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A Dual Role for the Plasminogen Activator Protease 
During the Preinflammatory Phase of Primary 
Pneumonic Plague
Srijon K. Banerjee, Samantha D. Crane,  and Roger D. Pechous

University of Arkansas for Medical Sciences, Department of Microbiology and Immunology, Little Rock, Arkansas, USA

Early after inhalation, Yersinia pestis replicates to high numbers in the airways in the absence of disease symptoms or notable inflam-
matory responses to cause primary pneumonic plague. The plasminogen activator protease (Pla) is a critical Y. pestis virulence factor 
that is important for early bacterial growth in the lung via an unknown mechanism. In this article, we define a dual role for Pla in the 
initial stages of pulmonary infection. We show that Pla functions as an adhesin independent of its proteolytic function to suppress 
early neutrophil influx into the lungs, and that Pla enzymatic activity contributes to bacterial resistance to neutrophil-mediated bac-
terial killing. Our results suggest that the fate of Y. pestis infection of the lung is decided extremely early during infection and that Pla 
plays a dual role to tilt the balance in favor of the pathogen.
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Inhalation of droplets containing Yersinia pestis results in pri-
mary pneumonic plague, a rapidly progressing and highly lethal 
infection. Mortality rates for pneumonic plague approach 100% 
unless antibiotic treatment is initiated within 24 hours of the ap-
pearance of symptoms [1]. Early after infection, Y. pestis evades 
and suppresses early host inflammatory responses and replicates 
to high numbers in the lungs. This early preinflammatory phase 
of disease is followed by the abrupt onset of a proinflammatory 
phase marked by a cytokine storm and uncontrolled infiltration 
of neutrophils into the airways [2–5].

Y. pestis has several virulence factors in its arsenal, including 
the plasminogen activator protease (Pla). After mammalian in-
fection via a flea vector, Pla cleaves plasminogen to promote 
bacterial dissemination via fibrinolysis to cause bubonic plague 
[6] but is dispensable for bacterial replication at the site of inoc-
ulation [6, 7]. In contrast, Pla is important for bacterial growth 
in the lung via an unknown mechanism during pneumonic 
plague [8] but is not required for dissemination to other tissues 
[8]. Previous work using an ex vivo tissue platform showed that 
Y. pestis type 3 secretion (T3S) into alveolar macrophages was 
reduced in the absence of Pla, resulting in an enhanced innate 

immune response to infection [9]. The T3S-facilitator activity 
of Pla is attributed to its function as an adhesin, which is inde-
pendent of its proteolytic activity [10]. However, Pla proteolytic 
function is known to be essential for bacterial growth during 
the later proinflammatory phase in the lung. An early role for 
Pla during the preinflammatory phase has not been examined.

In the current study, we showed that Pla plays a dual role during 
the early events that establish pneumonic plague and that it con-
tributes to the suppression of early neutrophil infiltration into the 
airways via its role as an adhesin that facilitates T3S. In addition, 
we demonstrate that the enzymatic activity of Pla protects against 
bacterial killing by neutrophils. Our results highlight previously 
undiscovered functions of Pla and position Pla as a key player in 
the early events that define pneumonic plague.

METHODS

Bacterial Strains 

Y. pestis CO92, CO92 YopE-Bla, and Δpla CO92 were obtained 
from William E.  Goldman (University of North Carolina at 
Chapel Hill). Complemented Δpla strains were generated as 
described elsewhere [8]. Briefly, full-length pla and 500 base 
pairs upstream of the translational start site were fused using 
splicing by overlap extension polymerase chain reaction (PCR) 
to the kanamycin resistance (KanR) cassette from pKD13 and 
the 500 base pairs downstream region of pla to generate the 
allelic exchange substrate. The allelic exchange substrate was 
introduced into a Δpla strain carrying pWL204, which har-
bors the lambda red recombinase apparatus, and recombin-
ants were selected on Kan plates and confirmed by means of 
PCR. The KanR cassette was subsequently excised using the 
flippase (FLP) recombinase system [8]. 
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For enzymatic mutants, S99A and D206A variants of pla were 
generated by splicing by overlap extension PCR, using primers 
described elsewhere and the process described above [8]. YopE-
Bla reporter versions of mutant strains were generated by bac-
terial conjugation, as described elsewhere [9]. All experiments 
were performed in a biosafety level 3 facility at the University of 
Arkansas for Medical Sciences. Y. pestis strains were grown on 
brain-heart infusion (BHI) agar (Difco) at 26oC for 2 days. For 
infection, all Y. pestis strains were grown in 10 mL of BHI broth 
containing 2.5 mmol/L calcium chloride, for 16 hours at 37oC 
with constant shaking.

