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Pulmonary infection by Yersinia pestis causes pneu-
monic plague, a necrotic bronchopneumonia that is
rapidly lethal and highly contagious. Acute pneu-
monic plague accompanies the up-regulation of pro-
inflammatory cytokines and chemokines, suggesting
that the host innate immune response may contribute
to the development of disease. To address this possi-
bility, we sought to understand the consequences of
neutrophil recruitment during pneumonic plague,
and we studied the susceptibility of C3H-HeN mice
lacking the CXC chemokine KC or its receptor CXC
receptor 2 (CXCR2) to pulmonary Y. pestis infection.
We found that without Kc or Cxcr2, disease progres-
sion was accelerated both in bacterial growth and
development of primary bronchopneumonia. When
examined in an antibody clearance model, Cxcr2 ™/~
mice were not protected by neutralizing Y. pestis an-
tibodies, yet bacterial growth in the lungs was delayed
in a manner associated with a neutrophil-mediated
inflammatory response. After this initial delay, how-
ever, robust neutrophil recruitment in Cxcr2 ~/~ mice
correlated with bacterial growth and the development
of fulminant pneumonic and septicemic plague. In
contrast, attenuated Y. pestis lacking the conserved
pigmentation locus could be cleared from the lungs in
the absence of Cxcr2 indicating virulence factors
within this locus may inhibit CXCR2-independent
pathways of bacterial killing. Together, the data sug-
gest CXCR2 uniquely induces host defense mecha-
nisms that are effective against virulent Y. pestis, rais-
ing new insight into the activation of neutrophils
during infection. (4m J Patbol 2011, 178:1190—1200; DOI:
10.1016/j.ajpath.2010.11.067)
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The mammalian respiratory tract has limited host defense
mechanisms against pathogenic microbes. Upon infec-
tion, alveolar macrophages, fibroblasts, and endothelial
and epithelial cells produce chemokines to attract im-
mune effector cells, such as neutrophils, macrophages,
and NK cells, to the lungs." Two families of chemokines,
CC and CXC, predominantly signal these cells in re-
sponse to recognition of invading microbes using pattern
recognition receptors or as a response to lung injury
induced by the pathogen. In addition to signaling the
induction of adhesive factors, such as integrins, neces-
sary for neutrophil chemotaxis, CXC chemokines also
signal activation of these cells to enable an increase in
intracellular Ca®™, which is necessary for exocytosis and
other effector responses that stimulate killing of mi-
crobes.? Antibodies that opsonize the pathogen acceler-
ate the activation of these signaling pathways, as well as
additional pathways involving the complement or Fcy
receptors, and improve the efficiency of phagocytic Kill-
ing by neutrophils.® These multiple signaling pathways of
neutrophil recruitment and activation induced by antibod-
ies ensure a robust response to infection.

CXC chemokines are potent neutrophil attractants and
are involved in host defense against extracellular patho-
gens. In mice, chemokines KC and MIP-2 are part of the
CXC family and are considered likely functional homo-
logues of human IL-8.%° Secretion of KC and macro-
phage inflammatory protein-2 induces extravascular mi-
gration of neutrophils to sites of infection, cellular
apoptosis, and tissue damage by signaling predomi-
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nantly through CXC receptor 2 (CXCR2).° Cxcr2 is highly
homologous between mouse and human and is ex-
pressed by a variety of immune cells, including neutro-
phils, monocytes, eosinophils, mast cells, basophils, and
lymphocytes.” CXC chemokine secretion can be trig-
gered through recognition of bacterial peptidoglycan or
lipopolysaccharide, causing migration of neutrophils to
an infection site and the activation of clearance mecha-
nisms.8~'" Likewise, CXC chemokines are also produced
in response to apoptosis or host cell damage, resulting in
infiltration of neutrophils to injured tissue to clean up dead
cells.”® Mice unable to signal through CXCR2 are more
susceptible to many bacterial and even some viral infec-
tions, both respiratory and nonrespiratory, but less sus-
ceptible to inflammatory injury.'®'3='° For many respira-
tory infections, absence of Cxcr2 results in increased
colonization and decreased neutrophil recruitment to the
infected site. For example, in response to Streptococcus
pneumoniae infection, wild-type mice recruit more neutro-
phils than Cxcr2=/~ mice during 48 to 72 hours, and
these numbers decline in time as the mice clear the
infection.’® Similarly, in response to Rhinovirus infection,
Cxcr2~'~ mice recruit fewer neutrophils during at least a
96-hour time period as compared to wild-type mice, and
this decrease is associated with an increase in disease in
the mutant mice."® Many other examples of bacterial
infections that are cleared by CXCR2-dependent recruit-
ment of neutrophils during the early innate immune re-
sponse have been described, and in each case, Cxcr2
mutants have decreased neutrophil chemotaxis associ-
ated with increased bacterial load.

