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Impact of the Pla Protease Substrate a2-Antiplasmin on the
Progression of Primary Pneumonic Plague

Wyndham W. Lathem

Department of Microbiology-Immunology, Northwestern University Feinberg School of Medicine, Chicago, lllinois, USA

Justin L. Eddy, Jay A. Schroeder, Daniel L. Zimbler, Lauren E. Bellows,

Many pathogens usurp the host hemostatic system during infection to promote pathogenesis. Yersinia pestis, the causative agent
of plague, expresses the plasminogen activator protease Pla, which has been shown in vitro to target and cleave multiple proteins
within the fibrinolytic pathway, including the plasmin inhibitor a2-antiplasmin (A2AP). It is not known, however, if Pla inacti-
vates A2AP in vivo; the role of A2AP during respiratory Y. pestis infection is not known either. Here, we show that Y. pestis does
not appreciably cleave A2AP in a Pla-dependent manner in the lungs during experimental pneumonic plague. Furthermore, fol-
lowing intranasal infection with Y. pestis, A2AP-deficient mice exhibit no difference in survival time, bacterial burden in the
lungs, or dissemination from wild-type mice. Instead, we found that in the absence of Pla, A2AP contributes to the control of the

pulmonary inflammatory response during infection by reducing neutrophil recruitment and cytokine production, resulting in
altered immunopathology of the lungs compared to A2AP-deficient mice. Thus, our data demonstrate that A2AP is not signifi-
cantly affected by the Pla protease during pneumonic plague, and although A2AP participates in immune modulation in the
lungs, it has limited impact on the course or ultimate outcome of the infection.

he activation of coagulation, resulting in fibrin deposition and

fibrin cross-linking, is a host mechanism to stop bleeding and
to physically contain invading microorganisms (1, 2). Subse-
quently, mechanisms to induce fibrinolysis are activated via
tightly regulated proteolytic cascades (3). During this phase, tis-
sue-bound and secreted activators mediate the conversion of the
circulating zymogen plasminogen into its active serine protease
form, plasmin. In addition, the host innate immune system is
tightly linked to the hemostatic system. By coordinating host
platelet activation and aggregation, coagulation, fibrinolysis, and
inflammation, the innate immune response can synchronize the
sensing of invading pathogens, immune cell recruitment, and
pathogen elimination, as well as subsequent tissue repair (3-5).

As a part of the fibrinolytic system, plasmin degrades fibrin
clots with additional biological activities related to tissue remod-
eling, cell migration, and inflammation (6). In addition, there
exist endogenous inhibitors of both active plasmin and plasmin
generation to maintain homeostasis. To control the generation of
plasmin, plasminogen activator inhibitor 1 (PAI-1) inactivates the
plasminogen activators urokinase plasminogen activator (uPA)
and tissue plasminogen activator (tPA) (7, 8). On the other hand,
a2-antiplasmin (A2AP) inhibits plasmin directly. A2AP is synthe-
sized in the liver and maintained in the circulation to rapidly in-
hibit freely circulating active plasmin (9). Currently, the only
known biological function of A2AP is to inhibit active plasmin;
this occurs via a set of interaction steps, which culminates in the
formation of an enzymatically inactive 1:1 stoichiometric com-
plex of plasmin-A2AP (10). First, a lysine binding motif within
active plasmin interacts with a complementary site in the C-ter-
minal end of A2AP (11). Subsequently, A2AP interacts with the
substrate binding pocket within the active site of plasmin, fol-
lowed by peptide bond cleavage (10). This reaction culminates
with the formation of an ester bond between plasmin and A2AP,
leaving plasmin inactive (10). Although A2AP can rapidly inhibit
active plasmin, both receptor-bound plasmin and fibrin-bound
plasmin are protected from A2AP inhibition due to the require-
ment for the same lysine binding sites for both receptor and A2AP
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binding (10, 11). Additionally, both infectious and noninfectious
disease states are associated with increased circulating A2AP lev-
els, including stroke (12), myocardial infarction (12), and sepsis
(13, 14), thus implying a role for inhibition of fibrinolysis via
A2AP during many diseases.

Not surprisingly, numerous Gram-positive and Gram-nega-
tive bacterial pathogens have independently evolved mechanisms
to exploit or usurp host fibrinolytic proteins, including but not
limited to Pseudomonas aeruginosa (15), Salmonella enterica sero-
var Enteritidis (16), Borrelia burgdorferi (17), Staphylococcus au-
reus (18), group A streptococci (GAS) (19), and Yersinia pestis
(20). Among these, the Y. pestis protease Pla is a potent activator of
host plasminogen. Pla is an outer membrane protease of the omp-
tin family and cleaves host plasminogen into its active form of
plasmin at the same residues recognized by endogenous activators
(20-22). Not only has Pla been shown to activate plasminogen,
but multiple additional host substrates of Pla associated with the
fibrinolytic system have been identified and characterized in vitro,
including A2AP and PAI-1 (23-25). Thus, it has been hypothe-
sized that through the activities of Pla, Y. pestis enhances fibrino-
lysis by potentially targeting multiple regulatory points of the host
hemostatic system to aid in virulence (23, 24).

Infections with Y. pestis, the causative agent of plague, manifest
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in three distinct forms: bubonic, pneumonic, and septicemic (26).
Pneumonic plague, the respiratory form of the disease, is both
highly infectious and transmissible by aerosols or respiratory
droplets. Primary pneumonic plague results in a rapidly progress-
ing, purulent, multifocal severe exudative bronchopneumonia
(27, 28). Previous characterizations of pneumonic plague in a
mouse model show a biphasic host response, which consists of an
initial 24 to 36 h of an anti-inflammatory phase that transitions to
a highly proinflammatory phase by 48 h, marked by extensive
immune cell influx, inflammatory cytokine production, and tissue
damage (27, 29). By 72 h, a severe bronchopneumonia over-
whelms the lungs and results in close to 100% mortality if un-
treated (27).