Plasminogen Activation

Plasminogen activation assays were performed as described 
elsewhere [8]. Briefly, bacterial strains were grown at 26°C for 
6 hours and adjusted to 8 × 107/mL in 1× phosphate-buffered 
saline (PBS) for each reaction. Strains were incubated with 4 µg 
of human glu-plasminogen (Invitrogen) and 0.45 mmol/L chro-
mogenic substrate S-2251 (Chromogenix) in a total volume of 
200 µL in a 96-well plate. A Synergy HT microplate reader was 
set to incubate the plate at 37°C and readings at 405 nm were 
obtained for 105 minutes at 15-minute intervals.

Animal Infections

Animal work was approved by the University of Arkansas for 
Medical Sciences Institutional Animal Care and Use Committee 
(approval no. 3921). All approved animal protocols are in ac-
cordance with Guide for the Care and Use of Laboratory Animals, 
administered by the National Institutes of Health Office of 
Laboratory Animal Welfare. Female 6–8-week-old C57BL/6 
mice (Jackson Laboratories) were housed at 24°C–25°C with 
40%–50% humidity in cages with high-efficiency particulate air 
filters. Before infections, bacteria were washed once with PBS 
and resuspended in PBS at 37°C. Mice were infected with 104 
or 5 × 104 bacteria via intranasal inoculation and euthanized 
with a sodium pentobarbital overdose (150  mg/kg) infected 
intraperitoneally. To deplete neutrophils, 20 µg of anti–Ly-6G 
antibody (clone 1A8; Biolegend) mixed with 1× PBS in a 100-
µL injection was delivered via tail vein injection 24 hours before 
infection. At required time points, mice were euthanized as de-
scribed above, and their lungs were harvested, homogenized in 
1 mL of PBS, serially diluted, and plated on BHI agar for enu-
meration of colony-forming units.

Bronchoalveolar Lavage Fluid Extraction

Bronchoalveolar lavage fluid (BALF) was obtained as described 
elsewhere [11]. Briefly, mice were euthanized and bled by cut-
ting the hepatic portal vein. After cannulating the trachea using 
a 22-gauge catheter, the lungs were inflated with 1 mL of 1× PBS, 
and the PBS was aspirated slowly. The process was repeated twice. 
Cells were harvested from BALF by centrifugation at 500g for 5 
minutes. Red blood cells (RBCs) were lysed using 1× RBC lysis 
buffer (0.15  mol/L ammonium chloride, 12  mmol/L sodium 

bicarbonate, 0.1 mmol/L ethylenediaminetetraacetic acid) for 1 
minute and diluted to 10 mL with PBS before being centrifuged 
again. Finally, cells were processed for flow cytometry.

