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Abstract
Pneumonic plague is a fatal disease caused by Yersinia pestis that is associated with a de-

layed immune response in the lungs. Because neutrophils are the first immune cells re-

cruited to sites of infection, we investigated the mechanisms responsible for their delayed

homing to the lung. During the first 24 hr after pulmonary infection with a fully virulent Y. pes-
tis strain, no significant changes were observed in the lungs in the levels of neutrophils infil-

trate, expression of adhesion molecules, or the expression of the major neutrophil

chemoattractants keratinocyte cell-derived chemokine (KC), macrophage inflammatory pro-

tein 2 (MIP-2) and granulocyte colony stimulating factor (G-CSF). In contrast, early induc-

tion of chemokines, rapid neutrophil infiltration and a reduced bacterial burden were

observed in the lungs of mice infected with an avirulent Y. pestis strain. In vitro infection of

lung-derived cell-lines with a YopJ mutant revealed the involvement of YopJ in the inhibition

of chemoattractants expression. However, the recruitment of neutrophils to the lungs of

mice infected with the mutant was still delayed and associated with rapid bacterial propaga-

tion and mortality. Interestingly, whereas KC, MIP-2 and G-CSF mRNA levels in the lungs

were up-regulated early after infection with the mutant, their protein levels remained con-

stant, suggesting that Y. pestismay employ additional mechanisms to suppress early che-

moattractants induction in the lung. It therefore seems that prevention of the early influx of

neutrophils to the lungs is of major importance for Y. pestis virulence. Indeed, pulmonary in-

stillation of KC and MIP-2 to G-CSF-treated mice infected with Y. pestis led to rapid homing

of neutrophils to the lung followed by a reduction in bacterial counts at 24 hr post-infection

and improved survival rates. These observations shed new light on the virulence mecha-

nisms of Y. pestis during pneumonic plague, and have implications for the development of

novel therapies against this pathogen.
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Author Summary

The pathogen Yersinia pestis is the causative agent of pneumonic plague, as well as a po-
tential bioweapon. The nature of this disease involves an initial non-inflammatory phase
where the influx of neutrophils to the lungs is suppressed, allowing bacterial propagation
in this organ. Using the mouse model of pneumonic plague, we demonstrate that the early
expression of neutrophil chemoattractants and adhesion molecules in the lungs is delayed
concomitant with a delayed recruitment of neutrophils to the lung. We also show that the
Y. pestis virulence factor YopJ is involved in the early suppression of chemoattractants
mRNA expression in the lung early after infection, but it seems that additional Y. pestis
factors interfere with the protein synthesis of these chemoattractants. Indeed, administra-
tion of recombinant KC and MIP-2 to the infected lung of G-CSF treated mice restored
the early neutrophil influx to the lungs, leading to a significant reduction in bacterial bur-
den. The treatment has also proved efficacious in reducing mortality. This study highlights
the complex virulence mechanisms employed by Y. pestis to diminish the early homing of
neutrophils to the lungs thereby allowing bacterial propagation and disease progression.

Introduction
The recruitment of neutrophils is a fundamental component of the initial phase of the innate
immune response to bacterial lung infections, as demonstrated by the selective depletion of
neutrophils and the consequences on pathogen clearance from the lungs [1]. In response to in-
fection, neutrophils are mobilized from the bone marrow (BM), resulting in a rise in circulating
neutrophils in the blood within a few hours after infection [2, 3]. The robust expression of
G-CSF modulates the production of neutrophils to meet the increased need of the host during
infection [4]. Circulating neutrophils migrate to the infection site along a chemotactic gradient
of potent chemoattractants, such as KC (CXCL1 or IL-8 in humans) and MIP-2 (CXCL2), pro-
duced at the infection site [5, 6]. To allow circulating neutrophils to cross the vascular wall and
arrive at the site of infection, multiple adhesion molecules are induced on endothelial cells adja-
cent to the inflamed tissue. E- and P-selectins are known to be involved in the initial attach-
ment of neutrophils to the endothelium as well as their rolling behavior. Intracellular adhesion
molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) mediate the subse-
quent step of tight adhesion to the endothelium, allowing neutrophils to transmigrate to the
site of inflammation [7]. After migration, neutrophils phagocytose and digest the invading
pathogen and produce pro-inflammatory cytokines [8], thereby serving a beneficial role for the
host. However, their excessive and uncontrolled activity may also cause severe damage to the
host [9, 10]. The important role of neutrophils in protecting the host against infection with re-
spiratory pathogens has been investigated primarily with regard to pathogens such as Pseudo-
monas aeruginosa [11], Legionella pneumophila [12], Klebsiella pneumonia [13] and Yersinia
pestis [14, 15].

Y. pestis gained notoriety as the causative agent of plague [16]. Inhalation of Y. pestis drop-
lets or aerosols leads to the development of primary pneumonic plague, which is a rapidly pro-
gressing fatal disease with the capability of spreading from person to person [17, 18]. These
characteristics also led to the recognition of Y. pestis as a potential biological threat agent [19].

Recent in vivo studies in animal models of pneumonic plague have revealed the biphasic na-
ture of the progression of this disease [20–22]. The observed initial delay in the recruitment of
immune cells and neutrophils in particular to the lungs of Y. pestis-infected mice is correlated
with the limited up-regulation of multiple inflammatory cytokines and chemokines.
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Additionally, pulmonary infection with Y. pestis creates a permissive environment for the pro-
liferation of other avirulent bacterial species [23].

Bacterial pathogens have developed a variety of mechanisms to inhibit immune cell func-
tions as a means to disarm the host defense. For example, Y. pestis utilizes the pCD1-encoded
type III secretion system (TTSS) composed of a secretory apparatus, chaperones and several
translocated effectors (Yops) to disable the early innate immune response [24–26] and the ac-
tivity of neutrophils in particular [27, 28]. Recently, neutrophils were found to be an important
cellular target of Y. pestis Yop secretion during the early stage of pneumonic plague [29].

While the lack of an adequate early immune response in the lungs during pneumonic plague
is well described, the cascade of neutrophil recruitment from the circulation into the lungs dur-
ing pneumonic plague and the identification of Y. pestis virulence factors involved in suppress-
ing this process have yet to be fully elucidated.

We previously reported that an early immune response is initiated by bone-marrow (BM)
cells after airway infection of mice with a fully virulent Y. pestis strain, causing rapid mobiliza-
tion of neutrophils from the BM to the blood circulation [30]. In the present study, we analyzed
the interference of Y. pestis with the recruitment of neutrophils from the circulation to the
lungs of infected mice. Our observations indicate that in the lungs of infected mice, the induc-
tion of the major neutrophil chemoattractants KC, MIP-2 and G-CSF as well as the leukocytes
adhesion molecules E-selectin, P-selectin, ICAM-1 and VCAM-1 is delayed. In addition, we
describe the role of YopJ in preventing the induction of the chemoattractants mRNA at the
early stage of disease progression. Finally, we demonstrate that early attraction of neutrophils
to the infected lung by intranasal installation of exogenous chemoattractants improves bacteri-
al clearance as well as survival rate.

Results

Delayed recruitment of neutrophils to the lungs of Y. pestis-infected mice
is associated with rapid bacterial propagation
Studies in animal models of pneumonic plague have revealed the biphasic nature of the pro-
gression of this disease. The early phase of the disease, which takes place during the first 24–36
hours post infection (hpi), involves a limited pro-inflammatory response in the lung, whereas
the later phase of disease progression (48–72 hpi) is associated with an excessive pro-inflam-
matory response [20–22].