Pla enhances virulence in mouse models of both pneumonic
and bubonic plague, although once the bacterium has reached the
blood, the activity of Pla is unnecessary for death via primary or
secondary septicemia (22, 30, 31). Secondly, during bubonic
plague, the requirement of Pla is also dependent on the presence of
host plasminogen, as plasminogen-deficient mice are highly resis-
tant to infection via the subcutaneous route (5). Although Pla has
been demonstrated to cleave a number of substrates in vitro, it is
unclear what role these molecules play—if any— during infection.
Indeed, to date only one in vitro-described Pla substrate, the apop-
totic molecule Fas ligand (FasL), has been reported to contribute
to disease during pneumonic plague (32).

A2AP has been characterized as a Pla substrate in vitro (24),
and it has been hypothesized that cleavage of A2AP could serve as
amechanism by which Y. pestis abrogates the inhibitory effects of
A2AP on plasmin in vivo to enhance disease, thus facilitating bac-
terial outgrowth and dissemination (4, 5, 24, 25, 33, 34). However,
the role of A2AP has not yet been investigated during plague.
Therefore, we sought to determine if A2AP is cleaved by Pla in the
lung airspace and if this contributes to the pathogenesis of Y. pestis
during pneumonic plague. Here, we report that while Y. pestis
infection results in increased abundance of A2AP in the lungs, the
presence of Pla has no impact on the total levels of A2AP in the
airspace during pneumonic plague. Indeed, we are unable to de-
tect evidence of significant A2AP cleavage by Pla in the pulmonary
compartment, possibly due to the binding of all available free
A2AP within plasmin-antiplasmin complexes. Furthermore, we
demonstrate that following infection with Y. pestis, A2AP-defi-
cient mice exhibit no significant difference in survival or bacterial
burdens from wild-type mice. Instead, we show that in the absence
of Pla, A2AP deficiency impacts cytokine production and immune
cell infiltration to the lungs, and these changes in the immune
response correspond with increased levels of plasminogen and
active plasmin. These results suggest that, although Pla may inac-
tivate A2AP in vitro, the cleavage of A2AP by Pla during pneu-
monic plague is minimal, and while A2AP may contribute to
modulating immune responses during infection, this ultimately
has limited impact on the outcome of disease.

MATERIALS AND METHODS

Reagents, bacterial strains, and culture conditions. All reagents used in
this study were purchased from Sigma-Aldrich or VWR unless otherwise
stated. Brain heart infusion (BHI) broth or agar (Difco) was used to main-
tain Y. pestis strain CO92 and derivatives thereof. For animal infections, Y.
pestis strains were cultured in BHI with the addition of 2.5 mM CaCl, at
37°C to prime for intranasal inoculations as previously described (31). 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 BSL-3 (ABSL-3) facility at Northwestern University.

Animal infections. All procedures involving animals were carried out
in compliance with protocols approved by the Institutional Animal Care
and Use Committee of Northwestern University. C57BL/6 mice, aged 6 to
8 weeks, were obtained from The Jackson Laboratories or bred at North-
western University. A2AP-deficient mice were obtained from Roger Li-
jnen (KU Leuven) on a genetic background of 75% C57BL/6 and 25%
129/Sv] and backcrossed onto the C57BL/6 background for 7 generations
(35). Homozygous A2AP deficiency was confirmed by PCR. For infec-
tions, mice were anesthetized with ketamine and xylazine and infected by
the intranasal route (10* or 10® CFU as indicated) with Y. pestis strains
diluted in phosphate-buffered saline (PBS) as previously described (31,
32). The inoculating dose was confirmed by plating on BHI agar. For
survival experiments, mice were inoculated intranasally with Y. pestis
strains and monitored every 12 h for up to 14 days; mice were allowed to
succumb to the disease (death as an endpoint). For all other experiments,
mice that were severely moribund (unable to right themselves or to re-
spond to a pinch on the foot or tail) were euthanized by intraperitoneal
injection of pentobarbital sodium followed by cervical dislocation and
excluded from the experiment. To determine bacterial burden, mice were
inoculated intranasally with Y. pestis strains and euthanized at various
times postinfection. Subsequently, the lungs and spleens were removed,
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. All animal infections were performed at least twice, and
the data were combined.

Histopathology. Mice were inoculated intranasally with PBS or Y.
pestis strains, and at 48 h postinfection, mice were sacrificed and lungs
were inflated with 1 ml of 10% neutral buffered formalin via tracheal
cannulation. Lungs were removed, fixed in 10% formalin, and embedded
in paraffin. Two 4-micrometer sections 200 wm apart per lung were
stained with hematoxylin and eosin (H&E) for examination. Tissue em-
bedding, sectioning, and staining with H&E were performed by the
Northwestern University Mouse Histology and Phenotyping Laboratory.
Slides were imaged using a Zeiss Axioskop/Nuance camera at X2.5 mag-
nification for lesion size and X 63 magnification for cell recruitment. The
numbers of phagocytes present were manually counted within 3 fields of 2
lung sections from 3 independent infections through a single blind anal-
ysis. Data represent the mean number of cells per field from each lesion
between infections. Additionally, lung sections showing inflamed lesions
were analyzed using Image] software to calculate the area of inflamma-
tion. Data represent the lesion area (square millimeters) per field in 2
sections from 3 mice each.

