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Presently there is a significant effort to develop and evaluate vaccines and antibiotics against the potential
bioterrorism agent Yersinia pestis. The animal models used to test these countermeasures involve the deposition
of small particles within the lung. However, deliberate aerosol release of Y. pestis will generate both small and
large inhalable particles. We report in this study that the pathogenesis patterns of plague infections caused by
the deposition of 1- and 12-�m-particle aerosols of Y. pestis in the lower and upper respiratory tracts (URTs)
of mice are different. The median lethal dose for 12-�m particles was 4.9-fold greater than that for 1-�m
particles. The 12-�m-particle infection resulted in the degradation of the nasal mucosa and nasal-associated
lymphoid tissue (NALT) plus cervical lymphadenopathy prior to bacteremic dissemination. Lung involvement
was limited to secondary pneumonia. In contrast, the 1-�m-particle infection resulted in primary pneumonia;
in 40% of mice, the involvement of NALT and cervical lymphadenopathy were observed, indicating entry via
both URT lymphoid tissues and lungs. Despite bacterial deposition in the gastrointestinal tract, the involve-
ment of Peyer’s patches was not observed in either infection. Although there were major differences in
pathogenesis, the recombinant F1 and V antigen vaccine and ciprofloxacin protected against plague infections
caused by small- and large-particle aerosols.

In humans, Yersinia pestis infections present clinically as
bubonic, septicemic, and pneumonic plague. The introduction
of Y. pestis into the bloodstream by flea bites results in the
characteristic lymphadenopathy of bubonic plague. Lymphatic
and circulatory dissemination causes hematogenous seeding of
the lungs, producing secondary pneumonia. Primary pneumo-
nic plague arises from the inhalation of aerosols containing Y.
pestis. Both bubonic and primary pneumonic plague can
progress to septicemia, resulting in endotoxic shock during the
terminal stages of infection (26, 29). There is currently a high
level of interest in biodefense models of airborne diseases for
the identification of virulence mechanisms and the testing of
medical countermeasures. The focus is on the pneumonic
forms of these diseases caused by the inhalation of small-
particle aerosols.

Over the past decade, and in the context of the possible use
of Y. pestis in bioterrorism, there has been significant interest
in devising therapeutics for pneumonic plague. Antibiotics in-
cluding tetracyclines, streptomycin, and chloramphenicol are
used to treat pneumonic plague (5, 44). Recently, the broad-
spectrum fluoroquinolone antibiotic ciprofloxacin has been

proposed for postexposure prophylaxis for mass-casualty-set-
ting plague (26). Ciprofloxacin possesses excellent pharmaco-
kinetic properties, with high lung concentrations providing ef-
ficacy against murine pneumonic plague (11, 41, 42). Significant
progress in the development of plague vaccines has been made.
Vaccines containing F1 capsular polypeptide and LcrV (V)
antigens protect against pneumonic plague in animal models
(2, 22, 24, 27, 28, 46, 48).

All studies investigating the efficacy of therapeutics against
aerosolized Y. pestis have used small airborne particles (typi-
cally 1 �m in diameter). However, natural and man-made
methods for disseminating Y. pestis by the airborne route cre-
ate a range of particle sizes. For example, coughing and sneez-
ing produce particles ranging from �0.5 to �1,000 �m (35).
The larger particles will rapidly decrease in size due to evap-
oration; however, their sizes will remain within the inhalable
range for humans (�100 �m) over the relatively short dis-
tances (�2 m) required for the transmission of respiratory
plague (25, 33, 34). Particle size influences the deposition site
and hence disease pathology, with median lethal doses
(MLDs) increasing with increased particle size (15, 16, 17, 18,
39); however, the efficacy of therapeutics has never been de-
termined. Against this background, this study compares mu-
rine infections resulting from the differential deposition of
small- or large-particle Y. pestis aerosols and the efficacies of
the recombinant F1 and recombinant V antigen (rF1�rV)
plague vaccine and ciprofloxacin.
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MATERIALS AND METHODS

Animal care. Female BALB/c mice (Charles River Laboratories, United King-
dom) were housed with access to food and water ad libitum at an Advisory
Committee on Dangerous Pathogens biological safety level 3 laboratory. Proce-
dures were performed in accordance with the Scientific Procedures (Animals)
Act of 1986 and the Codes of Practice for the Housing and Care of Animals Used
in Scientific Procedures, 1989.

Bacterial culture and preparation of material for aerosol challenge. Y. pestis
strain GB was cultured on Congo red agar plates at 28°C for 48 h, producing
small (3- to 6-mm) pinkish red colonies with raised dark red centers. For aerosol
exposures, blood agar base (BAB) broth cultures were shaken at 120 revolutions
min�1 for 48 h at 28°C. The required dilutions were prepared in BAB broth in
10-ml volumes immediately prior to challenge. Three drops of antifoam 289
(Sigma-Aldrich Ltd., United Kingdom) was added to reduce foaming during
aerosolization with the Collison nebulizer only.

