bacterial burden within lungs (A) and spleens (B) of C57BL/6
or C57BL/6 prdx6 '~ mice infected via the i.n. route with 10* CFU of Y. pestis
or Y. pestis Apla after 48 h. Each point represents the number of bacteria
recovered from a single mouse. The median CFU is denoted by a solid line, and
the dashed line indicates the limit of detection. Data are combined from two
independent experiments (n = 10 for each group; ns, not significant by Mann-
Whitney U test). WT, wild type.

The loss of Prdx6 does not impact lung damage during Y.
pestisinfection. Pneumonic plague results in severe damage to the
lung-bloodstream barrier, primarily due to the effects of the re-
sulting immune response (43, 54). As Prdx6 is known to affect
lung homeostasis and pulmonary surfactant turnover (10, 12), we
investigated the effects of Prdx6 deficiency on lung injury during
respiratory Y. pestis infection by assessing serum albumin levels in
the airspace by ELISA. We observed no difference in albumin
levels between wild-type and Prdx6-deficient mice when infected
with Y. pestis or between the same sets of mice infected with Apla
Y. pestis (Fig. 7). Taken together, these data demonstrate that
Prdx6 does not play a measurable role in the host response or
protect against tissue damage during Y. pestis infection of the
lungs.

DISCUSSION

The Pla protease of Y. pestis has been shown to be a critical viru-
lence factor in the emergence of the plague bacillus as a respiratory
pathogen (34, 35). However, the means by which Pla manipulates
lung function and innate immunity are largely unknown, and host
substrates of Pla are just beginning to be elucidated. In this study,
we sought to discover previously unknown Pla substrates within
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the pulmonary environment in order to assess their roles in the
development of pneumonic plague. We identified 14 host sub-
strates whose abundances were altered in a Pla-dependent manner
within the cell-free BALF isolated from uninfected mice, 8 of
which have been characterized as having a role in immune system
processes or proteolysis. In addition, the abundances of 9 addi-
tional BALF proteins were reduced in a Pla-independent manner,
suggesting that Y. pestis may cleave these proteins via other mech-
anisms, or that they may adhere to the surface of Y. pestis bacilli,
thus being removed from solution. The use of uninfected BALF
for these experiments restricts our analysis to proteins that are
normally present in the airspace; it is likely that there are addi-
tional potential substrates released into the airway in response to
infection that would not be identified in this screen. It is of interest
that the abundances of SP-A and SP-D, which comprise the ma-
jority of surfactant protein content (7), were unaltered within the
BALF, suggesting that the impact of Y. pestis on pulmonary and
immune function may occur independently of these collectins.

We identified Prdx6, an abundant protein found within pul-
monary surfactant (6), as a Pla substrate that Y. pestis encounters
in the lungs of mice during pneumonic plague. In the absence of
Pla, extracellular levels of Prdx6 increase in the lungs following
infection with a high dose of Y. pestis, which is consistent with
observations of other severe respiratory pathogens such as K.
pneumoniae and F. tularensis, neither of which harbors a bacterial
plasminogen activator (25, 26). While it is possible that the host
response to a high dose of the Apla mutant delivered to the lungs
may differ from that of wild-type Y. pestis given at lower doses, our
results are consistent with a Pla-dependent cleavage of Prdx6 in
vivo at 48 h, while pla is maximally expressed. Indeed, the snapshot
of the infection at 48 h allows us to make the best examination and
comparison of Pla-dependent processes within the lungs, as this is
when pla is upregulated by Y. pestis during pneumonic plague and
when the proinflammatory response is fully induced in response
to the infection (35, 55). While there is a Pla-dependent decrease
in extracellular Prdx6 protein levels in the lungs after 48 h, we were
unable to detect Prdx6 cleavage products in vivo, as is observed
following cleavage of Prdx6 by Pla in vitro. This may be due to the
cleavage peptides of Prdx6 being further degraded and removed
by the host, or they may be present at low levels below our limit of
detection. Alternatively, it is possible that the antibody that we
used for our immunoblot analyses, which was raised in rats, is able
to detect cleavage products of human Prdx6 but not mouse Prdx6.
Nonetheless, the Pla-dependent decrease in the full-length pep-
tide both in vivo and ex vivo strongly suggests that cleavage of
Prdx6 occurs in the lung airspace during pneumonic plague.