To further characterize the early innate immune response during pneumonic plague,
C57BL/6 mice were exposed i.n. to a lethal dose of 1x105 cfu (100 LD50) of the highly virulent
Y. pestis strain Kim53, which typically kills mice within 72 hpi (S1 Fig). As neutrophils are one
of the first innate immune cells recruited to the site of infection, we measured the levels of neu-
trophils infiltrating into the lungs at the early time point of 24 hpi. No significant change was
observed in the absolute number or percentage of neutrophils at this time point in comparison
to naïve mice (Fig 1A and 1B). Because the metalloproteinases MMP8 and MMP9 are pro-
duced and released by neutrophils while combating invading pathogens [31], we measured the
levels of MMPs in lung extracts at the early time point of 24 hpi. Consistent with the limited in-
filtration of neutrophils into the lungs, the expression of MMP8 (Fig 1C and 1D) and MMP9
(Fig 1E and 1F) in the lungs of infected mice did not change in comparison to naïve mice.
These findings indicate that the early pulmonary innate response, associated with neutrophils
homing to the lung, is impaired after infection with the virulent Y. pestis strain. Moreover, the
increased number of live Y. pestis bacilli detected in the lungs at 24–48 hpi (Fig 1G) suggests
that the delayed influx of neutrophils into the lungs allowed the pathogen to rapidly proliferate
and overwhelm the innate immune system. As the disease progressed into the excessive pro-
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inflammatory state at 48 hpi, massive infiltration of neutrophils into the lungs was observed
(Fig 1A and 1B) together with a dramatic increase in the expression of both MMP8 and MMP9
(Fig 1C–1F). Evidently, this late intensive pulmonary immune response was unable to prevent
the pathogen from propagating to high levels in the lung tissue (Fig 1G).

This phenomenon was in contrast to the kinetics of neutrophil infiltration after infection
with an equivalent infective dose of the avirulent Y. pestis strain Kim53Δ70Δ10, which lacks the
pCD1 and pPCP1 plasmids that carry essential virulence factors including the TTSS and Pla

Fig 1. Bacterial propagation and neutrophil infiltration to the lungs following airways infection of mice with Y. pestis strains.C57BL/6J mice were
infected i.n. with 1x105 cfu (100 LD50) of the fully virulent Y. pestis strain Kim53 (WT) or with an equivalent dose of the avirulent mutant strain Kim53Δ70Δ10
(Δ70Δ10) that lacks the pCD1 and pPCP1 plasmids. Cells collected from lung extracts were counted and stained for the neutrophil markers Gr-1 and CD11b
and subjected to flow cytometry analysis. Absolute neutrophils number (A) and percentage (B) in the lungs of mice at the indicated time points post i.n.
infection with the WT and the Δ70Δ10 strains are presented respectively. The expression levels of MMP8 were determined by qPCR (C) and western blot
analysis (D) at the indicated time points after i.n. infection with theWT and Δ70Δ10 Y. pestis strains. The expression levels of MMP9 were determined by
ELISA (E) and Gelatin zymography (F) at the indicated time points after i.n. infection with WT and Δ70Δ10 Y. pestis strains. MMPs protein and mRNA levels
are presented as fold change relative to naïve mice. (G) Bacterial propagation in the lungs of mice infected i.n. with theWT or the Δ70Δ10 strains was
determined by plating the samples and calculating the cfu. All results are presented as the means ± SEM (*p<0.05, **p<0.01, ***p<0.001). n >10 mice per
group of at least 3 independent experiments.

doi:10.1371/journal.ppat.1004893.g001
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protease (Fig 1A and 1B). The rapid elevation in neutrophil counts in the lungs of mice infected
with the avirulent Y. pestis strain was accompanied by a significant up-regulation of the levels
of MMP8 and MMP9 expression (Fig 1C–1F) and by a significant decrease in bacterial loads in
the lungs at 24 hpi (Fig 1G). Notably, this early recruitment of neutrophils to the lungs was
transient, as depicted by the return of neutrophil numbers in the lungs to their basal level by 48
hpi (Fig 1A and 1B). As a result, the levels of MMP8 and MMP9 expression were also reduced
(Fig 1C–1F).

We previously demonstrated that i.n. infection of mice with the virulent Y. pestis strain is
sensed by the BM compartment early after infection, resulting in the subsequent release of neu-
trophils to the blood by 12–24 hpi [30]. The observed delay in the homing of neutrophils from
the circulation to the lungs motivated us to study the impairment of this pathway during the
progression of pneumonic plague.

Expression of chemokines involved in neutrophil chemotaxis to the
lungs is delayed during the early stages of pneumonic plague
Because the chemoattractants KC, MIP-2 and G-CSF are of central importance for the recruit-
ment of neutrophils to infected organs [32], their levels in the blood of mice infected with the
virulent Y. pestis strain were measured by ELISA. As shown, the levels of KC, MIP-2 and
G-CSF at the early stage of 24 hpi were comparable to those observed in naïve mice, and these
levels increased significantly only during the late stage of infection at 48 hpi (Fig 2A). This re-
sult suggests that although neutrophils are released from the BM to the blood early after airway
infection, their ability to navigate towards the infected lungs is impaired. To better understand
the limited ability of infected lungs to induce neutrophil chemotaxis and infiltration, we per-
formed a Transwell-migration assay of naïve BM-derived neutrophils towards lung superna-
tants obtained from mice at several time points after infection with Y. pestis Kim53. Only lung
supernatants obtained from mice at late stages of disease progression e.g., 48 hpi, demonstrated
the potential to induce in vitro Transwell-migration of naïve neutrophils (Fig 2B), implying
that at this time point, the lungs are enriched with chemotactic factors that facilitate
neutrophil migration.

Next, we measured the levels of mRNA and protein expression of KC, MIP-2 and G-CSF in
lung extracts and BALF at 12, 24 and 48 hpi with Kim53. The levels of mRNA (red line) and
protein (blue line) of KC, MIP-2 and G-CSF were significantly increased in the lungs only at 48
hpi (Fig 2C–2E). These observations are in line with previous reports describing the delayed
pulmonary pro-inflammatory response to Y. pestis infection using various animal models of
pneumonic plague [20–22, 33].

In contrast, infection with the avirulent Y. pestis strain Kim53Δ70Δ10 was characterized by
early and moderate induction of the mRNA levels of KC, MIP-2 and G-CSF in the lungs at 12
hpi, accompanied by elevated protein levels in the BALF (Fig 2F and 2H).