Flow Cytometry

Mouse lungs were digested in collagenase solution (1.5  mg/
mL collagenase, 0.4  mg/mL DNase1, 10  mmol/L HEPES, 5% 
fetal bovine serum (FBS) in Hank's balanced salt solution) for 
1 hour at 37oC. Tissue was teased apart with forceps, and the 
suspension was passed through a 40-µm cell strainer. The sus-
pension was centrifuged at 500g for 5 minutes, washed once, 
and resuspended in 1× RBC lysis buffer for 1 minute, then di-
luted to 10 mL with PBS before centrifuging again. From this 
step onward, BALF cells and cells from lung digestions were 
processed the same way. Cells were then resuspended in 1× 
PBS with 3% FBS (flow buffer) and fluorescent antibodies. 
Antibodies (Supplementary Table 1) were used at 1:500 dilu-
tion. Cells were treated with antibodies at 4oC for 30 minutes, 
1 mL of flow buffer was added, and the suspension was centri-
fuged as described above. Cells were stained with 1× CCF2-AM 
(Invitrogen; prepared per the manufacturer’s instructions) with 
50 μg/mL gentamicin at room temperature for 30 minutes. Cells 
were washed in flow buffer and fixed with 2% formalin for 15 
minutes at room temperature. Finally, cells were resuspended 
in flow buffer containing gentamicin before removal from the 
biosafety level 3 laboratory for flow cytometry. Cell populations 
were identified as described in Supplementary Table 1.

Neutrophil Killing Assays

For neutrophil killing assays, 2 × 106 primary human neutro-
phils (Astarte) were incubated with Y. pestis or variants at a mul-
tiplicity of infection of 5, in Roswell Park Memorial Institute 
medium (RPMI) containing 10% complete human AB serum 
for 2 hours at 37°C. After incubation, the suspensions were se-
rially diluted and plated on BHI plates to enumerate colony-
forming units. To ensure equal bacterial numbers at the start, 
0-hour samples were plated immediately after infection.

Cell Culture and Cytokine Measurement

MH-S cells (American Type Culture Collection) were cultured in 
Roswell Park Memorial Institute 1640 medium containing 10% 
FBS and plated at 5 × 105 cells/mL in a 12 well plate. Cells were in-
fected for 1 hour with Y. pestis and its variants at a multiplicity of 
infection of 1. Cells were washed and overlaid with media, and at 
2 and 4 hours supernatant was collected for cytokine analysis via 
cytometric bead arrays. Inactivation of bacteria was confirmed 
before removal from biosafety level 3 laboratory. The mouse in-
flammation kit (BD Biosciences) was used for analysis of cyto-
kines, according to the manufacturer’s instructions.

Quantitative Reverse-Transcription PCR

After bacteria were grown for 16 hours at 37°C in BHI con-
taining 2.5  mmol/L calcium chloride, with constant shaking, 
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1 mL of culture was harvested and pellet washed with PBS and 
lysed in Trizol (Thermo). RNA was isolated according to the 
manufacturer’s instructions, followed by DNase treatment (Turbo 

DNase kit) and complementary DNA preparation (first-strand 
complementary DNA synthesis kit). Real time quantitative reverse 
transcription PCR was performed using PowerUp SYBR Green 
Master Mix  (ThermoFisher) with a QuantStudio 6 system, and 
fold changes were calculated using the delta delta cycle threshold 
method normalized to the gyrB gene. Primers used for quantitative 
reverse-transcription PCR are included in Supplementary Table 2.

Statistical Analysis

All statistical analyses were done using the unpaired Welch t 
test or 2-way analysis of variance.. All statistical analyses were 
performed using GraphPad Prism software, version 7.04.

RESULTS

Role for Pla in Suppression of Early Neutrophil Influx Into the Airways

Previously, we found that deletion of Pla decreased Yop transloca-
tion into alveolar macrophages in the lungs of infected mice and in 
primary human lung tissue [9]. Deletion of Pla resulted in an overall 
increase in secretion of tumor necrosis factor (TNF) α, interleukin 6 
(IL-6), and interleukin 8 (IL-8) during infection of an ex vivo human 
lung tissue platform [9]. This suggests that the decreased targeting of 
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Figure 1. Plasminogen activator protease (Pla) is essential to promote early bac-
terial growth in the lungs. Bacterial burden in the lungs of C57BL/6 mice infected 
intranasally with 104 colony-forming units (CFUs) of wild-type Yersnia pestis CO92 
or CO92 lacking pla (CO92 Δpla) at 6, 12, and 24 hours after infection. Experiments 
were performed 3 times; error bars represent standard deviations (n = 5). *P < .05; 
†P < .001 (Welch t test).