CXCR2 is also associated with neutrophil-induced
host injury, such as what occurs in the lungs during
bacterial sepsis.?®?" CXCR2-dependent infiltration
and activation of neutrophils to the lungs causes acute
injury and pneumonia independent of bacterial coloni-
zation of the respiratory tract, suggesting unregulated
migration and activation of neutrophils severely dam-
ages host tissues.?®23 Small molecule antagonists of
CXCR2 can inhibit lipopolysaccharide-induced lung
pathology by blocking neutrophil migration to the in-
fection site, suggesting that preventing the activation
of CXCR2 can prevent septicemic disease.?*

Primary pneumonic plague is a deadly broncho-
pneumonia that develops following inhalation of Y. pes-
tis. The disease is similar in rodents and man, and is
characterized by parenchymal congestion by polymor-
phonuclear cells, large bacterial colonies, alveolar de-
struction, and edema.?®>27 Y. pestis virulence factors
manipulate innate immune responses to avoid detec-
tion and promote disease.?® Pattern recognition recep-
tors, such as toll-like receptors 2, 4, or 5, do not appear
to be activated during infection due in large part to the
presence of a noncanonical lipopolysaccharide, and a
lack of flagellin, which helps establish an initial anti-
inflammatory response in the host.?® Further immune
modulation and cytotoxicity is conferred by a type Il
secretion system by which extracellular bacteria target
macrophages and other immune cells to inject them
with proteins that inhibit phagocytosis, alter inflamma-
tory signaling pathways, modulate NF-«B signaling,
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and result in the death of the target cell.?®3° Late-stage
disease involves a large induction of IFN-y, chemo-
kines, and other systemic pro-inflammatory cyto-
kines.2631:32 Neutrophil infiltration is prominent in path-
ological lesions of moribund mice and rats and is
associated with bacteria and tissue necrosis.?%:27-31733
These observations suggest that Y. pestis replication
strongly promotes neutrophil infiltration during late-
stage disease, but this response is ineffective and may
even be detrimental to the host.

Immunity to the plague can be conferred by antibod-
ies to low calcium response V-antigen (LcrV), a com-
ponent of the type Il secretion system required for
immune evasion and disease.®**~3” Neutralizing LcrV
antibodies block the type lll secretion system and pro-
mote phagocytosis, and both activities are required for
immunity, suggesting that opsonization of bacteria
plays an important role in clearance.®®~4° The type |lI
secretion system is a strategy of extracellular bacteria;
however Y. pestis is capable of surviving inside acti-
vated macrophages in a manner dependent on the
pigmentation locus, a 102-kb pathogenicity island required
for development of pneumonic and bubonic plague.334'-46
Furthermore, antibody-mediated phagocytosis of Y. pestis
does not lead to its destruction inside activated macro-
phages in vitro, leaving the mechanism of immunity un-
certain.*’

In this work, we addressed the role of chemokines
and neutrophils in plague, both during disease and in
clearance after treatment with protective LcrV antibod-
ies that broadly stimulate innate immune activation. We
studied mice defective in signaling through CXC
chemokines and characterized host responses to pul-
monary Y. pestis challenge. We found that CXCR2 pro-
vided protective responses in both models, but had
minimal impact on neutrophil recruitment to infected
sites. Early containment of the infection was seen in
anti-LcrV-treated Cxcr2~/~ mice in a manner that was
associated with neutrophil recruitment and little to no
damaged lung tissue. Despite these seemingly protec-
tive responses, however, Cxcr2~/~ mice later devel-
oped systemic disease and acute bronchopneumonia
that were indistinguishable from untreated mice, sug-
gesting that other, seemingly redundant, pathways of
neutrophil recruitment and activation may be ineffec-
tive against Y. pestis. Systemic ablation of neutrophils
also resulted in loss of antibody protection that mim-
icked the loss of protection seen in Cxcr2™/~ mice
consistent with CXCR2 as the primary mechanism for
inducing bacterial clearance. Deletion of the pigmen-
tation (pgm) locus rendered Y. pestis sensitive to
CXCR2-independent clearance, indicating the pgm lo-
cus encodes virulence factors that likely inhibit activa-
tion of neutrophils. Together the data support a model
whereby CXCR2 signaling of neutrophils is necessary
to destroy virulent Y. pestis, whereas other chemotactic
pathways stimulate recruitment of neutrophils that are
inactivated by products of the pgm locus, allowing
rapid bacterial replication and fulminant disease.
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Materials and Methods

Bacterial Strains

All'Y. pestis culture strains used were taken from frozen
stocks and streaked for isolation onto heart infusion
agar plates. The plates used for Y. pestis CO92 were
supplemented with 0.005% Congo red and 0.2% ga-
lactose to screen for bacteria that retain the pigmen-
tation locus.*® For the pneumonic plague challenge, a
single, red-pigmented colony was used to inoculate
heart infusion broth supplemented with 2.5 mmol/L
CaCl, and grown 18 to 24 hours at 37°C at 120 rpm. All
handling of samples containing live Y. pestis CO92 was
performed in a select agent authorized BSL3 facility
under protocols approved by the University of Missouri
Institutional Biosafety Committee. Nonpigmented Y.
pestis CO92 and KIM D27 were routinely grown fresh
from frozen stock on heart infusion agar, followed by
aerobic growth at 27°C in heart infusion broth overnight
before use in experiments.3342

Animals

All animal procedures were in strict accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the
University of Missouri Animal Care and Use Committee.
C3H-HeNCrl mice were used for studies on host re-
sponses to plague and were the parent strain of the
Kc™'~ and Cxcr2~/~ mice. Wild-type C3H mice were
purchased from Charles River Laboratories. Knockout
mice were bred and housed in barrier containment
facilities at the University of Missouri. Males and fe-
males, ranging from 15 to 50 g were used for challenge
experiments. During challenge, mice were maintained
in select agent-approved animal containment facilities
at the University of Missouri. All infected mice were
monitored regularly by daily weighing and assignment
of health scores. Animals that survived to the end of the
14-day observation period or were identified as mori-
bund (defined by pronounced ataxia, sometimes ac-
companied by severe dyspnea) were euthanized by
CO, asphyxiation, followed by bilateral pneumothorax;
these methods are approved by the American Veteri-
nary Medical Association Guidelines on Euthanasia.