Expression of adhesion molecules in the lungs is delayed during the
early stages of pneumonic plague
The recruitment of neutrophils to infected tissue is a complex process dependent on orchestrat-
ed and tightly regulated communication between neutrophils and endothelial cells, resulting in
a multistep adhesion cascade. This process includes the initial attachment of the neutrophils to
the endothelium, rolling along the endothelial surface and arrest at the final destination to
allow complete transmigration [34]. This sequence of coordinated and transient interactions
relies on the synchronized expression of several adhesion molecules by endothelial cells adja-
cent to the site of inflammation. Hence, we decided to examine the expression levels of four
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Fig 2. Expression of inflammatory signals involved in neutrophil chemotaxis in the blood and lungs of mice infected i.n. with Y. pestis strains.
C57BL/6 mice were infected i.n. with 1×105 cfu (100 LD50) of the virulent Y. pestis strain Kim53. (A) At the indicated time points post infection, the levels of
KC, MIP-2 and G-CSF proteins in the plasma were determined by ELISA. (B) Lung supernatants were extracted from the infected mice at the indicated time
points and used for functional Transwell-migration assays with naïve BM-derived neutrophils. (C-E) The levels of KC, MIP-2 and G-CSF protein (blue) and
mRNA (red) were determined by ELISA and qPCR analysis in BALF samples and whole lung cells respectively following infection with the virulent Y. pestis
strain Kim53. (F-H) C57BL/6 mice were infected i.n. with 1×105 cfu of the avirulent Y. pestis strain Kim53Δ70Δ10 and at the indicated time points post
infection the protein (blue) and mRNA (red) levels of KC, MIP-2 and G-CSF were determined. All results are presented as the means ± SEM (*p<0.05,
**p<0.01, ***p<0.001). Protein and mRNA levels are presented as fold change relative to naïve mice. n >10 mice per group of at least 3
independent experiments.

doi:10.1371/journal.ppat.1004893.g002
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molecules that participate in two different stages of neutrophil transmigration: E-selectin, P-
selectin, ICAM-1 and VCAM-1 [7]. Quantitative PCR analysis of lung mRNA obtained from
mice infected with the virulent Kim53 strain revealed a delay in the up-regulation of the ex-
pression of all four adhesion molecules during the first 24 hpi (Fig 3A). Again, this delayed ex-
pression was in contrast to the early induction of adhesion molecule mRNA in the lungs of
mice infected with the avirulent strain Kim53Δ70Δ10 (Fig 3B). Together, these data suggest
that the rapid propagation of Y. pestis in the lungs during the early stages of pneumonic plague
results from an impaired innate immune response associated with delayed neutrophil infiltra-
tion to the lung, presumably due to a combined delay in the expression of chemotactic signals
and adhesion molecules by lung resident cells.

YopJ is involved in suppressing the induction of G-CSF, KC and MIP-2
following in vitro infection of lung-derived cell lines with Y. pestis
The virulence characteristics of Y. pestis are mostly attributed to the pCD1 plasmid that en-
codes the TTSS and its six effectors proteins, termed Yops. During interactions with host target
cells, these proteins are transported into the cytosol of the host cell via a needle-like apparatus.
Together, the translocated Yops target the phagocytic machinery and deregulate signaling
pathways, resulting in a reduced immune response by the host [35–37]. As described, infection
of mice with the avirulent strain Kim53Δ70Δ10 that does not express the entire TTSS and the
Pla protease, was characterized by the early induction of neutrophil chemoattractant mRNA
and protein in the lungs (Fig 2F and 2H), and by the early recruitment of neutrophils to the
lungs (Fig 1A and 1B). We suspected that one of the Yop effectors may be involved in the early
suppression of the up-regulation of chemoattractants expression in the lungs after exposure to
the virulent Y. pestis strain. To decipher which Yop was responsible for the early inhibition of
KC, MIP-2 and G-CSF up-regulation, we used two different Yop-null derivatives of the fully
virulent Y. pestis strain Kim53, and we performed a series of in vitro infection experiments

Fig 3. Expression of adhesionmolecules in the lungs of mice infected i.n. with Y. pestis strains. C57BL/6 mice were infected i.n. with 1×105 cfu (100
LD50) of the virulent Y. pestis strain Kim53 (A) or the same dose of the avirulent Y. pestis Kim53Δ70Δ10 (B). At the indicated time points post infection, mRNA
was purified from the infected lungs and subjected to qPCR analysis of E-selectin, P-selectin, ICAM-1 and VCAM-1 gene expression. The results are
presented as the means ± SEM (*p<0.05, **p<0.01, ***p<0.001). mRNA levels are presented as fold change relative to naïve mice.

doi:10.1371/journal.ppat.1004893.g003
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using alveolar-derived macrophages (MH-S) and lung epithelial (TC-1) cell lines. We used the
avirulent Y. pestis strain Kim53Δ70Δ10 and the wild-type Y. pestis strains as controls in these
experiments. As shown, infection with 50 MOI of the Kim53ΔYopJ strain, but not with the
Kim53 derivative lacking YopH, resulted in increased levels of KC and MIP-2 mRNA and pro-
tein in MH-S cells (Fig 4A and 4B) and of MIP-2 and G-CSF mRNA and protein in TC-1 cells
(Fig 4C and 4D). The induction of these chemokines production by the cell lines following in-
fection with the YopJ mutant was similar to infection with the avirulent strain Kim53Δ70Δ10.
Additionally, infection of both cell lines with a YopJ mutant of the Y. pestis EV76 vaccine strain
and with an EV76 derivative lacking the pCD1 plasmid led to induction of chemoattractants
mRNA, whereas infection with EV76 and other Yop-null mutants including EV76ΔYopE,
EV76ΔYopK and EV76ΔYopH did not (S2 Fig). These results point to the involvement of YopJ
in the regulation of KC, MIP-2 and G-CSF expression by lung-derived cells in vitro.

The virulence of the Kim53 YopJ-depleted mutant is associated with
inhibition of KC, MIP-2 and G-CSF protein but not mRNA expression in
the lung
Because YopJ activity was associated with suppression of KC, MIP-2 and G-CSF expression in
Y. pestis-infected alveolar macrophages and epithelial cells, we infected C57BL/6 mice i.n. with
a dose of 1x105 cfu of Kim53ΔYopJ and monitored the disease progression in the lung. All in-
fected mice succumbed within 4 days of infection (S1 Fig). Bacterial counts in the lungs were
elevated to 1x109 cfu by 48 hpi (Fig 5A), and no significant change was observed in neutrophil
numbers or percentage in the lungs after the first 24 hpi (Fig 5B and 5C). Massive infiltration

Fig 4. In vitro infection of alveolar macrophages and lung epithelial cells with Y. pestis strains. In vitro infection of MH-S alveolar-derived
macrophages (A-B), and TC-1 lung-derived epithelial cell lines (C-D) with 50 MOI of the virulent Y. pestis strain Kim53 (WT) and its Yop-depleted derivatives
Kim53ΔYopJ (ΔJ), Kim53ΔYopH (ΔH) and Kim53Δ70Δ10 (Δ70Δ10). The mRNA (A and C) and protein (B and D) levels were quantified using qPCR and
ELISA, and are presented as the fold change relative to the WT-Kim53 Y. pestis strain.

doi:10.1371/journal.ppat.1004893.g004
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of neutrophils to the lungs was apparent only at 48 hpi (Fig 5B and 5C), and the delayed kinet-
ics of neutrophil influx to the lungs following i.n. infection with Kim53ΔYopJ and bacterial
propagation resembled the kinetic responses observed following infection with the wild-type
Kim53 strain (Fig 1). Taking into account the observed involvement of YopJ in preventing KC,
MIP-2 and G-CSF up-regulation by lung resident cells in vitro (Fig 4), we further evaluated the
changes in mRNA and protein levels of these chemokines in lung extracts and BALF of Kim53-
ΔYopJ-infected mice. Surprisingly, we observed that while the mRNA levels of these chemo-
kines were significantly elevated at 12–24 hpi, their protein levels remained constant and