Figure 2. Plasminogen activator protease (Pla) suppresses early neutrophil infiltration into the lungs. A, Flow cytometry plots representing neutrophil abundance in the 
bronchoalveolar lavage fluid (BALF) of a single mouse infected intranasally with 5 × 104 colony-forming units (CFUs) of CO92 wild type (WT) or CO92 Δpla at 4 and 12 hours 
after infection. Gate contains F4/80−CD11bhighLy-6G+ cells (neutrophils), and the percentage of the F4/80− population is shown. Abbreviation: Cy7, cyanine 7; PE, phycoerythrin; 
WT, wild type. B, Quantification of the abundance of neutrophils in the BALF of mice, as described in A. Plot represents the number of neutrophils found in every 1000 live 
cells in the BALF of 10 mice. C, D, Quantification of the abundance of other CD45+CD3− cell types in the BALF of mice, as described in A. Plots represent the number of each 
cell type found in every 1000 live cells in the BALF at 4 hours (C) and 12 hours (D) after infection. Populations were identified as alveolar macrophages (F4/80+CD11chighCD1
1blow), interstitial macrophages (F4/80+CD11clowCD11bhigh), monocytes (F4/80−CD11bhighCD11clowLy-6G−), and dendritic cells (F4/80−CD11chighCD11bhigh or low). All experiments 
were performed ≥3 times. Error bars represent standard deviations. (n = 5 or 10). *P < .001 (Welch t test).
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alveolar macrophages for T3S resulted in the induction of inflamma-
tory responses that may affect bacterial survival. To examine this, we 
assessed bacterial burdens in the lungs of mice early after intranasal 
infection with wild-type Y. pestis or Y. pestis lacking Pla (Δpla). We ob-
served a significant decrease in bacterial burden of Δpla strain as early 
as 12 hours after infection (Figure 1), indicating that Pla is important 
during the initial stages of infection. Flow cytometric analysis of BALF 
revealed a significant increase in the number of neutrophils present 
at 4 and 12 hours after infection in the absence of Pla (Figure 2A and 
2B), although there was no significant difference in the abundance 
of other cell types (Figure 2C and 2D). These results indicate that Pla 
contributes to the suppression of neutrophil influx immediately after 
infection.

We next sought to determine whether infiltrating neutrophils con-
tribute to the control of Y. pestis lacking pla. Mice were treated with 
intravenous injection of anti–Ly-6G antibody to deplete neutrophils, 
and infected intranasally with wild-type and Δpla Y. pestis 24 hours 
after antibody treatment. At 24 hours after infection, Y. pestis lacking 
pla displayed a significant increase in bacterial burden in the lungs 
of mice treated with anti–Ly-6G antibody compared with untreated 
mice (Figure  3A). Flow cytometric analysis of lungs verified that 
anti–Ly-6G treatment specifically depleted neutrophils (Figure 3B). 
These results confirmed that Pla protects Y. pestis against early neu-
trophil killing during pneumonic plague.

The Role of Pla Proteolytic Function in Facilitating T3S and Suppression of 

Early Neutrophil Influx

The proteolytic function of Pla is abrogated by mutations 
S99A or D206A [8]. Strains of Y. pestis harboring these mutant 

versions of Pla maintain the adherence function of Pla but lack 
proteolytic activity [10, 12], and they are attenuated in the lungs 
at 48 hours after infection in mice [8]. However, the role of 
Pla enzymatic activity has not been examined during the early 
stages of infection. Because Pla facilitates T3S via its intrinsic 
adhesive properties [9, 12], we reasoned that the observed neu-
trophil infiltration was linked to this property and therefore in-
dependent of its enzymatic activity. To test this, we generated 
complemented Δpla strains of Y. pestis that harbored wild-type 
pla (Δpla + pla WT), S99Apla (Δpla + pla S99A), or D206Apla 
(Δpla + pla D206A) and evaluated their ability to deliver Yops 
into target cells in the BALF early after infection using YopE-Bla 
reporter versions of each strain [13]. 