Pneumonic Plague Challenge

Y. pestis CO92, grown as previously described at 37°C,
were diluted in sterile PBS to 400, 4000, or 6000 colony
forming units (CFU)/0.02 ml just before use for chal-
lenge experiments. Actual dose and retention of the
pigmentation locus were determined by plating in trip-
licate on heart infusion agar with Congo red. Where
indicated, for some intranasal infections involving non-
pigmented Y. pestis strains, mice were given 500 ug
FeCl, by intraperitoneal injection just before challenge.
All animals intranasally infected with Y. pestis were first
lightly anesthetized by isoflurane inhalation. Animals

were observed for recovery from anesthesia and re-
turned to housing.

Purification of Antibody

Rabbit polyclonal LcrV was produced as previously
described; serum antibody titer to recombinant LcrV
was 10° for all experiments.®® For purification, rabbit
serum containing a-LcrV antibodies was applied to a
protein G column and purified according to the manu-
facturer’s protocol (Sigma, St. Louis, MO). Samples
were then applied to a PD-10 buffer exchange column
(GE Healthcare, Buckinghamshire, UK) and eluted in
PBS. Total IgG was quantified using bovine IgG as a
standard in a BCA protein assay (Pierce, Rockford, IL).

Antibody Treatment

For pneumonic plague challenges, 400 wg/0.4 ml pu-
rified antibody was given by intraperitoneal injection 60
minutes before infection. Untreated control mice were
given 400 ul sterile PBS by intraperitoneal injection 60
minutes before challenge. In some experiments, mice
were given rat anti-mouse Gr-1 (RB6.8C5) monoclonal
antibodies (BD Pharmingen, San Jose, CA) intraperito-
neally in 100-png (100 pug/100 wl) or 200-pg (200 g/
200 pl) doses at the times indicated. Control mice in
these experiments were given equivalent volumes of
PBS.

Quantification of Bacterial Load in Blood and
Tissues

Immediately after euthanasia, blood was collected di-
rectly from the heart by cardiac puncture. Lungs,
spleens, and livers were collected aseptically and ho-
mogenized in 1 ml sterile PBS. Serial dilutions of the
blood and homogenized tissues were then plated onto
heart infusion agar plates for quantification of bacterial
load (CFU/ml or CFU/organ, respectively).

Histopathological Evaluation of Tissues

Lungs were perfused with 10% formalin before remov-
al; all other tissues were collected and placed in 10%
formalin. All tissues were fixed for a minimum of 48
hours. Fixed tissues were embedded in paraffin and
sections were cut and stained with H&E. For histolog-
ical scoring of neutrophil infiltration (judged by staining
positive for Gr-1 by immunohistochemistry), bacterial
colonies, congestion, edema, and alveolar destruction,
lung lobes were evaluated in a single blind fashion by
a veterinarian with expertise in the pathological analy-
sis of disease in rodents.

Immunohistochemistry

Tissues that had been fixed in 10% formalin as previ-
ously described were sectioned onto slides for immu-
nohistochemical analysis. Slides were stained with rat



anti-mouse F4/80 (Serotec, Oxford, UK) or monoclonal
anti-Gr-1 (RB6.8C5),*° and detection was achieved by
secondary staining with biotinylated rabbit anti-rat IgG
and HRP-streptavidin (Dako, Carpenteria, CA). Stain-
ing and detection were carried out according to the
manufacturer’s guidelines.

Statistical Analysis

Survival and mean time to death were evaluated for
statistical significance between groups using the
Mann-Whitney rank sum test. Pathological scores were
evaluated by one-way ANOVA followed by Dunn’s
method for multiple comparisons. Percent weight loss
compared to pre-challenge weight as well as neutro-
phil recruitment in lesions with and without bacteria
were evaluated by Student’s t-test. Significance was
concluded if P < 0.05.

Results

CXC Chemokines Contribute to the Clearance
of Y. pestis CO92 from the Lung

CXC chemokines, such as KC, are produced by resident
macrophages and other phagocytic cells of the mamma-
lian lung in response to bacterial invasion. High-level
production of KC is stimulated during pneumonic plague
in mice, suggesting it may be active in promoting neu-
trophil recruitment to infected areas.®' To understand the
consequences of KC production, we challenged C3H-
HeN mice carrying a homozygous deletion of K¢ (Kc™/™)
by intranasal instillation of Y. pestis CO92 and followed
the development of disease for a 14-day period. At a
challenge dose of 4000 CFU, 100% of Kc™/~ mice suc-
cumbed to infection compared to only 20% of wild-type
mice (Figure 1A; P < 0.05). These results strongly sug-
gest that KC serves a protective role in host defense
against pulmonary Y. pestis challenge.