Fig 5. Neutrophils homing to lungs and bacterial propagation following airway infection of mice with the YopJ-deleted strain (Kim53ΔYopJ).
Bacterial propagation in the lungs of C57BL/6J mice infected i.n. with 1x105 cfu of the mutated Y. pestis strain Kim53ΔYopJ was determined by plating the
samples and calculating the cfu. Absolute numbers (B) and percentages (C) of neutrophils in the lungs of the infected mice at the indicated time points post
infection were determined by flow cytometry analysis as described in Fig 1. Whole lung extracts or BALF were collected at the indicated time points post i.n.
infection with 1x105 cfu of Y. pestis strain Kim53ΔYopJ and then analyzed for the mRNA expression (red line) and protein level (blue line) of KC (D), MIP-2
(E) and G-CSF (F). (G) Comparison between the mRNA levels of KC, MIP-2 and G-CSF in the lungs of C57BL/6J mice at 48 hr post i.n. infection with 1x105

cfu of Kim53 (WT) or Kim53ΔYopJ (ΔJ). Fold changes were determined in comparison to naïve mice. The results are presented as the means ± SEM
(*p<0.05, **p<0.01, ***p<0.001). n = 6–12 mice per group of at least 3 independent experiments.

doi:10.1371/journal.ppat.1004893.g005
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relatively low during this time frame. A significant increase in the protein levels of G-CSF, KC
and MIP-2 was detected only at 48 hpi with Kim53ΔYopJ (Fig 5D and 5F). Notably, signifi-
cantly higher levels of G-CSF, KC and MIP-2 mRNA were measured at 48 hpi in the lungs of
mice infected with the YopJ mutant compared to those of mice infected with the wild-type Y.
pestis strain (Fig 5G). This difference may result from earlier induction of chemoattractants
mRNA following infection with the YopJ mutant, leading to the accumulation of higher levels
of chemoattractants mRNA at later stages of disease progression. The data indicate that YopJ
mediates the delayed up-regulation of chemoattractant mRNA expression in the lungs of Y.
pestis-infected mice. However, unlike in the in vitro infection system we utilized, in the absence
of YopJ, the early elevation of chemoattractant mRNA levels did not yield a subsequent in-
crease in the protein levels. These observations suggests that additional virulence mechanisms
involving host-pathogen interactions play a role in modulating the early expression of che-
moattractants in a complex multicellular organ such as the lungs, thereby preventing the early
recruitment of neutrophils to the infected lung.

Intranasal instillation of recombinant KC and MIP-2 along with systemic
administration of G-CSF (GKM), induce the early recruitment of
neutrophils to the lungs during pneumonic plague
The early recruitment of neutrophils to the lungs appears to be of central importance for the
defense against pneumonic plague. Due to the fact that some key players in this process (e.g.
KC, MIP-2 and G-CSF) are targeted by the bacterium early after the infection, we tested the po-
tential of chemokine therapy for early neutrophil recruitment to the lung. The treatment in-
cluded subcutaneous administration of G-CSF to synchronize and overload the circulation
with newly formed neutrophils, combined with i.n. instillation of KC and MIP-2 to guide the
neutrophils and stimulate their recruitment and homing to the infected lungs (Fig 6A).

We first examined the potential of this treatment regimen to promote neutrophil recruit-
ment to the lungs of naïve mice. As depicted in Fig 6B, treatment with G-CSF alone for 5 con-
secutive days significantly increased the numbers of neutrophils in the blood but not in the
lung, whereas the combined treatment (GKM), which included an additional intranasal admin-
istration of KC and MIP-2 (1 μg/mouse each), led to a significant accumulation of neutrophils
in the lungs (Fig 6B). This treatment was not associated with deleterious effects on animal mor-
bidity or mortality (S1 Fig). Next, we assessed the ability of GKM treatment to induce the early
recruitment of neutrophils to the lungs of mice infected i.n. with the virulent Y. pestis strain.

Similar to naïve mice, the percentage of neutrophils measured at 24 hpi in the blood of Y.
pestis-infected mice treated for 5 consecutive days with G-CSF alone (starting 3 days before the
infection) was elevated in comparison to the percentage in control-treated mice, whereas the
percentage of lung neutrophils did not change (Fig 6C, G-CSF). In contrast, a rapid increase in
the percentage and total number of neutrophils was detected at 24 hpi in the lungs of GKM-
treated mice that received KC and MIP-2 at 6 hpi (Fig 6C and 6D, GKM). Injection of the spe-
cific anti-neutrophil antibody anti-Ly-6G into GKM-treated mice resulted in a reduction in the
influx of neutrophils to the lungs by nearly 30%, verifying the specificity of the response with
regard to the involvement of neutrophils (Fig 6C and 6D, GKM+αLy-6G). We further assessed
whether the early influx of neutrophils to the lungs of GKM-treated mice led to induction of
the MMP8 and MMP9 metalloproteinases. Indeed, their expression was significantly higher in
lung extracts obtained from GKM-treated mice as compared to control-treated mice (Fig 6E).
Again, injection of anti-Ly-6G to GKM-treated mice lowered the expression of MMPs (Fig 6E),
indicating that these early recruited neutrophils are in an active state once they reach the lung.
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Early recruitment of neutrophils is associated with clearance of Y. pestis
from the lungs and improved survival rate
To determine whether early recruited neutrophils to the lungs are able to clear Y. pestis, we
measured the bacterial burden in the lungs of GKM-treated mice at 24 hr following infection
with 1x105 cfu (100LD50) of the virulent Kim53 strain. A substantial reduction of almost a

Fig 6. Combined treatment with G-CSF, KC and MIP-2 (GKM) facilitates the early recruitment of neutrophils to the lungs during pneumonic plague.
(A) Schematic presentation of the GKM treatment regimen. Mice were treated for 5 consecutive days with a daily subcutaneous injection of G-CSF, starting 3
days prior to i.n. infection with 1×105 cfu (100LD50) of the virulent Y. pestis strain (Kim53). Six hours after infection, recombinant KC and MIP-2 proteins (1 μg/
mouse each) were administered i.n., and mice were sacrificed at 24 hpi. (B) Neutrophil numbers (determined by flow cytometry analysis), in the blood and
lungs of naïve mice treated with: PBS (sham), G-CSF alone or the full GKM treatment as described above. (C) Representative flow cytometry analysis of the
percentages of neutrophils determined in the blood and lungs of Y. pestis-infected mice at 24 hours post i.n. infection with 1×105 of the Kim53 strain. The
percentages of neutrophils are indicated in non-treated mice compared with mice treated with G-CSF alone, GKM or GKM together with the neutralizing
antibody α-Ly-6G. (D) Absolute neutrophil numbers in the lungs of mice at 24 hr after i.n. infection with 100 LD50 of Kim53, treated or not with GKM or GKM
+αLy-6G. (E) Expression of MMP9 in whole lung supernatant (I) and expression of MMP8mRNA in whole lung extracts (II) at 24 hpi with 100LD50 of Kim53.
Mice were treated as described above with PBS (sham), GKM or GKM+αLy-6G. All results are presented as the means ± SEM (*p<0.05, **p<0.01,
***p<0.001). n >10 mice per group of at least 3 independent experiments.

doi:10.1371/journal.ppat.1004893.g006
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thousand fold was observed for the load of Y. pestis in the lung in comparison to untreated
mice (Fig 7A). This beneficial effect of GKM treatment was mediated by neutrophils, as the in-
jection of anti-Ly-6G neutralizing antibody to GKM-treated mice decreased bacterial clearance,
reflecting the importance of neutrophils for lung defense against Y. pestis (Fig 7A). Further-
more, analysis of the relationships between the numbers of neutrophils and bacterial loads in
the lungs of GKM-treated versus sham-treated mice at the early time point of 24 hpi, indicated
that under this treatment levels of neutrophils greater than 1–2×106 were associated with effec-
tive bacterial clearance (Fig 7B).