Innate immune cell quantification. Mice were infected intranasally
with Y. pestis strains or mock infected with PBS, and at 48 h postinfection,
mice were sacrificed and bronchoalveolar lavage (BAL) was performed as
described previously (32). Bronchoalveolar lavage fluid (BALF) was col-
lected by pooling five 1-ml lavage fluid samples with PBS per animal; the
first 1 ml of the BALF was reserved for analyses of cytokines or specific
hemostatic proteins (see below). Samples were centrifuged at 300 X g for
5 min to separate cells and cell debris. 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 BM8), 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 included to minimize nonspecific staining (eBioscience).
Cells were washed with flow buffer and fixed with 2% paraformaldehyde.
Samples were analyzed using a BD FACSCanto II flow cytometer and
Flow]Jo software (TreeStar). Identification of specific cell populations was
determined based on the following markers: neutrophils, CD45" F4/80~
Ly6G™* CD11b™; alveolar macrophages, CD45™ F4/80" Ly6G~ CD11b~
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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~ CD1 Ict.

Cytokine analysis. At 48 h after inoculation with PBS or the indicated
Y. pestis strains, the levels of tumor necrosis factor alpha (TNF-a), gamma
interferon (IFN-v), monocyte chemoattractant protein 1 (MCP-1), inter-
leukin-12 p70 (IL-12p70), and IL-6 were quantitatively established from
the supernatant of the collected BALF using the cytometric bead array
technique (BD cytometric bead array mouse inflammation kit; BD Bio-
sciences) as specified by the manufacturer. Data were analyzed using BD
cytometric bead array software.

Quantification of total A2AP levels and cleavage. A2AP levels in
BALF from each of the indicated infections were assessed using a total
A2AP enzyme-linked immunosorbent assay (ELISA) (Molecular Innova-
tions) per the manufacturer’s instructions. Duplicate 100-pl volumes
were analyzed from each BALF sample and averaged to yield a nanogram-
per-milliliter value for each mouse. The absorbance at 450 nm was mea-
sured in a Molecular Devices SpectraMax M5 microplate reader. The data
represent 10 mice per group from 2 independent experiments of 5 mice
per experiment. For immunoblot analysis, purified recombinant murine
A2AP (Abcam) or BALF from each of the indicated infections was sepa-
rated by SDS-PAGE under reducing or nonreducing conditions, trans-
ferred to nitrocellulose, and probed using an anti-mouse A2AP antibody
(Santa Cruz; clone SJ-19). A representative blot is shown from 3 indepen-
dent experiments.

Quantification of plasminogen cleavage and plasmin activity. Plas-
min activity in BALF was assessed using a modified version of the plas-
minogen activation assay as described previously (31, 36). Briefly, purified
murine active plasmin (Hematologic Technologies; 0.3 pg) or 100 wl of
BALF from the indicated infections was incubated with the chromogenic
substrate D-AFK-ANSNH-iC,H,-2HBr (SN5; Hematologic Technolo-
gies; 50 wM) in a total volume of 200 wl PBS at 37°C for 2 h, and the
absorbance at 460 nm was measured in a Molecular Devices SpectraMax
M5 fluorescence microplate reader. Data represent the relative fluores-
cence and are combined from 2 independent experiments performed in
triplicate. For immunoblot analysis, purified murine plasminogen (He-
matologic Technologies), active murine plasmin (Hematologic Technol-
ogies), or BALF from each of the indicated infections was separated by
SDS-PAGE, transferred to nitrocellulose, and probed using an anti-
mouse plasmin(ogen) antibody (Hematologic Technologies). Where
noted, immunoblots were stripped in buffer containing 62.5 mM Tris-
HCI (pH 6.8), 2% SDS, and 0.07% beta-mercaptoethanol for 1 h with
shaking every 15 min at 56°C. Representative blots are shown from 2 or 3
independent experiments as indicated.

Statistics. In all cases, statistical means are graphed and error bars
represent standard errors of the means (SEMs) from pooled experiments.
For bacterial load comparisons, the Mann-Whitney U test was performed;
for comparison of survival curves, the Mantel-Cox log rank test was used;
and all other experiments were analyzed by a Student two-tailed ¢ test or
one-way analysis of variance (ANOVA) as indicated using GraphPad
Prism 5.

RESULTS

A2AP in the lungs is increased during pneumonic plague but
not cleaved by Pla. Previous studies have demonstrated that the
Pla protease of Y. pestis rapidly cleaves A2AP in vitro (24, 36). As
Pla is required for the full virulence of Y. pestis during pneumonic
plague, we set out to determine if the total levels of A2AP protein
are altered in the lungs of mice and if Pla cleaves A2AP in vivo.
Therefore, we intranasally inoculated wild-type C57BL/6 mice
with PBS (mock) or with equivalent doses of Y. pestis strain CO92
or an isogenic mutant of Y. pestis lacking Pla (31). In addition, as
the absence of Pla results in reduced bacterial burden in the lungs
compared to that with wild-type Y. pestis (31), we increased the
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FIG 1 A2AP levels increase in response to Y. pestis but A2AP is not cleaved by
Pla. (A) Quantification by ELISA of total A2AP recovered by BAL of C57BL/6
mouse lungs 48 h after inoculation with PBS (mock), 10* CFU of wild-type Y.
pestis, 10* CFU of Y. pestis Apla strain, or 10® CFU of Y. pestis Apla strain. The
input CFU and output CFU are included below the graph to denote the num-
ber of bacteria inoculated and the number at the time of assessment, respec-
tively. Data are presented as nanograms per milliliter and are combined from
2 independent experiments (1 = 10 for each group); error bars represent SEMs
(Student’s ttest, **, P = 0.01; ***, P < 0.001; ns, not significant). (B) Reducing
SDS-PAGE analysis of A2AP recovered by BAL of C57BL/6 mouse lungs 48 h
postinoculation. Lanes include recombinant purified murine A2AP (purified
A2AP) and BALF from wild-type mice inoculated with PBS (mock), 10* CFU
of wild-type Y. pestis, 10* CFU of Y. pestis Apla strain, or 10° CFU of Y. pestis
Apla strain and from A2AP-deficient mice infected with 10* CFU of wild-type
Y. pestis. The arrowhead indicates A2AP protein; numbers to the left of the blot
indicate molecular masses in kilodaltons. The blot is representative of 3 inde-
pendent experiments.

inoculum (indicated as “input CFU,” Fig. 1A) of the Apla strain so
as to match the CFU of the wild-type strain in the lungs at 48 h
postinfection (indicated as “output CFU,” Fig. 1A) as we have
previously done, to compare the effects of Pla when bacterial loads
are equal (32). After 48 h, we performed BALs and analyzed the
BALF for the total levels of A2AP present in the lung airspace by

iai.asm.org 4839


http://iai.asm.org

Eddy et al.