Flow cytometric analysis of BALF at 4 hours after infec-
tion showed no difference in Yop delivery between wild-type 
Y.  pestis, Δpla + pla WT, or the enzymatic mutant strains of 
Δpla (Figure 4A). Expression of pla or the T3S system (T3SS) 
were unchanged in mutant strains (Supplementary Figure 1A 
and 1B). This confirms that the adhesin function of Pla, inde-
pendent of its proteolytic function, contributes to T3S. Analysis 
of cell types targeted for T3S revealed that strains expressing en-
zymatic mutants of Pla targeted the same cell types as wild-type 
Y. pestis (Figure 4B) and that Pla primarily facilitates targeting 
of alveolar macrophages. 

To investigate the downstream effects of such targeting, 
we assessed proinflammatory cytokine release from the mu-
rine alveolar macrophage cell line MH-S after infection with 
wild-type Y.  pestis, Δpla, Δpla + pla WT, Δpla + pla S99A or 
Δpla + pla D206A. Cells infected with Δpla Y. pestis expressed 
increased levels of TNF α, IL-6, and monocyte chemoattractant 
protein 1  (MCP-1), compared with infections by all other 
strains (Figure  4C). These observations suggested that alve-
olar macrophages contributed to the proinflammatory response 
against Y. pestis infection and that Pla functions as an adhesin 
to suppress this response. Analysis of BALF also indicated Pla 
proteolytic mutant strains suppressed migration of neutrophils 
into the airways, similarly to wild-type Y. pestis (Figure 5A-5C). 
The abundance of all other cell types remained unchanged for 
infection with all of the strains (Supplementary Figure 2A and 
2B). These results indicate that the enzymatic activity of Pla is 
dispensable for T3S and suppression of neutrophil influx during 
the early stages of pneumonic plague.

The Role of Pla Proteolytic Activity During the Preinflammatory Stage of 

Disease

Because Pla enzymatic activity was dispensable for limiting 
early neutrophil infiltration, we predicted that the Δpla + pla 
S99A or D206A strains would grow similar to wild-type Y. pestis 
at 12 and 24 hours after infection in murine lungs, because the 
ability to facilitate effective T3S is maintained. We infected mice 
with wild-type, Δpla, Δpla + pla WT, and Δpla + pla S99A or 
D206A Y. pestis intranasally and evaluated bacterial burden in 
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Figure 3. Yersinia pestis requires plasminogen activator protease (Pla) to sur-
vive early wave of neutrophils in the lungs. A, Bacterial burden in the lungs of 
C57BL/6 mice treated (+Ly-6G) or not treated (-Ly-6G) with anti–Ly-6G antibody to 
deplete neutrophils. Mice were infected intranasally with 104 colony-forming units 
(CFUs) of CO92 Δpla after 24 hours of antibody treatment and bacterial burdens 
were assessed at 24 hours after infection. B, Flow cytometric verification of the 
specificity of neutrophil depletion in whole lungs using the anti–Ly-6G antibody. Cell 
populations were identified as alveolar macrophages (F4/80+CD11chighCD11blow), inter-
stitial macrophages (F4/80+CD11clowCD11bhigh), F4/80+CD11chighCD11bhigh macro-
phages, monocytes (F4/80−CD11bhighCD11clowLy-6G−), and dendritic cells (DCs) 
(F4/80−CD11chighCD11bhigh or low). Experiments were performed ≥3 times; error bars 
represent standard deviations (n = 5). *P < .05; †P < .001 (Welch t test).
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the lungs over time. Surprisingly, we found that the Δpla + pla 
S99A or D206A strains were as attenuated as Δpla Y. pestis at the 
early time points of 12 and 24 hours after infection (Figure 6A), 
challenging the idea that Pla enzymatic activity is required only 
during the onset of the proinflammatory phase of infection.