Fig 7. Early recruitment of neutrophils to the lungs is accompanied by reduced bacterial load and improved survival. (A) The bacterial load in the
lungs of mice was measured at 24 hr after i.n. infection with 100 LD50 of Kim53. Mice were treated with GKM or GKM+αLy-6G and compared to mice
receiving the sham treatment (PBS) as described in Fig 6A. The results of cfu counting in the lungs are presented. (B) Correlation between neutrophil level in
the lungs and bacterial load at 24 hr following i.n. infection. Black dots represent sham-treated mice, whereas red dots represent GKM-treated animals. The
dashed line indicates the threshold of neutrophil numbers in the lung, which was inversely correlated with the bacterial burden. n>8 mice per group of at least
3 independent experiments. (C) Survival of mice treated with PBS (sham) or with GKM after i.n. challenge with 2 LD50 of Kim53 (n = 10 mice per group from 2
independent experiments). The results are presented as the means ± SEM (*p<0.05, ***p<0.001).

doi:10.1371/journal.ppat.1004893.g007
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Following the demonstration of early migration of neutrophils to the lung by the treatment
with the recombinant proteins and the pronounced effect on Y. pestis propagation, it was inter-
esting to evaluate this treatment in animals exposed to a lethal challenge. Relatively high pro-
tection level of 60% was observed in GKM-treated mice that were exposed i.n. to a dose of
2x103 cfu of the virulent Kim53 strain, whereas only 10% of the sham-treated mice survived
this infection (Fig 7C).

Discussion
The ability of bacterial pathogens to prevent the early recruitment of neutrophils to infected or-
gans provides an obvious advantage during infection because these cells, with their various an-
timicrobial capabilities, would otherwise kill the pathogen. Y. pestis, the causative agent of
plague, exploits a variety of mechanisms for evading and coping with the host immune re-
sponse during the early stages of infection. Accumulating evidence based on studies in various
animal models of pneumonic plague indicates that following airway infection with Y. pestis, the
early induction of a pro-inflammatory immune response in the lungs as well as the recruitment
of neutrophils to the lungs are delayed [20–22].

We previously showed that the immune response is initiated by BM cells early after i.n. in-
fection of mice with a fully virulent Y. pestis strain, causing rapid modulation of the BM
CXCR4-SDF-1 axis and prompt mobilization of neutrophils into the circulation within 12–24
hpi [30]. These observations raised intriguing questions, namely, at what stage of neutrophil re-
cruitment to the lungs does the pathogen interfere and which Y. pestis virulence factor is in-
volved in this process. In this study, we further analyzed the mechanisms involved in the late
homing of neutrophils to the lungs following i.n. infection of mice with the fully virulent Y. pes-
tis strain Kim53.

Our results clearly indicate that the influx of neutrophils to the lungs in Y. pestis-infected
mice is delayed. In addition, the delayed recruitment of neutrophils to the lungs is associated
with a significant increase in bacterial burden. Cytokines and chemokines act in a coordinated
manner to mobilize and recruit neutrophils to the site of inflammation. Because production of
these factors represents the first step in the neutrophil recruitment process, we monitored the
expression of several chemokines critical for the chemoattraction of neutrophils, in the lungs
and plasma of infected mice during disease progression. Up-regulation of G-CSF, KC and
MIP-2 in the plasma of infected mice was delayed until the late stages of disease progression
(i.e., 48 hpi), consistent with the absence of a pro-inflammatory response in the lungs at the
early stage of disease progression [20–22]. In addition, the levels of CXCR2 (KC and MIP-2 re-
ceptor), did not change at the first 24 hpi on circulating neutrophils in the blood (S3 Fig).

Using a Transwell-migration assay, we found that lung extracts from the early stage of dis-
ease progression were incapable of inducing neutrophil migration, in contrast to lung extracts
obtained from mice at later stages of the disease. This result suggests that the intrinsic induc-
tion of chemoattractant production in lung resident cells early after Y. pestis infection is inhib-
ited. Moreover, the delayed induction of KC, MIP-2 and G-CSF mRNA and protein in the
lungs of Kim53-infected mice corroborates this observation.

The expression of adhesion molecules is up-regulated on endothelial cells located at the site
of inflammation [38]. Circulating neutrophils that egress from the BM undergo E- and P-selec-
tin-mediated rolling along the endothelial surface, followed by firm attachment via ICAM-1
and VCAM-1 [39]. In addition to the delay in chemokine up-regulation, the ability of
Kim53-infected lung cells to support neutrophil transmigration into the lungs also appears to
be impaired at the early stage of infection. This is due to the delayed induction of the adhesion
molecules E- and P-selectin as well as ICAM-1 and VCAM-1. Because chemokines are
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involved in the expression of adhesion molecules on capillary endothelia [1], the delayed in-
duction of adhesion molecules in Y. pestis-infected lungs might result from delayed expression
of the KC and MIP-2 chemokines. Alternatively, direct interaction of Y. pestis with endothelial
cells might affect the expression of these molecules, as demonstrated for ICAM-1 during in
vitro infection of human umbilical vein endothelial cells (HUVECs) with the related entero-
pathogen Y. enterocolitica [40].

The virulence of pathogenic Yersinia strains is mostly attributed to the TTSS and its effector
proteins which are used by the pathogen to subvert early innate immune responses [26, 41]. In
striking contrast to the impaired innate immune response in the lungs of mice infected i.n.
with the virulent Y. pestis strain Kim53, rapid and moderate induction of the expression of che-
mokines and adhesion molecules followed by an influx of neutrophils to the lungs was ob-
served early after pulmonary infection of mice with the avirulent Y. pestis strain
(Kim53Δ70Δ10) that lacks the TTSS and Pla protease virulence factors. Consequently, this
prompt response was associated with effective bacterial clearance from the lungs.

TTSS Yop effectors of pathogenic Yersinia species are known for their ability to suppress
the induction of innate immune responses in various types of mammalian cells through disrup-
tion of the target cell signaling network. For example, YopE has been reported to inhibit the
production of IL-8 (the human homologue of KC) in Y. pseudotuberculosis-infected HeLa cells
[42, 43], and YopJ-dependent suppression of TNFα secretion has been reported in Yersinia-in-
fected macrophages [44–46]. Human bronchial epithelial cells co-transfected with cDNAs en-
coding Y. pseudotuberculosis YopJ also exhibited reduced transcription of IL8, RANTES and
ICAM-1 in a promoter activity assay [47]. Moreover, the YopH effector was shown to inhibit
the expression of monocyte chemoattractant protein 1 (MCP-1) in macrophages infected with
Y. enterocolitica [48] and to suppress early pro-inflammatory cytokines in the lungs during
pneumonic plague [49].

We investigated the involvement of YopJ and YopH in the modulation of KC, MIP-2 and
G-CSF expression by alveolar macrophages (MH-S) and lung epithelial cell lines (TC-1) fol-
lowing infection of the cells with Y. pestis Kim53 YopJ and YopH deficient mutants. The in
vitro results indicated that inhibition of KC, MIP-2 and G-CSF mRNA and protein expression
was mediated by the YopJ effector in a similar manner that was shown after infection with the
avirulent Y. pestis strain—Kim53Δ70Δ10, which lacks the entire TTSS.