A e B
101 o C 107 =y -
_ [ g S _ = .-h .
c'»g 81 = & ns o 81 - = =5
o oS o |—|® S = o L =
1 [RiEN] oSy S 6 e O
& a8 .o " ° CIIS 8 ¥ o, o
e A% : 5 2 - e
:1 44 2] o 89 [ ] S0 g 9 4 ‘l ° o &
=} = 53 ey : =) m e o
L 2 * - (g L 24 o g &
o 4 608 o o © = 0 : ﬁ .o
0 : . Xer e o R - —
24 48 72 24 48 72
Hours post-inoculation Hours post-inoculation
100+
— 804
_g B C57BL/6: Y. pestis
3 60 O C57BL/6 A2AP: Y. pestis
= e C57BL/6 : Y. pestis Apla
8 40 o C57BL/6 A2AP': Y. pestis Apla
g
20_ Iﬂ.s.
n.s.
0 T —

5 6 7 8 9 10 11
Days

01 2 3 4

FIG 2 A2AP deficiency does not alter bacterial burden, dissemination, or survival of mice infected with Y. pestis. (A and B) Bacterial burden within the lungs (A)
and spleens (B) of C57BL/6 mice infected with 10* CFU of wild-type Y. pestis (black squares) or Y. pestis Apla strain (black circles) or C57BL/6 A2AP~'~ mice
infected with 10* CFU of wild-type Y. pestis (white squares) or Y. pestis Apla strain (white circles) over time. Each point represents the numbers of bacteria
recovered from a single mouse. An “X” indicates a mouse that succumbed to the infection, the median CFU is denoted by a solid line, and the dashed line indicates
the limit of detection. Data are combined from 2 to 3 independent experiments (n = 10 to 15 for each group). (C) Survival over time of C57BL/6 mice infected
with 10* CFU of wild-type Y. pestis (black squares) or Y. pestis Apla strain (black circles) or C57BL/6 A2AP~'~ mice infected with 10* CFU of wild-type Y. pestis
(white squares) or Y. pestis Apla strain (white circles). Data are combined from 2 independent experiments (n = 20 for each group). The Mantel-Cox log rank
test was used for comparison of survival curves, and the Mann-Whitney U test was used for analysis of bacterial burden measurements (**, P < 0.01; ***, P <

0.001; ns, not significant).

ELISA. We found that A2AP levels are significantly increased in
the lungs in response to Y. pestis infection compared to mock-
infected animals (Fig. 1A). Total A2AP levels are significantly
lower in the lung airspace during a Y. pestis Apla strain infection
compared to wild-type Y. pestis infection when the inocula are
equivalent; however, this is likely due to the 4- to 5-log difference
in bacterial load in the lungs between these infections by 48 h
(output CFU). However, when the inoculum of the Apla strain is
adjusted so that the output CFU is equivalent to that of wild-type
Y. pestis at 48 h, we found that the abundance of A2AP in the lungs
of dose-matched Apla strain-infected mice is 73.8% = 10.3% of
that of the wild-type infection (not significantly different) (Fig.
1A). These data indicate that infection with Y. pestis stimulates a
robust increase in A2AP levels within the lung airspace; however,
the presence of Pla does not significantly impact the overall abun-
dance of A2AP in the lungs when bacterial loads are equivalent.
As Pla has been shown to cleave A2AP in vitro, to determine if
cleavage of A2AP by Pla could also be observed in vivo, we ana-
lyzed BALF from uninfected and infected mice by immunoblot-
ting. We were able to detect full-length A2AP in the lung airspace
of mice, which migrates at a slightly higher molecular weight on an
SDS-PAGE gel than does recombinant, purified murine A2AP
(most likely due to the presence of carbohydrate moieties on en-
dogenous A2AP) (37). Consistent with our ELISA data, we ob-
served an increased abundance of A2AP protein in the lungs fol-
lowing wild-type Y. pestis infection compared to both mock
infection and Y. pestis Apla strain infections; however, we were
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unable to detect any cleavage products of A2AP by immunoblot-
ting (Fig. 1B). In addition, when output bacterial loads between Y.
pestis wild-type and Y. pestis Apla strains are matched, Image]J
quantification of 3 different exposures of 2 independent immuno-
blots of the band corresponding to A2AP in the dose-matched
Apla strain infection is 68.3% * 10.3% of that of wild-type Y.
pestis (Fig. 1B), consistent with our ELISA data. Therefore, from
the data presented in Fig. 1, we conclude that wild-type Y. pestis
infection increases overall A2AP levels in the lungs and that A2AP
is not a detectable substrate of Pla during pneumonic plague.
A2AP deficiency does not alter bacterial burden, dissemina-
tion, or mouse survival during primary pneumonic plague. Pla
contributes to the outgrowth of Y. pestis in the lungs during pneu-
monic plague. Although we were unable to detect cleavage of
A2AP by Pla within the lungs, it is possible that A2AP contributes
to the restriction of bacterial outgrowth in the lungs of mice
through the course of pneumonic plague, particularly in the ab-
sence of Pla. Wild-type or A2AP-deficient mice were infected with
equivalent doses of Y. pestis wild-type or Y. pestis Apla strains, and
CFU in the lungs and spleens were determined at 24, 48, and 72 h
postinfection. We found no significant difference in the number
of CFU in the lungs at any time between wild-type and A2AP-
deficient mice when infected with either wild-type or Apla Y. pestis
(Fig. 2A). As manipulation of the host fibrinolytic system and
activation of plasminogen are hypothesized to aid in the invasion
by Y. pestis into deeper tissues (38), we also assessed bacterial
dissemination to the spleen during pneumonic plague. As ob-
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Y. pestis Apla