We also tested whether KC was important to antibody-
mediated immunity to Y. pestis in a passive transfer of
immunity model. In this model, opsonized Y. pestis would
be predicted to broadly stimulate the innate immune sys-
tem, including production of pro-inflammatory cytokines
and chemokines, as well as complement and Fcy recep-
tor (FcR), allowing us to ascertain whether CXCR2 is
uniquely required for host defense or if other neutrophil
recruitment or activation pathways can be substituted.
Anti-LcrV-treated Kc ™/~ mice appeared only partially pro-
tected and 40% died with a mean time to death of 5.75
days compared to 100% survival in wild-type mice (Fig-
ure 1B) (P > 0.05). These results are consistent with the
involvement of KC in antibody-mediated immunity but
suggest that other protective signaling mechanisms also
occur. Moribund Kc™/~ mice that were not treated with
anti-LcrV typically exhibited both severe dypsnea and
ataxia. Lungs from these mice were examined for histo-
pathology by staining with H&E and by immunohisto-
chemistry to identify injury, neutrophil infiltration, and
bacterial burden to characterize the development of
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Figure 1. KC contributes to protection against pneumonic plague. A: Wild-
type (WT) (1 = 5) or K¢/~ C3H mice (1 = 5) were challenged by intranasal
infection with the indicated doses of Y. pestis CO92 and survival was mon-
itored for 14 days. B: Mice were given 400 ug anti-LerV polyclonal antibody
(n = 3 for wild type; n = 5 for Kc™/7) or PBS (n = 5 for wild type; n = 5
for K¢~/ ™) by intraperitoneal injection 60 minutes before intranasal challenge
with Y. pestis CO92 and survival was monitored for a 14-day period. Data
shown were collected in one of two independent experiments with equiv-
alent challenge doses and similar results (7 = 10 K¢/~ mice were analyzed
for treated and untreated groups). Lungs from moribund mice were inflated
with 10% formalin and fixed for 48 hours before staining with H&E (C and E)
or anti-Gr-1 (D and F). Both wild-type (C and D) and Kc¢~’~ (E and F) mice
developed acute bronchopneumonia with infiltration of neutrophils. Repre-
sentative images are shown at 20X magnification.

pneumonic plague. Immunohistochemistry with anti-Gr-1,
an antibody that stains neutrophils and some monocytes,
was also performed to confirm the identity of these cells.
Wild-type and Kc™/~ mice both developed acute bron-
chopneumonia, characterized by large bacterial colo-
nies, cellular debris, and infiltration of neutrophils that
was indistinguishable from one another (Figure 1, C-F).
In each strain, spleens and livers of moribund mice showed
evidence of advancing systemic disease, characterized by
tissue necrosis and hemorrhage in the spleen and multi-
ple foci of inflammation in the liver (data not shown).
Together, these results suggest that KC production,
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Figure 2. Cxcr2 is essential for protection against pneumonic plague. Wild-
type (WT) (= 5) or Cxcr2~/~ (n = 5) C3H mice were given PBS or 400 pg
anti-LerV polyclonal antibody (12 = 13 for Cxcr2 /7)) by intraperitoneal
injection 60 minutes before intranasal infection with 6000 CFU Y. pestis CO92
and survival was monitored for a 14-day period. Data for Cxcr2™/~ treated
with anti-LerV were collected in two independent experiments.

whether during untreated or antibody-treated infection,
plays a protective role against pneumonic plague.

Cxcr2 is Essential for Protection Against
Pneumonic Plague

In mice, KC and other CXC chemokines signal through
CXCR2 to recruit neutrophils during bacterial infec-
tions.®° Therefore, we analyzed Cxcr2~/~ mice to under-
stand the role of neutrophil infiltration at a more global
level. Groups of five to eight wild-type C3H or Cxcr2~/~
mice were treated with PBS just before intranasal chal-
lenge with 6000 CFU Y. pestis C0O92. Wild-type and
Cxcr2~'~ mice were similarly susceptible to acute disease,
which developed within 4 days of infection (Figure 2, P >
0.05). In contrast, while wild-type mice were protected by
neutralizing antibodies and did not develop signs of dis-
ease, all but one Cxcr2~/~ mouse succumbed to the
infection (P < 0.05, compared to wild-type mice treated
with anti-LcrV). Notably, these mice were initially pro-
tected by the antibodies, which provided an extension
in the mean time to death (6.3 days for treated mice
compared to 4.4 days for untreated mice, P < 0.005).
These results suggest that CXCR2-independent re-
sponses lead to early containment, but not clearance,
of Y. pestis.

Neutrophil Infiltration Correlates with Bacterial
Replication and Lung Injury

We next compared disease progression between wild-
type and Cxcr2~/~ mice from both antibody-treated and
PBS-treated groups. In this experiment, wild-type or
Cxcr2~'~ mice were treated with either PBS or anti-LcrV
via intraperitoneal injection 60 minutes before challenge
by intranasal instillation of Y. pestis CO92. At 60 hours
postinfection, we examined either bacterial load or pa-
thology of the lungs, liver, and spleen of these mice. All
PBS-treated Cxcr2 mutant mice had a high titer of bac-
teria in the lungs, which only occasionally had dissemi-
nated to distal tissues, suggestive of primary pneumonic
plague (Figure 3A). Analyses of histological sections con-
firmed these observations, whereas wild-type PBS-treated

mice had only mild to moderate infiltration of neutrophils
and no visible bacteria (Figure 3, B and C), all Cxcr2~/~
mice treated with PBS had severe bronchopneumonia,
with neutrophils surrounding foci of bacteria (Figure 3, D
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Figure 3. Primary pneumonic plague develops more rapidly in Cxcr2™/~
mice. Wild-type (WT) (12 = 3) or Cxcr2™/~ (n = 4) C3H mice were given PBS
IP 60 minutes before intranasal infection with 6000 CFU Y. pestis CO92. Mice
were euthanized 60 hours postinfection and tissues were harvested and
diluted in PBS to analyze for bacterial burden (A) or fixed in 10% formalin to
analyze by histopathology (B-D. WT lungs (B and C), spleen (F), and liver
(G); Cxer2™' ™ lungs (D and E), spleen (H), and liver (ID. Anti-mouse Gr-1
was used in immunohistochemistry for identification of neutrophils (C and
E). Dashed lines indicate the limit of detection and solid lines indicate the
geometric mean of the samples (A). Images are shown at 20X magnification.