The Role of Pla Enzymatic Function in Protecting Against Neutrophil-

Mediated Bacterial Killing

An explanation for the early loss of bacterial viability is that 
the protease function of Pla is necessary for protection against 
killing by neutrophils. To test this idea, mice were treated with 
anti–Ly-6G antibody to deplete neutrophils (Supplementary 
Figure 3), and the bacterial burden in the lungs was quantified 
after infection with the Δpla Y. pestis strains carrying the en-
zymatic mutants of Pla. Bacterial burdens of Δpla + pla S99A 
or D206A in the lungs increased ≥5-fold by 24 hours after in-
fection (Figure 6B) on depletion of neutrophils similar to the 
increase seen for Δpla Y. pestis, confirming that Pla proteolytic 
activity is necessary for Y.  pestis survival in the presence of 
neutrophils. 

To verify whether Pla enzymatic activity protects against 
neutrophil-mediated killing, we incubated primary human neu-
trophils with wild-type, Δpla, Δpla + pla WT and Δpla + pla 
S99A or D206A Y. pestis and measured bacterial colony-forming 
units after 2 and 4 hours. We found that the Δpla, Δpla + pla 
S99A or D206A Y. pestis strains were more susceptible to killing 
than the wild-type or Δpla + pla WT versions (Figure 6C), con-
firming that Pla protease activity protects against neutrophil-
mediated bacterial killing. We conclude that Pla plays a dual 
role to protect Y. pestis from the earliest immune responses in 
the lungs, both as an adhesin to suppress early neutrophil in-
flux and as a protease that protects against neutrophil-mediated 
killing of bacteria (Figure 7).

DISCUSSION

In this study, we identified novel functions associated with the 
key Y.  pestis virulence factor Pla. Pla is an omptin-family as-
partic protease localized to the outer membrane of Y. pestis [14]. 
During bubonic plague, Pla helps Y.  pestis spread systemically 
by activating plasminogen, but it is dispensable for bacterial 

Figure 4. Early plasminogen activator protease (Pla)–mediated T3S in the airways occurs independent of Pla proteolytic activity. A, Quantification of cells targeted for T3S 
by YopE-Bla reporter variants of CO92, CO92 Δpla, CO92 Δpla + pla wild type (WT), CO92 Δpla + plaS99A, or CO92 Δpla + plaD206A. Mice were infected intranasally with 
5 × 104 colony-forming units (CFUs) of the different strains, and bronchoalveolar lavage fluid (BALF) was stained with CCF2-AM and subjected to flow cytometry. Plots repre-
sent the number of cells targeted for Yop delivery per 100 live cells. B, BALF from A was immunostained with a panel of antibodies to identify the cell types targeted for Yop 
delivery using flow cytometry. Plots represent the number of cells that were alveolar macrophages (F4/80+CD11chighCD11blow), interstitial macrophages (F4/80+CD11clowCD1
1bhigh), monocytes (F4/80−CD11bhighCD11clowLy-6G−), dendritic cells (F4/80−CD11chighCD11bhigh or low), and neutrophils (F4/80−CD11bhighLy-6G+) for every 100 Yop-targeted cells 
(blue). C, Quantification of the release of tumor necrosis factor (TNF) α, interleukin 6 (IL-6), and monocyte chemoattractant protein (MCP) 1 from MH-S cells infected with 
CO92, CO92 Δpla, CO92 Δpla + pla WT, CO92 Δpla + plaS99A, or CO92 Δpla + plaD206A at a multiplicity of infection of 1, after 2 and 4 hours after infection. All experiments 
were performed 3 times; error bars represent standard deviations (n = 5). *P < .01; †P < .001 (Welch t test or 2-way analysis of variance).
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replication at the site of inoculation [15]. In contrast, Pla is es-
sential for bacterial replication in the lungs during pulmonary 
infection but is not required for dissemination [8]. Although dis-
ruption of Fas-FasL interactions is a function of Pla during the 
proinflammatory phase of disease, it does not explain attenuation 
of Y. pestis lacking pla early in the lungs of infected mice [8, 16]. 
In this study, we examine how Pla aids in establishing an initial 
preinflammatory phase of infection during pneumonic plague.