FIG 3 Infection of A2AP-deficient mice with Y. pestis Apla strain results in altered pulmonary pathology. Sections of formalin-fixed lungs stained with H&E from
C57BL/6 or C57BL/6 A2AP~'~ mice inoculated with PBS (mock), 10* CFU of wild-type Y. pestis, or 10* CFU of Y. pestis Apla strain. Representative images of
inflammatory lesions are shown (arrows; n = 3). Bars, 100 pm (inset images); 50 pm (larger images).

served with the lungs, there was no difference in bacterial load in
the spleens at any time point assessed (Fig. 2B). These data dem-
onstrate that A2AP deficiency exhibits no effect on bacterial out-
growth in the lungs or bacterial dissemination to the spleen during
primary pneumonic plague.

While the 50% lethal dose (LDs) of wild-type Y. pestis follow-
ing intranasal infection of C57BL/6 mice is 200 to 300 CFU, the
LDy, of the Apla mutant is approximately 10* CFU (27, 31). With
this in mind, we next tested the impact of A2AP deficiency on the
survival of mice following intranasal infection with Y. pestis. Wild-
type or A2AP-deficient mice were infected with equivalent doses
of wild-type or Apla bacteria and monitored for survival. We ob-
served no difference in the survival of A2AP-deficient mice from
wild-type controls when infected with Y. pestis wild type or the
Apla strain (Fig. 2C). In total, these data demonstrate that the
absence of A2AP does not impact the outgrowth or dissemination
of Y. pestis, either in the presence or in the absence of Pla, and does
not affect the survival of mice with either bacterial strain following
respiratory infection.

A2AP deficiency alters pulmonary pathology and neutrophil
recruitment during Y. pestis Apla strain infection. Although we
observed no impact of A2AP on bacterial burden or the survival of
mice, the coordinated links between the hemostatic system and
innate immunity prompted investigation into the effect of A2AP
deficiency on the histopathology of the lungs following infection
with wild-type or Apla Y. pestis. Wild-type or A2AP-deficient mice
were mock infected with PBS or infected with equivalent doses of
wild-type or Apla Y. pestis, and after 48 h, the lungs were inflated
and fixed with formalin, and sections were stained with hematox-
ylin and eosin (H&E) (Fig. 3; also see Fig. S1A in the supplemental
material). Examination of pulmonary histopathology revealed no
difference in overall lesion size as measured by ImageJ analysis
between A2AP-deficient and wild-type mice following infection
with wild-type Y. pestis (see Fig. S1B). In contrast, we observed a
small but significant increase in the lesion size in A2AP-deficient
mice compared to wild-type mice infected with the Y. pestis Apla
mutant. As the overall lesion size differed between wild-type and
A2AP~'~ mice during a Apla strain infection, we then assessed the
number of cells present within the lesions per field of view. We
found that the number of cells per field did not differ significantly
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between any of the infections, suggesting that the absence of A2AP
does not affect the general architecture of the lesion (see Fig. S1C).

Therefore, to better quantify both the total and specific im-
mune cells recruited to the lungs in the presence or absence of
A2AP, we infected wild-type and A2AP-deficient mice as de-
scribed above, and after 48 h, we isolated the cells present within
the airspace by BAL and analyzed the populations by flow cytom-
etry. A2AP-deficient and wild-type mice infected with wild-type
Y. pestis exhibit similar and significant recruitment of immune
cells to the lungs during pneumonic plague compared to mock
and Y. pestis Apla strain infections (Fig. 4A). 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. The absolute numbers
of neutrophils, alveolar macrophages, CD11b-high macrophages,
monocytes, and both CD11b-high and -low dendritic cells did not
differ significantly between wild-type and A2AP-deficient mice
when infected with wild-type Y. pestis (Fig. 4B to G). However, we
measured a significant increase in the absolute number of neutro-
phils in the lungs of A2AP-deficient mice compared to wild-type
mice infected with the Y. pestis Apla strain, although no difference
in any other cell population was observed (Fig. 4B). These results
demonstrate that A2AP deficiency does not alter immune cell
numbers during pulmonary infection with wild-type Y. pestis;
however, A2AP deficiency specifically increases neutrophil re-
cruitment to the lungs when infected with the Y. pestis Apla strain.
Thus, in the absence of Pla, A2AP participates in the control of the
innate immune response in part by restricting the influx of neu-
trophils into the airspace.