Figure 4. Anti-LcrV antibody treatment slows the progression of disease in
Cxcr2™/~ mice. Wild-type (WT) and Cxcr2™/~ mice, treated with 400 pg
anti-LerV polyclonal antibody IP 60 minutes before intranasal challenge with
6000 CFU Y. pestis CO92 were euthanized 60 hours postinfection, and tissues
were harvested and fixed in 10% formalin for histochemical and immuno-
histochemical analysis. WT lungs (A and B), spleen (C), and liver (D);
Cxcr2”/~ lungs (E and F), spleen (G), and liver (H). Immunohistochemistry
with anti-Gr-1 was used to identify neutrophils (B and F). Images are shown
at 20X magnification.

and E). The liver and spleen from these mice had devel-
oped minor to moderate disease, indicating systemic
spread of the infection (Figure 3, H and I). In contrast, we
recovered bacteria from only one of four anti-LcrV-treated
Cxcr2™'~ mice at 60 hours postinfection, indicating that
fewer than 100 CFU were generally present in the lungs
at this time point. Nevertheless, histological analyses
of the lungs from anti-LcrV-treated Cxcr2~/~ mice at 60
hours postinfection revealed moderate infiltration of
neutrophils in all three animals examined, two of which
harbored occasional bacteria (Figure 4, E and F; see
Supplemental Table S1 at http://ajp.amjpathol.org).
Similarly, inflammatory responses were also seen in the
spleen and liver (Figure 4, G and H; see Supplemental
Table S2 at http://ajp.amjpathol.org). In contrast, lungs,
liver, and spleen from wild-type anti-LcrV-treated mice
had few to no disease lesions nor neutrophils at 60
hours postinfection (Figure 4, A-D; see Supplemental
Table S3 at http://ajp.amjpathol.org). Together these
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results suggest that Cxcr2 mutant mice initially contain
the infection after treatment with protective antibodies.

We next evaluated bacterial load and disease severity
in antibody-treated Cxcr2~/~ mice challenged with Y.
pestis CO92 after 90 hours postinfection, when mice in
this group showed signs of acute disease. All mice ex-
amined harbored a high titer of bacteria in the lungs (Figure
B5A). Five of six mice examined also harbored detectable
amounts of bacteria in the blood, indicating systemic dis-
ease. A second group of four anti-LcrV-treated Cxcr2 ™/~
mice, also euthanized 90 hours postinfection, was exam-
ined by histopathology of formalin-fixed tissues. Lungs of
antibody-treated mice showed moderate to severe bron-
chopneumonia with infiltration of neutrophils surrounding
large bacterial colonies (Figure 5, B and C; see Supplemen-
tal Table S1 at http.//ajp.amjpathol.org). This suggests that
these mice still developed bronchopneumonia despite the
delay in time to disease. However, consistent with systemic
bacterial dissemination, spleens of these mice were also
necrotic and the livers exhibited hepatitis with multiple foci
of inflammation, and thus it appears septicemic plague had
also developed (Figure 5, D and E; see Supplemental Table
S2 at http://ajp.amjpathol.org).

To quantify the degree of disease in the lungs, severity
scores indicative of pneumonic plague at 60 and 90
hours postinfection were determined. Edema, alveolar
destruction, neutrophil infiltration, and parenchymal con-
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Figure 5. Anti-LcrV antibody treatment initially contains the infection but
does not prevent development of pneumonic or septicemic plague.
Cxcr2™/~ mice (n = 6) were given 400 pg anti-LerV polyclonal antibodies
and challenged intranasally with 6000 CFU Y. pestis CO92. Blood, spleen, and
lung were analyzed for bacterial burden at 90 hours postinfection, when
death s first seen for this group (A). B=E: A second group Cxcr2~/~ mice (n
= 4) was challenged with the same dose following anti-LcrV treatment,
euthanized 90 hours postinfection and lungs (B and ©), spleen (D), and liver
(E) were removed, formalin fixed, stained, and analyzed for histopathology.
Tissue sections were also stained with anti-Gr-1 to identify neutrophils that
had been recruited to the lung (C). Images are shown at 20X magnification.
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Figure 6. Quantitative histochemistry shows efficient neutrophil recruit-
ment to the lungs of Cxcr2™/~ mice despite the failure to prevent bacterial
growth and disease. Disease severity scores, based on parenchyml con-
gestion, neutrophil recruitment, edema, and alveolar destruction were
determined by analyzing three lung lobes for each mouse and the average
score per group was plotted. Group sizes ranged from 2 to 5 [n = 5,
uninfected Cxcr2™'~; n = 4 wild type (WT) + PBS, 60 hours; n = 2 WT
+ anti-LerV, 60 hours; 7 = 3 Cxcr2™/~ + PBS, 60 hours; n = 3 Cxcr2 '~
+ anti-LerV, 60 hours; n = 4 Cxcr2™/~ + anti-LerV, 90 hours]. *P < 0.05
as determined by one-way analysis of variance; hpi indicates hours
postinfection.