The cleavage of Prdx6 by Pla generates four distinct peptides;
two of the three Pla cleavage sites within Prdx6 are located near the
C terminus of the protein. The nature of these cleavage sites is
consistent with other Pla substrate cleavages, typically located be-
tween basic amino acids such as lysine (56). While our analyses of
Prdx6 function following cleavage by Pla showed significant re-
ductions in both the peroxidase and phospholipase A, activity, in
neither case did we observe a complete elimination of either ac-
tivity. Our data suggest that Pla may not completely cleave Prdx6,
as evidenced by the residual full-length band present on the im-
munoblot, which is still present after incubation for 8 h with wild-
type Y. pestis (data not shown). Alternatively, the C-terminal
cleavage of Pla on Prdx6 may explain the remaining activity fol-
lowing proteolysis, as the active serine-32 (phospholipase) and
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(n = 10 for each group), and error bars represent the SEM (ns, not significant by one-way ANOVA with Bonferroni’s multiple-comparison test).

cysteine-45 (peroxidase) residues for these biochemical activities
are located near the N terminus of the protein (57). Indeed, one or
more of the cleaved peptides may retain these activities. Therefore,
based on these results, it is plausible that Prdx6 activities are not
completely inactivated within the lung during the development of
pneumonic plague.

Although recent work has indicated that the phospholipase
activity of Prdx6 is involved in mediating the proinflammatory

response through the regulation of TNF-induced apoptosis via
arachidonic acid release and interleukin-1B production (53), we
did not observe any change in the influx of immune cells or the
production of proinflammatory cytokines (TNF, IFN-y, MCP-1,
or IL-6) in the lungs in the absence of Prdx6. While the loss of
Prdx6 results in increased ROS production during ALI/ARD, dur-
ing infection with Y. pestis, the bacterial Yop-Ysc type III secretion
system might otherwise serve as a mechanism to suppress ROS
generation within the host, even in the absence of Prdx6. Based on
gene expression data collected from rat buboes and infected mac-

ns [ cs78L8 rophages, it has been shown that Y. pestis encounters ROS during
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m the initial stage of infection but not later (58). Therefore, it re-
- g 500000 it mains possible that the cleavage of Prdx6 may affect the infection
EZ in ways not assessed here or that the impact may be masked by the
28 4000001 activities of other Y. pestis virulence factors.
cd Indeed, we found that the loss of Prdx6 and Pla has no effect on
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32 150007 the disease progression of Y. pestis in the lungs or bacterial dissem-
< § 10000 ination from the lungs into deeper tissues. These results suggest
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FIG 7 Absence of Prdx6 does not alter lung damage during Y. pestis respira-
tory infection. Abundance of albumin present in supernatants of the same
BALF samples as those collected for the experiment in Fig. 6 as measured by
ELISA. Data are combined from 2 independent experiments (n = 10 for each
group), and error bars represent the SEM (ns, not significant by one-way
ANOVA with Bonferroni’s multiple-comparison test).
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to be determined if Prdx6 contributes to the host response during
other bacterial respiratory infections such as those with K. prneu-
moniae and F. tularensis, it may be possible that Prdx6 is an im-
portant host response only to noninfectious lung injury (such as
ALI/ARD), rather than to respiratory pathogens.

The lack of a conserved consensus motif for Pla cleavage sug-
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gests that, while selective, Pla could act upon several different
and/or overlapping substrates, depending on the route of infec-
tion. Based upon the data presented here and collected by our
group and others previously, we propose classifying substrates of
Pla into three categories: group I substrates that are cleaved both
in vitro and in vivo and contribute to bacterial virulence and the
host response (these substrates would be represented by the apop-
totic molecule FasL [43]); group II substrates such as Prdx6 that
are cleaved in vitro and in vivo but do not play a detectable role in
bacterial virulence or the host response; and finally, group III sub-
strates that are cleaved in vitro but not in vivo and thus have a
limited role during disease progression; A2AP would be a repre-
sentative example of this class of substrate (50). Therefore, while
the identification of new host substrates of Pla in vitro can provide
new insights into the mechanisms by which Y. pestis causes disease
in mammals, it is important to consider that any individual host
substrate may not necessarily play a role in vivo, at least at our
current level of investigation. Regardless of the effects of Pla on
Prdx6 function in vivo, the study presented here expands our un-
derstanding of the role of Prdx6 during bacterial respiratory in-
fections and suggests that in some cases, this host factor may have
little overall impact on disease progression and innate immunity.
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