A2AP deficiency alters cytokine production during pneu-
monic plague. We next investigated the effects of A2AP deficiency
on the production of proinflammatory cytokines in response to
pulmonary Y. pestis infection. Wild-type and A2AP-deficient mice
were mock infected or infected with Y. pestis strains as described
above, and after 48 h, BALF was isolated and assessed for cytokine
levels in the airspace via cytometric bead array. We found that the
abundance of both IL-12p70 and IFN-v in the lungs is signifi-
cantly increased in the absence of A2AP in a Pla-independent
manner (Fig. 5A and B). While there are no significant differences
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FIG 4 Increased neutrophil recruitment to the lungs of A2AP-deficient mice following infection with Y. pestis Apla strain. C57BL/6 or C57BL/6 A2AP™'~ mice
were inoculated with PBS (mock), 10* CFU of wild-type Y. pestis, or 10* CEU of Y. pestis Apla strain, and after 48 h, BAL was performed to recover immune cells.
(A) The total numbers of cells recruited to the lungs were determined by counting on a hemacytometer. (B to G) Flow cytometry was performed to determine
the percentages and absolute numbers of neutrophils (B), alveolar macrophages (C), CD11b-high macrophages (D), monocytes (E), CD11b-high dendritic cells
(DCs) (F), and CD11b-low dendritic cells (G) recruited to the lungs. Data are combined from 2 to 3 independent experiments (n = 10 to 15 for each group); error
bars represent SEMs (one-way ANOVA with Bonferroni’s multiple comparison test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant).

in the levels of MCP-1, TNF-q, and IL-6 between wild-type and
A2AP-deficient mice during infection with wild-type Y. pestis, the
levels of these cytokines are all significantly increased in the ab-
sence of A2AP during infection with the Y. pestis Apla strain (Fig.
5C to E). These results indicate that A2AP suppresses inflamma-
tory cytokine production during infection and that the presence of
Pla partially, but not completely, overcomes this effect.

A2AP deficiency enhances active plasmin levels during infec-
tion with Y. pestis Apla. A2AP regulates fibrinolysis and inflam-
mation via inhibiting active plasmin. Thus, the effects of A2AP
deficiency on neutrophil recruitment and cytokine production in
a Y. pestis Apla strain infection led us to hypothesize that A2AP
deficiency increases the levels of active plasmin in the absence of
Pla. To test this, wild-type and A2AP-deficient mice were mock
infected or infected with Y. pestis strains at equivalent doses; in
addition, the Apla strain was also given at an inoculum to match
the dose of wild-type Y. pestis in the lungs at 48 h. BAL was per-
formed at this time point, and the total levels of both plasmin-
(ogen) and plasmin protein present in BALF were assessed by
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reducing SDS-PAGE followed by immunoblotting. We found that
the amount of plasmin protein is increased in the lungs of mice
infected with wild-type Y. pestis compared to both mock-infected
and Y. pestis Apla strain-infected mice (Fig. 6A). However, we also
observed a modest increase in the abundance of plasmin in the
wild-type mice infected with the Y. pestis Apla strain compared to
mock-infected mice, suggesting that the presence of bacteria in the
lungs results in endogenous activation of plasmin(ogen), inde-
pendent of Pla. Furthermore, when the output CFU of the wild-
type and Apla strains in the lungs are matched in wild-type mice,
we observed an increase in total plasmin(ogen) that is dependent
on the number of bacteria. However, the presence of Pla results in
a vast increase of plasmin compared to that in Pla™ bacteria at the
same CFU, indicating that Pla does indeed convert plasminogen
to plasmin in the lungs during pneumonic plague (Fig. 6A). Ad-
ditionally, in A2AP-deficient mice, immunoblot analysis revealed
an increased abundance of plasmin during infection with wild-
type Y. pestis compared to infection with the Apla strain (Fig. 6A).
However, we also observed an increase in the amount of total
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FIG 5 A2AP deficiency alters the production of pulmonary proinflammatory cytokines during infection with Y. pestis. Forty-eight hours after inoculation with
PBS (mock), 10* CFU of wild-type Y. pestis, or 10* CFU of Y. pestis Apla strain, the abundance of the indicated cytokines present in the BALF of C57BL/6 or
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plasminogen in the lungs of A2AP-deficient mice compared to
wild-type mice during infection with the Y. pestis Apla strain, sug-
gesting that the loss of A2AP dysregulates plasminogen produc-
tion or recruitment to the lungs during this infection (Fig. 6A).
The immunoblot analysis gives an overall summary of protein
levels but cannot differentiate between active and inactive plas-
min. Therefore, to determine if A2AP deficiency alters the levels of

active plasmin within the lungs of mice during pneumonic plague
infection, we assessed the levels of active plasmin within BALF
using a chromogenic substrate of plasmin. We found no signifi-
cant difference in plasmin activity between wild-type and A2AP-
deficient mice infected with Y. pestis (Fig. 6B). However, we ob-
served slightly but significantly higher plasmin activity in the
BALF of A2AP-deficient mice than in that of wild-type mice in-
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FIG 6 A2AP deficiency alters plasmin(ogen) levels and activation in the lungs of Y. pestis Apla strain-infected mice. (A) Immunoblot analysis of purified murine
plasminogen, purified murine plasmin, and plasmin(ogen) recovered by BAL after 48 h from C57BL/6 or C57BL/6 A2AP~/~ mice inoculated with PBS (mock),
10* CFU of wild-type Y. pestis, 10* CFU of Y. pestis Apla strain, or 10® CFU of Y. pestis Apla strain. Numbers to the left of the blot indicate molecular masses in
kilodaltons, the arrow indicates plasminogen, and the arrowhead indicates plasmin. (B) Quantification of active plasmin present in the BALF collected 48 h
postinoculation from wild-type (WT) C57BL/6 or A2AP~/~ mice infected with PBS (mock), 10* CFU of wild-type Y. pestis, or 10* CFU of Y. pestis Apla strain or
wild-type mice infected with 10® CFU of Y. pestis Apla strain or purified active murine plasmin. The input CFU and output CFU are included below the graph
and blot to denote the number of bacteria inoculated and the number of bacteria at the time of assessment, respectively. Data are presented as the relative
fluorescent units of the cleaved product at 120 min and are combined from 2 independent experiments from 3 mice each; error bars represent SEMs (one-way
ANOVA with Bonferroni’s multiple comparison test; *, P =< 0.05; ***, P = 0.001; ns, not significant).
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fected with the Y. pestis Apla strain (Fig. 6B), suggesting that Y.
pestis infection results in the formation of both active and inactive
species of plasmin that migrate at the same molecular weight on an
SDS-PAGE gel. Furthermore, plasmin activity in BALF from wild-
type mice infected with 10® CFU of the Y. pestis Apla strain exists at
an intermediate level between those of wild-type and A2AP-defi-
cient mice infected with 10* CFU of the Y. pestis Apla strain (Fig.
6B). These results indicate that A2AP deficiency can increase the
levels of active plasmin in the lungs, but only during Y. pestis Apla
strain infection, and suggest that A2AP is unable to restrict plas-
min activity during pneumonic plague.