The omptin-family proteases are multifunctional proteins 
found in a variety of bacteria [17]. Pla shares several common 
targets with one of its closest relatives in the omptin family, 
PgtE from Salmonella enterica [14, 18–20]. The omptins share 
intrinsic adhesin-like properties that enable Pla to adhere to the 
extracellular matrix, as well as laminin and fibronectin, to fa-
cilitate invasion of endothelial cells [10, 12, 21, 22]. Banerjee 
et al [9] demonstrated that Pla facilitates the targeting of alve-
olar macrophages for T3S. In the current study, we show that 
deletion of Pla results in increased neutrophil infiltration into 
the airways during the first 12 hours of infection. 

Banerjee et al [9] described increased IL-8 and IL-6 secretion 
during infection of an ex vivo human lung tissue platform with 
strains of Y. pestis lacking Pla. Both IL-8 and IL-6 are known 
to promote neutrophil chemotaxis during bacterial infection 
[23–25]. Suppression of early neutrophil influx into the air-
ways is a hallmark of the preinflammatory phase of pneumonic 
plague [26], and our results suggest that Pla contributes to sup-
pression of the earliest wave of neutrophils sent to neutralize 
invading bacteria. This idea is supported by the finding that 
treatment of mice with neutrophil-depleting antibody results in 
increased bacterial burdens of Δpla Y.  pestis soon after infec-
tion. These results highlight the importance of Pla in initiating 
and maintaining the early preinflammatory disease phase that is 
essential for the progression of pneumonic plague.

Neutrophils are central to the immune response mounted 
against Y. pestis infection [27]. In an intradermal infection (eg, 
flea bite), Y. pestis evades a rapid early neutrophil response with 
the help of the T3SS [28]. During pneumonic plague, Y. pestis 
suppresses early neutrophil influx into the airways, though the 

Figure 5. Suppression of early neutrophil influx into the airways does not require plasminogen activator protease (Pla) proteolytic activity. A, Flow cytometry plots repre-
senting neutrophil abundance in the bronchoalveolar lavage fluid (BALF) of a single mouse infected intranasally with 5 × 104 colony-forming units (CFUs) of CO92, CO92 Δpla, 
CO92 Δpla + pla WT, CO92 Δpla + plaS99A, or CO92 Δpla + plaD206A at 4 and 12 hours after infection. Gate contains F4/80−CD11bhighLy-6G+ cells (neutrophils), and values 
show the percentage of the parent F4/80− population. Abbreviations: Cy7, cyanine 7; PE, phycoerythrin. B, C, Quantification of the abundance of neutrophils in the BALF of 
mice at 4 hours (B) and 12 hours (C) after infection, as described in A. Plots represent the number of neutrophils found in every 1000 live cells in the BALF. All experiments 
were performed 3 times; error bars represent standard deviations (n = 5). *P < .01; †P < .001 (2-way analysis of variance).
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factors required for this suppression are yet to be elucidated 
[26]. Our results show that Pla functions as both an adhesin 
and a protease to aid Y. pestis resistance to neutrophils during 
the early stages of pneumonic plague. The finding that Y. pestis 
expressing proteolytically inactive Pla deliver Yops into alveolar 
macrophages as efficiently as the wild-type strain confirms a 
role for the adhesin function of Pla in facilitating T3S in vivo. 
This is consistent with previous work showing that enzymati-
cally inactive Pla retains its function as an adhesin in vitro [10, 
12]. 

The protease function of Pla was also found to be dispensable 
for the suppression of proinflammatory cytokines like TNF-α, 
IL-6, and monocyte chemoattractant protein 1, an established 
neutrophil chemoattractant in mice during bacterial pneu-
monia [29]. Our current study is the first to demonstrate a role 
for Pla in suppressing host responses that lead to neutrophil in-
filtration. It is important to note that although the contribution 
of the adhesin function is not reflected in bacterial burdens, 
neutrophils are potent antimicrobial mediators, and limiting 
early neutrophil infiltration may be critical to maintaining an 
early preinflammatory phase of disease.