gestion were used as indicators of pneumonia. Assign-
ment of scores corresponding to none through severe
(scale of 0 to 3) for each criterion was performed for three
lung lobes by examination of slides stained with H&E and
anti-Gr-1, and a total score was determined for each
mouse (Figure 6). Average scores within each group
indicated that PBS-treated Cxcr2~/~ mice developed se-
vere pneumonia by 60 hours postinfection, whereas wild-
type mice did not (P < 0.05, evaluated by one-way
ANOVA). At this time point, anti-LcrV-treated Cxcr2™/~
mice showed moderate neutrophil infiltration and few
pathological lesions. These observations suggest neutro-
phil recruitment to the lung occurs before the develop-
ment of disease lesions and bacterial growth in the ab-
sence of CXCR2. Anti-LcrV-treated Cxcr2/~ mice
eventually developed pneumonia, but with a delayed
time course compared to untreated WT or mutant mice.
Bacterial colonies were visible in areas of lung injury
surrounded by inflammatory cells, many of which ap-
peared to be neutrophils judged by morphology and
positive staining for Gr-1 (Table 1). Together these
data suggest that after anti-LcrV treatment, neutrophils

are attracted to Y. pestis through multiple, perhaps
redundant, chemotactic pathways. CXCR2-expressing
cells are able to control the infection, while signaling
through other chemotaxis receptors, perhaps CC or
Cba receptors, may allow recruitment to the infection
site but little to no effector function that could result in
bacterial clearance.

Temporary Ablation of Neutrophils Slows
Progression of Pneumonic Plague

Our experiments thus far suggest that CXCR2 signaling
provides protective responses but does not abrogate
neutrophil migration to the infected sites of the lungs. To
address the contribution of CXCR2-independent neutro-
phil chemotaxis to the lungs, we first tested wild-type
mice, and compared antibody immunity after pretreat-
ment with either PBS or anti-Gr-1 (RB6.8C5), an antibody
that ablates circulating neutrophils and some monocytes
with a half-life of approximately 1.5 days in C3H-HeN
mice.*® RB6.8C5 or PBS was delivered to wild-type C3H
mice by intraperitoneal injection of 100 ng on days —1
and +1 relative to intranasal Y. pestis challenge, with
anti-LcrV administered 60 minutes before infection. All
mice treated with anti-LcrV and RB6.8C5 were initially
protected, suggesting that neutrophils are not required
for early containment of the infection in the presence of
protective antibodies. However, bacteria were not elimi-
nated, and all of these mice eventually developed weight
loss at higher levels than PBS-treated mice. Only 40% of
RB6.8C5-treated mice progressed to lethal disease by
day 7, while the others resolved the infection (Figure 7, A
and B). These results suggest that early neutrophil abla-
tion decreases immunity to plague, which is in agreement
with recently reported observations of RB6.8C5 treatment
in a mouse pneumonic plague model.®’

We next treated Cxcr2~/~ mice with anti-LcrV followed
by either PBS or 200 ug RB6.8C5 at 60 hours postinfec-
tion, approximately 24 to 36 hours before acute disease
appears in the absence of RB6.8C5 treatment. Both un-
treated and RB6.8C5-treated Cxcr2™/~ mice were initially
protected from disease similar to wild-type treated mice.
On day 5, disease symptoms began in 80% of RB6.8C5-

Table 1. Average Severity Score at 60 Hours Postinfection per Lung Sample
Bacteria Pathological lesion* wild type + PBS Cxcr2” + PBS Cxcr2” + anti-LerV

- Neutrophil infiltration® 1(=1.00) 1.67 (+0.44) 0.33(+0.44)
Alveolar destruction 0 0 0
Pulmonary edema 0 0 0
Parenchymal 0.13(*0.19) 1.5(%=1.00) 0.67 (+0.44)
congestion

+ Neutrophil infiltration® NA 2.50(*£0.67) 2.00 (+0.00)*
Alveolar destruction NA 2.58 (+0.39)% 2.25(+0.17)8
Pulmonary edema NA 1.17 (=0.56) 1.50 (+0.33)*
Parenchymal NA 2.50(%=0.67) 2.50 (+£0.33)*
congestion

Data are given = the standard deviation from the mean; LcrV, low calcium response V-antigen; NA, not applicable; bacteria were not seen in any lobe.

*Lesions observed and scored from H&E stain of formalin-fixed tissues.

TNeutrophil enumeration from immunohistochemistry anti-Gr1 stain of formalin-fixed tissues.
+P<0.05; SP <0.001 compared to no bacteria of the same group; evaluated by Student’s t-test.
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Figure 7. Extended time to death but no protection after anti-LcrV treatment
and neutrophil ablation in wild-type and Cxcr2™~ mice. A: Wild-type mice
(n = 5) were given 100 ug anti-Gr-1 monoclonal antibody or PBS on days —1
and +1 postinfection and 400 g anti-LerV polyclonal antibody or PBS 60
minutes before intranasal infection with 4000 CFU Y. pestis CO92, and sur-
vival was monitored for a 14-day period. B: Percent daily weight loss com-
pared to prechallenge weight is shown for all surviving mice in each group
for the experiment shown in A. C: Cxcr2™/~ mice (7 = 5) were given 200 ug
anti-Gr-1 or PBS 60 hpi and 400 ug anti-LerV 60 minutes before inranasal
infection with 4000 CFU Y. pestis CO92 and survival was monitored. *P <
0.05, **P < 0.005 as determined by Student’s test.

treated animals, and disease progressed to lethality in all
of these mice (Figure 7C). Cxcr2~/~ mice treated with
anti-LcrV and PBS behaved similarly and 40% developed
lethal disease (P > 0.05 for RB6.8C5 compared to PBS-
treated mice). Together, these results are consistent with
CXCR2 signaling as the primary mechanism whereby
host neutrophils control Y. pestis infection but also sug-
gest that initial containment of disease after treatment
with protective antibodies is not mediated by Gr-17" cells.