Total A2AP in the airspace comigrates with plasmin(ogen)
during wild-type, but not Apla, Y. pestis infection. Based on the
data presented in Fig. 1 and 6, we hypothesized that rather than
being cleaved by Pla, all available A2AP in the airspace may instead
be complexed with plasmin, thus preventing cleavage of A2AP by
Pla during a wild-type Y. pestis infection. To test this, we separated
the same BALF samples used in Fig. 1 by nonreducing SDS-PAGE
and assessed A2AP by immunoblotting in order to detect super-
shifts in A2AP, which would suggest complex formation with
other factors also present in the BALF. We found that A2AP in the
airspace of wild-type mice infected with Y. pestis is contained
within a complex(es) that migrates at approximately 100 to 150
kDa (Fig. 7A, top and bottom double arrowheads). Notably, we
were unable to detect uncomplexed A2AP migrating at its native
molecular mass of 67 kDa. Additionally, A2AP in the airspace of
mice given 10® CFU of the Y. pestis Apla strain primarily migrates
at its native, uncomplexed molecular mass of 67 kDa (single ar-
rowhead), with a small but detectable band visible at 150 kDa
(double arrowhead) (Fig. 7A).

As A2AP is known to bind only plasmin, we subsequently
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stripped and reprobed the blot to determine if supershifted A2AP
comigrates with pulmonary plasmin(ogen). We found that the
100- to 150-kDa species present in BALF also reacts with an anti-
body to plasmin(ogen) (Fig. 7B), suggesting that the supershifted
A2AP species may indeed be contained within a plasmin-antiplas-
min complex (double pound sign) generated in response to the
abundant levels of plasmin produced by Pla. In contrast, the ma-
jority of plasmin(ogen) present in the BALF of mice infected with
10® CFU of the Y. pestis Apla strain migrates at the same molecular
weight as does purified plasminogen, supporting the notion that
the majority of A2AP is not complexed with plasmin(ogen) in the
absence of Pla. Notably, we found that when samples were ana-
lyzed under nonreducing conditions, plasmin migrates at a higher
molecular weight (pound sign) than under the reducing condi-
tions presented in Fig. 6A, suggesting that plasmin still contains a
disulfide-bonded fragment or is complexed with another pro-
tein(s) or possibly with itself (Fig. 7B). These data together suggest
that the excess plasmin generated during pneumonic plague in a
Pla-dependent manner likely binds almost all A2AP present in the
lungs.

DISCUSSION

The hemostatic system is tightly regulated in the body, with key
zymogens kept in inactive states until specific proteolytic cascades
are activated. Endogenous inhibitors prevent excessive fibrinoly-
sis by directly or indirectly controlling the activation of plasmin
and its consequent downstream effects. A2AP is considered the
major inhibitor of active plasmin, a regulator of fibrinolysis, in the
host (9, 39, 40). Thus, in the absence of A2AP it is expected that
increased levels of active plasmin would result in enhanced fibri-
nolysis when the hemostatic system is stimulated. Consistent with

December 2015 Volume 83 Number 12


http://iai.asm.org

its inhibitory role during fibrinolysis, A2AP-deficient mice display
normal physiology with no overt bleeding disorders but exhibit
increased fibrinolytic potential (35).

In this study, we investigated the potential contribution of
A2AP to the development of primary pneumonic plague and in-
terrogated its potential cleavage by Pla in the lungs of infected
mice. While Pla has been shown to cleave A2AP in vitro (24, 34,
36), we were unable to detect a significant Pla-dependent change
in total A2AP levels or cleavage events in vivo. These data increase
our understanding of the multifactorial effects of Pla during pneu-
monic plague; as Pla is described as both a specific and promiscu-
ous protease, the contribution of each in vitro-described substrate
to disease must be reconciled in vivo. The prevailing hypothesis in
the field proposes that the cleavage and inactivation of A2AP are
significant contributors to Y. pestis disease as an auxiliary means to
enhance active plasmin generation and thus promote the out-
growth and dissemination of the bacteria (4, 5, 24, 25, 33, 34). In
contrast, our findings indicate that the impact of A2AP on the
infection is minor at best and suggest that the extensive levels of
plasmin generated by Pla are sufficient to overcome any inhibitory
effects of A2AP.

These conclusions are based on the direct comparison of wild-
type mice infected with 10* CFU of wild-type Y. pestis and 10° CFU
of the Y. pestis Apla strain, which results in equivalent bacterial
CFU of approximately 10® in the lungs at 48 h postinfection (32).
We note that, although the courses of colonization and subse-
quent immune responses between the two infections might be
different due to differences in bacterial input, the equivalent num-
bers of bacteria in the lungs at 48 h allow for investigation of the
effects of Pla on A2AP in the lungs. While it remains possible that
Pla may cleave A2AP at low levels beyond the limits of our detec-
tion, our data suggest that the vast majority of A2AP in the lungs
during infection is complexed with plasmin. This, then, suggests a
possible explanation for why Pla may be unable to cleave A2AP, as
A2AP bound to plasmin may be inaccessible or resistant to cleav-
age by Pla.