YopJ (YopP in Y. enterocolitica) belongs to a family of proteases related to the ubiquitin-like
protein proteases [50], and YopJ was shown to be a deubiquitinating cysteine protease capable
of removing ubiquitin moieties from IκBα, thereby inhibiting its proteasomal degradation and
leading to the down-regulation of NF-κB function [51]. In addition, YopJ was shown to acety-
late Ser/Thr residues in the activation loop of MAPK kinases (MKKs) and IκB kinases (IKKs),
thereby preventing their activation by phosphorylation [52, 53]. This acetyltransferase activity
of YopJ may well account for its ability to inhibit MAPK pathways and NF-κB activation. In-
terestingly, expression of the KC and MIP-2 genes is known to be tightly regulated by the NF-
κB transcription factor [54, 55], and NF-κB activation in lung epithelial cells was shown to be
important for the migration of neutrophils to the lungs [56]. Therefore, YopJ-mediated inhibi-
tion of NF-κB activity may be involved in the suppression of KC and MIP-2 expression in
lung-derived cell lines infected with Y. pestis.

Studies on the involvement of YopJ in Y. pestis virulence have indicated that this effector is
not essential for virulence in various rodent models of plague [57–59]. Similar results were ob-
tained in our study using C57BL/6 mice infected i.n. with the Kim53ΔYopJ mutant. Close ex-
amination of the expression of neutrophil chemoattractants in the lungs of Kim53ΔYopJ-
infected mice revealed that while the mRNA levels of KC, MIP-2 and G-CSF were induced in
the lungs early after infection, the proteins levels were up-regulated only at the late stage of the
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disease, i.e., 48 hpi. In line, the influx and homing of neutrophils to the lungs of Kim53ΔYopJ-
infected mice was also delayed to late stage of the disease as observed following exposure to the
wild-type Y. pestis strain. These intriguing data may indicate that Y. pestis affects the early re-
cruitment of neutrophils to the lungs by regulating the expression of neutrophil chemoattrac-
tants at both the transcriptional level via the YopJ effector and at the posttranscriptional level
by another, yet unknown virulence factor. One possible candidate is the YopH tyrosine phos-
phatase that was shown to suppress early pro-inflammatory cytokine up-regulation in the
lungs of Y. pestis-infected mice; this factor was also shown to be essential for Y. pestis virulence
in the mouse model of pneumonic plague [49]. Another candidate is the Pla protease that was
shown to be important for Y. pestis proliferation in the lungs [60] and for degradation of Fas li-
gand to manipulate host cell death and inflammation [61]. The apparent discrepancy between
the in vitro and in vivo infection systems suggests a different mode of chemokines expression
in the absence of YopJ. While YopJ depletion resulted in augmented mRNA and protein ex-
pression levels of KC, MIP-2 and G-CSF by infected macrophages and epithelial cell lines in
vitro, lungs obtained from infected mice exhibited changes only in the mRNA and not in the
protein levels of these chemokines early after infection. We assume that these differences em-
phasize the major impact of the alveolar niche and its various resident cells on the complex vir-
ulent mechanisms generated by Y. pestis. Furthermore, the lack of host defense components
(such as other white blood cells, immunoglobulins, complement, cytokines, defensins and
more) in in vitromodels, may have a great influence on the virulence quality of the pathogen.

Because we previously showed that neutrophils egressed from the BM at 12–24 hr after i.n.
infection with Y. pestis [30], our current findings point to the delayed induction of chemokines
as the major reason for the inability of circulating neutrophils to rapidly infiltrate the site of in-
fection in the lungs. To test this hypothesis, we administered recombinant KC and MIP-2 by i.
n. instillation into the lungs of Y. pestis-infected mice that were pre-treated systemically with
G-CSF to synchronize and overload the circulation with primed neutrophils [62, 63].

Whereas systemic pre-treatment of mice with G-CSF alone prior to pulmonary infection
with Y. pestis did not lead to early recruitment of neutrophils to the lungs, additional i.n. ad-
ministration of KC and MIP-2 several hours after the infection resulted in rapid mobilization
of neutrophils to the lungs. Furthermore, the recruitment of neutrophils to the lungs of treated
mice was accompanied by an increase in neutrophil-associated MMP8 and MMP9 expression
and induction of the expression of the adhesion molecules E- and P-selectin in the lungs (S4
Fig).

The early influx of neutrophils to the lungs of Y. pestis-infected mice led to a rapid and sig-
nificant reduction of nearly 1,000-fold in the average bacterial cfu in the lungs of mice infected
with a dose of 100 LD50 of the virulent Y. pestis Kim53 strain. Moreover, this treatment was
also successful in improving the survival rates of mice following i.n. exposure to a lethal dose of
2 LD50 of the fully virulent Y. pestis strain. Injection of treated mice with neutralizing anti-Ly-
6G antibodies reduced the percentages of neutrophils by 30% and diminished the beneficial an-
tibacterial outcome of treatment as well as the expression of MMPs, highlighting the contribu-
tion of recruited neutrophils to lung defense against Y. pestis.

Collectively, our results indicate that Y. pestis-mediated interference with the early induc-
tion of G-CSF, KC and MIP-2 expression by lung resident cells and the recruitment of neutro-
phils to the lungs are important for the manifestation of Y. pestis virulence during pneumonic
plague. These observations are consistent with previous reports demonstrating (a) the delayed
expression of pro-inflammatory cytokines and chemokines during pneumonic plague [20–22]
and (b) the importance of neutrophils for defense against Y. pestis pulmonary infection [15].
Notably, Goldman and his colleagues have recently reported that the number of neutrophils in
the lungs of Y. pestis-infected mice increases rapidly within 24 hr post intranasal infection [29].
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Differences in the experimental systems may account for this discrepancy, as this group in-
fected the mice with an inoculation dose of 106 cfu of the CO92 strain pre-grown at 37°C,
whereas in our experiments mice were infected with a lower dose of 105 cfu of the Kim53 strain
pre-grown at 28°C.

Directed guidance of immune cells to the lungs following i.n. administration of recombinant
proteins has become an important tool for understanding the lung defense mechanisms against
bacterial infections. Intranasal administration of exogenous KC ameliorated B. pertussis-medi-
ated inhibition of neutrophil recruitment to the lungs in infected mice [64]. In addition, the re-
cruitment of neutrophils to the lungs of S. pneumonia-infected mice was observed following i.
n. administration of IL-12 and was associated with increased levels of KC, decreased bacterial
burden and improved survival [65]. The early arrival of neutrophils to sites of infection may
also influence the outcome of disease progression by regulating other types of immune cells. Bi
Y et al. recently reported that production of IL-17A by neutrophils coordinates the antimicro-
bial activity of neutrophils and macrophages against Y. pestis infection during pneumonic
plague [66]. In addition, the secretion of neutrophil-derived granule proteins and antibacterial
peptides was associated with the migration of inflammatory monocytes to the site of infection
[67, 68]. The therapeutic potential of the early recruitment of neutrophils to the lungs may also
be attributed to the involvement of these cells in disease resolution and anti-inflammatory pro-
cesses. Neutrophils have recently been shown to play an important role in the repair of dam-
aged tissue through the expression of MMP9, which degrades intracellular matrix (ICM)
components, thus promoting the removal of damage-associated molecular pattern (DAMP)-
containing ICM proteins released from damaged cells (Reviewed in [69]).

Taken together, this study highlights (a) the complex virulence mechanisms employed by Y.
pestis to minimize its early encounter with neutrophils in the lungs following airway infection
and (b) the beneficial effect of modulating neutrophil chemotaxis into the lungs at the early
stage of Y. pestis infection by treatment with chemoattractants. This therapeutic approach
could be useful for improving treatments against plague as well as other pathogens that sup-
press the recruitment of neutrophils to sites of infection. The existence of antibiotic-resistant Y.
pestis strains [70] further emphasizes the importance of modulating the host defense for the
treatment of plague infections.