Cxcr2-Independent Signaling Clears Mutant
Y. pestis

To address whether Cxcr2 is a general necessity for host
defense against bacterial infections of the lung, we chal-
lenged Cxcr2~'~ mice with a nonpigmented mutant strain
of Y. pestis CO92 (Apgm) by intranasal infection. In this
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model, Yersinia colonize the lung and do not cause in-
flammation or pneumonia, but nevertheless cause septi-
cemic plague, and the infection is lethal to mice.®® Pre-
treatment of mice with iron accelerates bacterial access
to the blood, resulting in a more uniform and rapid dis-
ease. Intranasal challenge of wild-type mice with 1 x 10°
CFU Y. pestis CO92Apgm resulted in approximately 90%
lethality within 10 days, consistent with our previous ob-
servations®® (Figure 8A). Strikingly, Cxcr2~/~ mice were
significantly less susceptible to infection by Y. pestis
C092Apgm and only one of these mice succumbed to
infection after 10 days (P < 0.005, evaluated by the Mann-
Whitney rank sum test). We also tested another nonpig-
mented strain (KIM D27), which is a laboratory strain first
isolated in 1965 from a lineage distinct from CO92 for its
ability to cause acute disease in Cxcr2 mutant mice.*? In this
model, 40% of wild-type C3H-HeN mice succumbed to
intranasal challenge with 1 x 10° CFU Y. pestis KIM D27
(Figure 8B). Treatment with iron before challenge increased
overall susceptibility and 100% succumbed to the infection
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Figure 8. CXCR2 increases sensitivity to nonpigmented Y. pestis strains. Az
WT (n = 12) and Cxcr2™/~ mice (n = 7) were challenged by intranasal
infection with 1 X 10° CFU Y. pestis CO92Apgm and survival was monitored
over a 14-day period; P < 0.005 between wild-type and Cxcr2 mutant mice,
evaluated by Mann-Whitney rank sum test. B: Wild-type or Cxcr2~/~ mice (n
= 10) were given PBS before intranasal infection with 1 X 10° CFU Y. pestis
KIM D27 and survival was monitored for 14 days. C: 500 ug inorganic iron
(FeCl,) in sterile H,O was injected IP into WT or Cxcr2™/~ mice (n = 5)
before infection with 1 X 10° CFU Y. pestis D27 and survival was monitored
over a 14-day period; P > 0.05 between wild-type and mutant mice, evalu-
ated by Mann-Whitney rank sum test.
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(Figure 8C). Both PBS-treated and iron-treated Cxcr2 ™/~
mice exhibited similar, if not less, susceptibility to Y. pestis
KIM D27 in both models, with 10% and 60% lethality, re-
spectively, although these differences may not be signifi-
cant (Figure 8, B and C) (P > 0.05 compared to wild type
with or without iron treatment). Together these results
strongly suggest that bacterial virulence factors within the
pgm locus may prevent neutrophil activation through
CXCR2-independent pathways. Furthermore, Cxcr2™'~
mice are capable of mounting an effective response against
a highly similar bacterial infection in the lungs, indicating
that CXCR2 is not broadly required for host defense against
bacterial pathogens in the lungs.

Discussion

CXCR2 is known to be critical in mediating effective neu-
trophil responses to invading bacterial and even viral
pathogens. In the case of pneumonic plague (an acute
disease), CXCR2 activation is unable to keep pace with
bacterial replication and a robust but ineffective inflam-
matory response occurs that may exacerbate the dis-
ease. In this work, we used polyclonal anti-LcrV antibod-
ies, which opsonize the bacteria, as an alternative means
to induce multiple pathways of neutrophil recruitment. As
with untreated mice, antibody-treated Cxcr2~/~ mice
mounted a neutrophil-mediated inflammatory response.
However, this only delayed and did not prevent lethal dis-
ease, suggesting that while there may be redundancy in
neutrophil recruitment, CXCR2 provides unique activation
that is necessary for controlling the infection. Because pul-
monary infection by the nonpigmented strain could be
cleared in the absence of Cxcr2, it is likely that bacterial
virulence factors within the pigmentation locus contribute to
the resistance of Y. pestis to neutrophils or other Gr-1*
monocytes. Recently, CXCR2-dependent activation of neu-
trophil extracellular traps was shown to be independent of

Complement
Proteins

chemotaxis, as small molecule inhibitors of CXCR2 could
prevent secretion of neutrophil extracellular traps without
affecting neutrophil recruitment.>2 Thus, it is likely that sim-
ilar chemotaxis-independent pathways involving CXCR2
may be required for host defense against Y. pestis.