Although a number of putative Pla substrates seem to have no 
effect on the outcome of pulmonary infection [30, 31]. Pla was 
shown to disrupt Fas-FasL signaling and inhibit plasminogen ac-
tivator inhibitor 1 activity at 48 hours after infection to promote 
pulmonary damage [16, 32]. We found that the protease function 
is essential to promote early bacterial growth in the lungs, because 
Y. pestis lacking Pla proteolytic activity was as attenuated as a Pla 
deletion strain at 12 and 24 hours after infection. We attributed 
the attenuation of the Pla enzymatic mutant strains to their ina-
bility to survive in presence of neutrophils, and we demonstrated 
that depletion of neutrophils from mice resulted in significant re-
covery of bacterial burdens of the enzymatically inactive strains.

Y.  pestis uses several factors to resist neutrophil-mediated 
bacterial killing, including the Ysc T3SS, which targets neutro-
phils to promote extracellular survival [33–35]. Other factors 
like the PhoP-PhoQ 2-component regulatory system [36, 37] 
and the F1 capsule [36] are also important for Y. pestis survival 
in the presence of human neutrophils. In the current work we 
show that Pla contributes to survival against an early wave of 
neutrophils in the lungs via its function as a protease. To the 
best of our knowledge, this is the first report of a role for Pla 

Figure 6. Plasminogen activator protease (Pla) proteolytic activity is essential for early bacterial growth in the lungs and resistance to neutrophil-mediated bacterial killing. 
A, Bacterial burden in the lungs of C57BL/6 mice infected intranasally with 104 colony-forming units (CFUs) of wild-type Yersinia pestis CO92, CO92 Δpla, CO92 Δpla + pla wild 
type (WT), CO92 Δpla + plaS99A, or CO92 Δpla + plaD206A at 12, 24, 36, and 48 hours after infection. B, Bacterial burden in the lungs of C57BL/6 mice treated (Ly-6G) or not 
treated (No Ly-6G) with anti–Ly-6G to deplete neutrophils. Mice were infected intranasally with 104 CFUs of CO92 Δpla, CO92 Δpla + plaS99A, or CO92 Δpla + plaD206A after 
24 hours of antibody treatment and bacterial burdens were assessed 24 hours after infection. C, Neutrophil killing assay with primary human neutrophils. CO92, CO92 Δpla, 
CO92 Δpla + pla WT, CO92 Δpla + plaS99A, or CO92 Δpla + plaD206A was incubated with neutrophils to obtain a multiplicity of infection of 5 for 2 and 4 hours. Bacterial 
survival was measured by analyzing CFUs at each time point. Experiments were performed in triplicate; error bars represent standard deviations (n = 5 or 7 animals; n = 3 
cells). *P < .05; †P < .01; ‡P < .001 (2-way analysis of variance).
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in Y. pestis evasion of neutrophil-mediated killing. Neutrophils 
can eliminate bacteria by phagocytosis, release of enzymes by 
degranulation, production of reactive oxygen species or by neu-
trophil extracellular traps [38–40]. Y.  pestis interaction with 
human neutrophils triggers phagocytosis, with an increase in 
reactive oxygen species production and degranulation [36]. 

Moreover, the complement C3 is important to direct Y. pestis 
toward neutrophils for T3S [41]. Pla may be targeting any one 
or a combination of the above processes, and our current ef-
forts are focused on better understanding the role of Pla in 
the interaction between Y. pestis and neutrophils. The roles of 
other omptin-family proteins, such as PgtE from S. enterica and 
OmpT from Escherichia coli, have been defined as both adhesins 
and proteases in vitro [10, 18, 19, 42]. Our results highlight the 
importance of the dual role that omptin-family proteins play 
in bacterial pathogenesis. The omptins are also lucrative tar-
gets for the development of antimicrobials and vaccines against 
gram-negative pathogens. Although aprotinin as an inhibitor of 
omptin activity has been investigated, synthetic omptin-based 
peptides as vaccine candidates have also been explored [43, 44].

 In summary, we demonstrate that Y.  pestis uses Pla as an 
adhesin to suppress early neutrophil influx into the airways 
after infection, and as a protease to protect Y.  pestis against 

direct neutrophil-mediated killing. These results reveal a critical 
dual role for the omptin-family protein Pla during early host-
pathogen interactions in the lung.
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