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the recommendations for the Care and
Use of Laboratory Animals of the National Institute of Health. All animal experiments were
performed in accordance with Israeli law and were approved by the Ethics Committee for ani-
mal experiments at the Israel Institute for Biological Research (Permit Numbers: IACUC-IIBR
M-07-2012, IACUC-IIBR M-28-2013). During the experiments, the mice were monitored
daily. Humane endpoints were used in our survival studies. Mice exhibiting loss of the righting
reflex were euthanized by cervical dislocation. Analgesics were not used, as they may have af-
fected the experimental outcomes of the studies.

Bacterial strains and culture conditions
The following Y. pestis strains were used in this study: the Y. pestis virulent strain Kimberley53
(Kim53) [71], the avirulent Kim53Δ70Δ10 strain that is spontaneously cured for pPCP1 and
pCD1 [72], Kim53 deleted for YopJ (Kim53ΔYopJ) [73] and the Kim53 deleted for YopH
(Kim53ΔYopH) (Constructed by Zauberman A, replacing the yopH gene with a kanamycin re-
sistance cassette as described in [73]). The Y. pestis vaccine strain EV76 [71], EV76
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spontaneously cured for pCD1 (EV76Δp70) [74], EV76ΔYopJ [46], and the EV76 deleted mu-
tants EV76ΔYopK, EV76ΔYopE, EV76ΔYopH (Constructed by Zauberman A., replacing the
yopK, yopE and yopH genes with a kanamycin resistance cassette as described in [73]). The
strains were routinely grown on brain heart infusion agar (BHIA, BD, MD USA) for 48 hr at
28°C. The Y. pestis Yop-deleted strains were grown on BHIA supplemented with 100 μg/ml
kanamycin (Sigma-Aldrich, Israel).

Construction of Y. pestis Yop mutants
Deletion mutagenesis of the Y. pestis Kim53 and EV76 strains was performed by replacing the
central region of the genes with a kanamycin resistance cassette (Pharmacia) by homologous
recombination. The protocol used was based on previously established methodologies [75, 76].
The linear PCR fragment in which kanamycin sequences were flanked by yop sequences was
electroporated into Y. pestis bacteria expressing the λ phage red system from pKOBEG::sacB
(generous gift from Dr. E. Carniel). Electroporation was performed in 10% glycerol and 10%
PEG-8000 (Sigma-Aldrich, Israel), and the bacteria were incubated in HIB for 2 h at 28°C.
Transformants were selected on BHIA containing 50 μg/ml kanamycin, and then the pKO-
BEG::sacB plasmid was removed from the bacteria by growing the bacteria on BHIA supple-
mented with 10% sucrose. The expected knockout phenotype was verified by PCR and
Western blot analyses.

Animal infections
Female C57BL/6 mice (6–10 weeks old) were purchased from Harlan Laboratories (Rehovot,
Israel) and maintained under defined flora conditions at the animal facilities of the Israel Insti-
tute for Biological Research. The i.n. infections were performed as described previously [77].
Briefly, bacterial colonies were harvested and diluted in heart infusion broth (HIB) (BD, USA)
supplemented with 0.2% xylose and 2.5 mM CaCl2 (Sigma-Aldrich, Israel) to an OD660 of 0.01
and grown for 22 h at 28°C in a shaker (100 rpm). At the end of the incubation period, the cul-
tures were washed, diluted in PBS solution to the required infectious dose and quantified by
counting colony forming units (cfu) after plating and incubating on BHIA plates (48 hr at
28°C). Prior to infection, mice were anesthetized with a mixture of 0.5% ketamine HCl and
0.1% xylazine and then infected i.n. with 35 μl/mouse of the bacterial suspension, whereas
naïve mice were instilled i.n. with PBS only. The intranasal LD50 of the Kim53 strain under
these conditions is 1,100 cfu. LD50 values were calculated according to the method described
by Reed and Muench [78].

Combined treatment with G-CSF, KC and MIP-2 and depletion of
neutrophils
Three days prior to infection, mice received daily subcutaneous injections of recombinant
G-CSF (rhG-CSF 300 μg/kg/Nupogen 48 MU/0.5 ml, Roche Applied Science) for 5 consecutive
days. Six hours after i.n. infection with Y. pestis Kim53, mice were euthanized, and 1 μg of each
recombinant KC and MIP-2 (recombinant MCXCL1/KC, recombinant MCXCL2/MIP-2,
R&D Systems), diluted in 25 μl of PBS, or 25 μl of PBS alone (sham) were instilled i.n. Mice
were either sacrificed and analyzed 24 hpi or followed to observe the rates of morbidity and
mortality. For the depletion of neutrophils, 100 μg purified anti-Ly-6G antibody clone 1A8
(Biolegend, USA) diluted in 300 μl PBS was administered intraperitoneally twice at 24 hr prior
to infection and 3 hpi.

Inhibition of KC, MIP-2 and G-CSF Induction in the Lung by Y. pestis

PLOS Pathogens | DOI:10.1371/journal.ppat.1004893 May 14, 2015 17 / 24



Cell infection
The murine alveolar macrophage cell line MH-S was obtained from ATCC. TC-1 is a tumor
cell line derived from primary lung epithelial cells of C57BL/6 mice[79]. This cell line was a
kind gift from the laboratory of Prof. T.C. Wu (Johns Hopkins University). Both cell-lines were
grown in RPMI 1640 medium supplemented with 10 mMHEPES, 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mM non-essential amino-acids and 10% fetal bovine serum. Cell cultures
were maintained at 37°C with 5% CO2. Cell infection studies were performed as previously de-
scribed [73]. Briefly, bacteria were grown by shaking (150 rpm) for 22 h at 28°C in HIB. The re-
sulting cultures were diluted in HIB medium to OD660 0.05 and allowed to grow for 3 h at 37°C
(100 rpm). Bacteria were harvested, washed once and re-suspended in complete RPMI supple-
mented with 10% fetal calf serum and added to the cells at a multiplicity of infection (MOI) of
50. Bacteria were adhered onto the cells by centrifugation at 130 g for 5 min followed by incu-
bation for an additional 1 h at 37°C and 5% CO2. Gentamicin was then added to the cultures to
a final concentration of 50 mg/ml, and the cultures were incubated for an additional 4 h before
using the cells for RNA extraction and RT-PCR analysis and the media for ELISA.

Flow cytometry analysis
To prepare lung cell suspensions, mice were euthanized, and blood was withdrawn from the
heart using a heparinized syringe. Lungs were then removed and placed on a 70-μm nylon cell
strainer (BD Falcon,USA) dipped in 2 ml PBS containing 1% protease inhibitor cocktail
(Sigma-Aldrich, Israel). Cell suspensions were pelleted at 260 g for 10 min at 4°C, fixed in 4%
paraformaldehyde in PBS for 1 h at room temperature and washed twice in flow cytometry
buffer. Neutrophils (CD11b+/Gr-1high) were stained with PerCP-Cy5.5-conjugated anti-mouse
CD11b antibody (clone M1/70) (eBioscience, USA) and APC-conjugated anti-mouse Ly-6G
(Gr-1) antibody (clone RB6-8C5) (eBioscience, USA). CXCR2 staining was performed with
PE-conjugated anti-CXCR2 antibodies (clone 242216) (R&D, USA). Cells were stained using
standard protocols with appropriate matched isotype control antibodies. The analysis was per-
formed using a FACSCalibur flow cytometer with CellQuest Pro software (BD Bioscience,
USA).