Neutralizing antibodies aid in bacterial clearance
mechanisms involving neutrophils and other phagocytic
cells, as well as the complement system. Antibodies that
opsonize bacteria promote FcR-dependent uptake and
subsequent secretion of the pro-inflammatory CXC and
CC chemokines, as well as activation of complement.®
When activated, FcR signaling results in enhanced killing
of the bacterial pathogens, which is an important part of
antibody-mediated clearance.>**° In parallel, antibodies
also stimulate activation of complement C3a and Cba
signaling molecules. Although the classical complement
pathway in mice is ineffective against Y. pestis, C5a may
still be effective in signaling neutrophil recruitment
through binding of the C5a receptor, which is present on
the surface of neutrophils.®®®” Moreover, because ex-
cess Cbha, such as may occur during sepsis, can para-
lyze neutrophil activation, it is conceivable that the inabil-
ity of Cxcr2~/~ mice to clear the infection may be due to
this or another aberrant host response that can promote
rather than prevent disease.®®

Pneumonic plague in both rodents and humans is not
uniform throughout the lungs or between lung lobes,
making it difficult to ascertain mechanisms of disease
from whole lung cellular samples or cytokine measure-
ments of bronchoalveolar lavage fluid.?>273159 Qur
quantitative assessments of histopathology revealed ei-
ther more pronounced or more rapid neutrophil recruit-
ment in Cxcr2 mutants than wild-type mice. Although
neutrophils from Cxcr2 knockout mice cannot respond to
macrophage inflammatory protein-2 or KC, they have
been shown to exhibit normal migration to C5a and CC
chemokines, as well as to induce phagocytic processes

Figure 9. Model for the role of CXCR2 in anti-
body-mediated immunity to pneumonic plague.
Antibody-opsonized bacteria are expected to be
taken up by macrophages and neutrophils via
the FcyR, and although this may not lead to
bacterial clearance by either cell type, chemo-
kines may still be secreted. Simultaneously, ac-
tivation of C5a convertase leads to increased
C5a, which also acts as a chemoattractant for
neutrophils and other cells that express the C5a
receptor (C5aR). C5aR and CC receptors would
be expected to promote neutrophil chemotaxis
but may be prevented from activation because of
Yersinia virulence factors encoded within the
pgm locus. In contrast, CXC chemokine signal-
ing may be required to activate effector func-
tions independent of neutrophil chemotaxis,
such as increased intracellular Ca?™, stimulation
of granuole release, or secretion of neutrophil
extracellular traps (NETs) that promote bacterial
clearance, and protect the host from disease.

NETs Degranulation

Macrophage

Neutrophil



through FcR.®° Because Y. pestis infection elicits very
strong induction of pro-inflammatory cytokines and
chemokines, in addition to KC and macrophage inflam-
matory protein-2, and opsonizing antibodies are also
strong inducers of inflammatory responses, it is likely that
neutrophil recruitment in Cxcr2 ™/~ mice proceeds by one
or more of these alternative, seemingly redundant path-
ways. %2631 |n contrast, defense against other bacterial
infections that elicit a more limited inflammatory response
in the host, may rely more heavily on CXCR2 for neutro-
phil recruitment.®~'" Thus, although mice require CXCR2
to control Y. pestis as with other bacterial pathogens, our
results suggest a novel host pathogen interaction that
regulates the activity of these phagocytic cells, indepen-
dent of their recruitment.

Anti-LcrV antibody neutralizes the type Il secretion
system, opsonizes the bacteria for efficient uptake, and is
effective in promoting protection in the lungs.3638-4° A
model for how macrophages and neutrophils might re-
spond to these antibodies is shown in Figure 9. In this
model, LcrV antibody-opsonized bacteria are likely taken
up by the lung or alveolar macrophages or neutrophils via
FcyR-mediated phagocytosis, and although they may
survive inside the phagosome, they may also stimulate
production of CC and CXC chemokines for neutrophil
recruitment.**4547 |n parallel, complement recognition of
antibody-opsonized bacteria would be expected to acti-
vate C5 convertase, resulting in the circulation of Cha
and recruitment of neutrophils via the C5a receptor.>®
While each may lead to neutrophil recruitment to infected
areas, perhaps only CXCR2 also activates specific ef-
fector functions necessary for bacterial killing, such as
degranulation or extracellular traps (neutrophil extra-
cellular traps), whereas other pathways may be dis-
abled by Yersinia.

Because Cxcr2™/~ mice treated with anti-LcrV had a
significant delay in the development of disease com-
pared to no treatment, it appears that phagocytosis in the
lungs without subsequent CXCR2 signaling slows bacte-
rial growth but does not lead to killing of the engulfed
bacterium. Furthermore, because neutrophil ablation re-
sulted in the same phenotype, it is likely that this initial
containment is not mediated by neutrophils. In vitro, acti-
vated macrophages that engulf anti-LcrV-treated bacte-
ria are unable to kill them, while deletion of the pgm
locus renders Y. pestis sensitive to activated macro-
phages.*®*” Our results are consistent with this observa-
tion but suggest that bacterial growth may be reduced in
this intracellular environment in vivo. CXCR2™/~ neutro-
phils also express FcR; thus it may be that this signaling
pathway may be targeted by Yersinia in both cell types.

Recently, human neutrophils were shown to be able to
kill intracellular Y. pestis in vitro but were sensitive to killing
by extracellular bacteria expressing a functional type Il
secretion system.®' Our model suggests that this activity
may be influenced by CXCR2 and that other activation
mechanisms may be silenced by virulence factors of the
pigmentation locus. Future experiments will aim to distin-
guish whether Fcy, Cba, or CC receptor signaling is
silenced by bacterial or host responses and whether

/—
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human neutrophils respond similarly to antibody-op-
sonized Y. pestis.
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