While the amino acid sequence of Pla is 100% conserved
among all modern branched strains of Y. pestis, comparative
genomics have determined that ancestral strains of Y. pestis con-
tain a single amino acid substitution at position 259. This 1259T
substitution from ancestral to modern Pla has enhanced virulence
during plague (51). Furthermore, the modern variant of Pla is
more efficient at activating plasminogen but less efficient at inhib-
iting A2AP antiprotease activity than its ancestral counterpart (24,
34). This suggests that during its evolution as a respiratory patho-
gen, the selective pressure on Y. pestis was for enhanced plasmin
generation at the expense of A2AP antiprotease activity and may
additionally help explain the lack of A2AP cleavage in the lungs
during pneumonic plague.

Although we did not observe any evidence that Pla affects the
cleavage of A2AP in the pulmonary compartment, we employed
A2AP-deficient mice to assess its impact on the outcome of infec-
tion. We note that, although the 129/Sv]J/C57BL/6 A2AP™'™ mice
provided by Roger Lijnen were backcrossed onto the C57BL/6
background for 7 generations, we cannot exclude the possibility
that additional linked genetic loci may still be present in the mice
(41); however, the fact that there were few differences between
wild-type and A2AP~'~ mice suggests that if this is the case, any
linked loci have limited impact on the results of our study. Indeed,
we found that A2AP-deficient mice exhibited no difference in bac-
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terial loads in the lungs, bacterial dissemination to the spleen, or
survival. These results demonstrate that A2AP is not a restrictive
factor for Y. pestis during pneumonic plague. However, we did
find that A2AP deficiency impacted the immune response to Y.
pestis Apla strain infection by both enhancing neutrophil recruit-
ment and altering cytokine production. In the absence of Pla, Y.
pestis is unable to directly activate plasminogen, and conse-
quently, limited plasmin activity is observed in the pulmonary
compartment. Indeed, it appears that the modest level of plasmin
generation present in the lungs of A2AP-deficient mice is insuffi-
cient to overcome the loss of Pla, suggesting a threshold require-
ment for plasmin by Y. pestis.

Our results are consistent with the contribution of A2AP to
infection with Burkholderia pseudomallei, a respiratory pathogen
that is not known to possess any direct plasminogen activator
proteins. During B. pseudomallei lung infection, A2AP-deficient
mice present with more severe lung pathology, increased neutro-
phil recruitment, and increased cytokine levels in the lungs (42).
In addition, the breakdown of fibrin clots, a known plasmin-me-
diated process, is increased in A2AP-deficient mice during B.
pseudomallei infection (42). Although we detected an increase in
neutrophil recruitment and cytokine production when A2AP-de-
ficient mice were infected with the Y. pestis Apla strain, we did not
observe a corresponding effect on bacterial load. This observation
suggests that the Y. pestis Apla strain is able to resist the increased
host response in the absence of A2AP and is consistent with find-
ings that Y. pestis is able to evade elimination by neutrophils (43,
44). Our data add to these conclusions by demonstrating that
polymorphonuclear leukocyte (PMN) resistance likely occurs in a
Pla-independent manner.

Results from our and other studies demonstrate the tight links
between the regulation of the fibrinolytic system and the inflam-
matory response (5, 45). We show here that in the absence of
A2AP, the inflammatory response is enhanced during Y. pestis
Apla strain infection, suggesting a role for A2AP in regulating
inflammation during Y. pestis infection, most likely through ac-
tivities associated with plasmin(ogen). A number of studies have
found that active plasmin or the activation of plasminogen on the
surface of macrophages or monocytes can alter their susceptibility
to cell death and the production of proinflammatory cytokines,
including IL-6 and TNF-« (46, 47). Pla is absolutely required for
the transition of pneumonic plague infection to the proinflamma-
tory phase of disease (31), and our data suggest that in the absence
of Pla, A2AP deficiency can restore part of this transition (i.e.,
immune cell recruitment and proinflammatory cytokine produc-
tion). Thus, it will be of interest to investigate the contribution of
plasminogen activation to the proinflammatory phase of pneu-
monic plague, as we hypothesize that the fibrinolysis induced by
Pla may serve as a mediator of the host inflammatory response.

Although we could find no evidence for A2AP cleavage or in-
activation by Pla during pneumonic plague, it is possible that
A2AP cleavage may occur during the bubonic form of the disease.
The infection sites for bubonic versus pneumonic plague—the
dermis and lymph nodes versus lungs, respectively—are vastly
different niches. Furthermore, the absence of Pla results in differ-
ent effects on bacterial outgrowth and the immune response be-
tween these infection sites. Investigations on whether A2AP cleav-
age by Pla contributes to bubonic plague are likely to not only
distinguish the substrates of Pla in different tissues but also define
the role of plasmin inhibition by A2AP at different infection sites.
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For instance, during S. aureus skin infection A2AP deficiency in-
creases both lesion size and bacterial loads at the site of infection,
the dermis, thus highlighting the varied contributions of A2AP-
mediated plasmin inhibition at different infection sites (48).

Our data demonstrate that the Pla-mediated generation of
plasmin occurs to an extent that A2AP cannot overcome. Plasmin
binds to numerous host and bacterial proteins and once bound is
in many instances protected from A2AP inhibition, with signifi-
cantly lower kinetics of inactivation than that of free plasmin (49,
50). Furthermore, while our data suggest that the majority of
A2AP may be complexed with plasmin during pneumonic plague,
sufficient free and/or uninhibited plasmin is present to enable the
rapid outgrowth of Y. pestis in the lungs and to enhance dissemi-
nation to deeper tissues. In summary, this study refutes a long-
standing belief that A2AP is a critical substrate of Pla that en-
hances the virulence of Y. pestis during pneumonic plague and
provides a potential explanation for why this may be so. Indeed,
our data highlight the need to test the contribution of in vitro-
characterized targets of Pla in vivo and indicate that the role(s) of
the multifactorial Pla protease during infection is more complex
than in vitro studies would suggest.
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