RT-PCR and quantitative PCR analysis
Lung cell suspensions were prepared as previously described. Total RNA was extracted using
Tri-reagent (Sigma-Aldrich, Israel) according to the manufacturer’s instructions. Two micro-
grams of total RNA were reverse-transcribed using Moloney murine leukemia virus reverse
transcriptase and oligo-dT primers (Promega, USA). Quantitative PCR analysis was performed
using an ABI 7500 instrument (Applied Biosystems, USA) with SYBR green PCR master mix
(Applied Biosystems, USA). The fold change in the quantity of gene transcripts was measured
and compared to the hypoxanthine phosphoribosyl transferase (HPRT) gene using the com-
parative (-2ΔΔCt) method. Forty cycles of PCR amplification were performed in duplicate for
each primer set. Primer sequences used are listed in Table 1.

Chemokines and total MMP9 analysis
Blood was collected and centrifuged at 260 g for 10 min, and the plasma was collected, filtered
and stored at -70°C. Bronchoalveolar lavage fluid (BALF) was collected by exposing the trachea
and injecting, and then removing twice, a total of 1 ml PBS containing 1% protease inhibitor
cocktail (Sigma-Aldrich, Israel). BALF was then filtered and stored at -70°C. Before analysis,
samples were centrifuged again at 13,000 g for 5 min. The levels of KC, MIP-2 and G-CSF in
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the plasma and BALF and the levels of MMP9 in the BALF, were measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s protocol (R&D Systems, MN,
USA).

Gelatin zymography for MMP9 activity
Gelatin zymography for MMP9 activity was performed as previously described [80]. Briefly,
whole lung supernatants were mixed with a non-reducing sample buffer, and an equal amount
was loaded onto 10% SDS-polyacrylamide gels co-polymerized with 1 mg/ml gelatin derived
from porcine skin (Sigma-aldrich, Israel). After electrophoresis, the gels were washed for 30
min in Triton X-100, followed by 3 washes with H2O and incubation at 37°C for 16 hr in devel-
oping buffer. The gels were then stained with SeeBand Forte (Gene Bio-Application Ltd) until
clear bands appeared, indicating the presence of MMP9 activity. Conditioned media of HT-
1080 cells secreting MMP9 served as a control.

Transwell-migration assay
Transwell-migration assays were performed as previously described [81]. Briefly, total BM cells
were extracted from the femur and tibias of naïve mice and suspended in complete RPMI
media. Prior to the migration assay, the total BM cells were labeled with the neutrophil markers
Gr-1 and CD11b to evaluate the levels of neutrophils. The cells were counted, and 250,000
cells/100 μl were allowed to migrate towards a total of 600 μl media containing 150 μl of lung
supernatant through 24-well filters with a pore size of 5 μm (Corning, NY, USA) at 37°C for 3
hr. The cells were then collected and counted using flow cytometry. In parallel, a portion of the
migrated cells was labeled with Gr-1 and CD11b to evaluate the number of migrated cells. The
percentage of migrated cells was then calculated by comparing the number of neutrophils be-
fore and after migration.

Immunoblot for MMP8
Bronchoalveolar lavage fluid (BALF) was collected as previously described, and equal amount
of BALF samples were subjected to 10% SDS-PAGE followed by immunoblot with anti MMP8
polyclonal antibody (Proteintech cat:17874-1-AP).

Table 1. Sequences of the primers used in this study.

Mouse gene Forward 5’-3’ Reverse 5’-3’

KC NM_008176 CAATGAGCTGCGCTGTCAGT CAAGGGAGCTTCAGGGTCAA

MIP-2 NM_009140 CCTGCCGGCTCCTCAGT CTTTTTGACCGCCCTTGAGA

G-CSF NM_009971 CCTGGAGCAAGTGAGGAAGATC AGAGAGTGGCCCAGCAACAC

MMP8 NM_008611 CACACACAGCTTGCCAATGC TCCCAGTCTCTGCTAAGCTGAAG

ICAM-1 NM_010493 TCCGGACTTTCGATCTTCCA GAGCTTCAGAGGCAGGAAACA

VCAM-1 NM_011693 CTTGGGAGCCTCAACGGTACT GCCCGTAGTGCTGCAAGTG

P-selectin NM_011347 CAACGAGCCCAACAACAAGA CGATGCACTCCCCTTGGTT

E-selectin NM_011345 CTCCAGGTGAACCAAACAACA TGACAACTGCAGGATGCATT

HPRT NM_013556 AGTACAGCCCCAAAATGG TCCTTTTCACCAGCAAGCT

doi:10.1371/journal.ppat.1004893.t001
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Statistical analysis
Statistical significance was determined using the nonparametric Mann-Whitney test. A
Kaplan-Meier survival estimate of treated and non-treated mice (of at least 10 mice per group)
was also performed. Calculations were made using GraphPad Prism software.

Supporting Information
S1 Fig. Survival curves. C57BL/6J mice were infected i.n. with 1x105 cfu of the fully virulent Y.
pestis strain Kim53 (black line) or with 1x105 cfu of the Kim53ΔYopJ mutant (red line).
C57BL/6J mice were treated for 5 consecutive days with a daily subcutaneous injection of
G-CSF. At day 3 of the G-CSF treatment, recombinant KC and MIP-2 proteins (1μg/mouse,
each) were i.n. administered to the G-CSF-treated mice (blue line). n = 5 for each group
of mice.
(TIF)

S2 Fig. In vitro infection of alveolar macrophages and lung epithelial cells with EV76 Y. pes-
tis strains. In-vitro infection of alveolar macrophages (MH-S) (A) and lung-derived epithelial
cell lines (TC-1) (B) with 50 MOI of the attenuated Y. pestis strain EV76 and its Yop-depleted
derivatives: EV76ΔYopK (ΔK), EV76ΔYopE (ΔE), EV76ΔYopJ (ΔJ), EV76ΔYopH (ΔH) and
EV76ΔpCD1 (Δ70). The mRNA levels of the chemokines KC (A), MIP-2 (A and B) and G-CSF
(B) were quantified using qPCR analysis and are presented as the fold change relative to the
wild-type Y. pestis EV76.
(TIF)

S3 Fig. CXCR2 expression on blood circulation neutrophils. Expression of cell surface
CXCR2 on circulation neutrophils isolated from the peripheral blood of C57BL/6 mice at 24
hpi with 1×105 cfu of the virulent Y. pestis strain Kim53 in comparison to naive mice. Repre-
sentative FACS histogram analysis showing CXCR2 expression on Gr-1high/CD11b+ peripher-
al blood neutrophils at 24 hpi (purple area), compared to naïve mice (green line). The average
CXCR2 Geo-mean levels are indicated.
(TIF)

S4 Fig. Expression of E/P-selectins in the lungs of GKM-treated mice infected i.n. with Y.
pestis. C57BL/6 mice were infected i.n. with 1×105 cfu (100 LD50) of the virulent Y. pestis strain
Kim53. The mRNA of sham and GKM—treated mice was purified from the infected lungs at
24 hpi and subjected to qPCR analysis of E/P-selectin gene expression. The results are pre-
sented as the means ± SEM (�p<0.05). mRNA levels are presented as fold change relative to
sham-treated mice.
(TIF)
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