Aerosol exposures. Groups of 10 mice were exposed, through the nose only,
for a period of 10 min to aerosols generated by the Collison nebulizer or the
flow-focusing aerosol generator (FFAG) according to the methodology de-
scribed previously (43). Briefly, the 75-�m-diameter-orifice FFAG (Ingeniatrics
Technologías, Seville, Spain) was operated under a pressure of 110,000 Pa with
the bacterial suspension provided at a flow rate of 50 �l min�1 in an atmosphere
with relative humidity of 65% � 2.3%. In contrast, the three-jet Collison nebu-
lizer was operated at 26 lb/in2 (179,000 Pa) with conditioning in the piccolo of the
Henderson apparatus at a relative humidity of 50% � 3.7%. Both aerosols were
maintained at a constant temperature of 20 � 0.5°C and fed into a 10-port
exposure tube before passing back into the Henderson apparatus through a
particle analyzer (environmental dust monitor no. 107; Grimm Aerosol Technik
GmbH & Co., Germany). Aerosol samples were collected for 1 min into an
all-glass impinger (AGI-30; Ace Glass Inc., NJ) containing 10 ml of phosphate-
buffered saline (PBS) at a flow rate of 12 liters min�1. The impinger samples
were serially diluted and plated onto agar for enumeration. All exposures were
performed within a rigid unplasticized polyvinylchloride half-suit isolator in the
biosafety level 3 laboratory. The mass median aerosol diameters of the particles
from the Collison nebulizer and the FFAG were 1 to 3 �m and 12 �m, respec-
tively. Collison nebulizer and FFAG aerosols were maintained at a constant
temperature of 20 � 0.5°C and relative humidities of 45% � 4.1% and 65% �
2.3%, respectively. The mean calculated inhaled dose of small particles was
determined using the impinger data and Guyton’s formula (23). The actual mean
inhaled dose of small or large particles was determined by physical washing or
dissection and homogenization of the nasal passages, trachea, and lungs as
described below.

Deposition and infection kinetics. At specific time points, five mice were killed
by the intraperitoneal administration of 0.5 ml of sodium pentobarbital. The
tissue samples aseptically collected and homogenized in PBS were from the
lungs, trachea, esophagus, stomach, intestine, liver, kidneys, and blood. Nasal
washings were collected by inserting a catheter (outer and inner diameters, 1.02
and 0.58 mm, respectively; Harvard Apparatus) into a tracheal incision; material
deposited in the nasal passages was washed through the nostrils by a 1-ml
solution of PBS containing final concentrations of 1 mM NaOH and 0.1%
(vol/vol) Triton X-100. Bacteria were enumerated by serial dilution and the
plating of aliquots in triplicate onto agar plates.

Determination of the MLD. Groups of 10 mice were challenged with aerosol-
ized Y. pestis bacteria at five different 10-fold dilutions via either the Collison
nebulizer or the FFAG. The initial concentrations used for challenge were 109,
108, 107, 106, and 105 CFU ml�1. These concentrations equated to retained doses
of 104, 103, 102, 10, and 1 CFU within the lungs and nasal passages for the
Collison nebulizer and the FFAG, respectively. Mice were monitored for 15 days
postexposure for signs of infection. Mice showing signs of infection were killed by
cervical dislocation at defined humane end points. The MLD was calculated by
the 50% end point method (38), based on the numbers of bacteria retained in the
lungs or nasal passages of animals that received the neat suspension. Immedi-
ately after exposure, five animals per dose were sacrificed for necroscopy, with
the removal of the lungs and tracheas. The nasal passages were washed as
described previously. The number of bacteria retained in the lungs or nasal
passages was demonstrated to decrease by 1 logarithm with each logarithmic
dilution of the spray suspension used in the dilution series.

Histopathology. Animals were dissected to expose the abdominal and thoracic
cavities. The lungs were inflated by the instillation of 1.5 ml of 10% (vol/vol)
neutral buffered formalin. The whole animal was fixed in 10% (vol/vol) neutral
buffered formalin for 6 days, with the replacement of the formalin by a fresh
aliquot after 3 days. After a further 3 days of fixation, a spleen obtained from an
animal killed at 96 h postinfection was homogenized, washed, and centrifuged

(7,500 � g for 15 min) to remove excess formalin. The resultant pellet was
resuspended in BAB broth and plated to demonstrate tissue sterility. Samples
from a range of tissues, including lungs (apical, medium, and caudal lobes),
lymph nodes (mediastinal, cervical, inguinal, and mesenteric nodes), and the
nasal cavity (including nasal-associated lymphoid tissues [NALT] and turbi-
nates), pharynx, trachea, thymus, esophagus, stomach, intestine, jejunum (con-
taining Peyer’s patches), spleen, liver, kidneys, and sternal bone marrow, were
blocked and embedded in paraffin wax. Serial 4-�m-thick sections were cut using
an RM2025 microtome (Leica Microsystems Ltd., United Kingdom) and dried
onto a slide at 37°C overnight. Sections were stained with hematoxylin and eosin
or Gram Twort before examination using a Leica DM4000B microscope. Images
were taken using a DFC480 digital camera (Leica Microsystems Ltd., United
Kingdom). Animals were evaluated on the basis of the number displaying the
particular type of pathology and the severity of pathology. The severity of pa-
thology of the particular tissue was scored as �, �, ���, and �����,
equating to none, mild, marked, and severe, respectively.

Immunohistochemical detection of cleaved caspase-3. Briefly, 4-�m-thick sec-
tions were hydrated and incubated with hydrogen peroxide block (BDH Labo-
ratory Supplies, United Kingdom), and antigen retrieval in 10 mM citrate re-
trieval buffer (pH 6.0) was carried out for three 6-min periods at 100°C in a
microwave, prior to cooling for 10 min at room temperature. The slides were
washed three times using a mixture of 50 mM Tris-buffered saline and 0.05%
(vol/vol) Tween 20 (TBST [pH 8.0]; Sigma Aldrich Ltd., United Kingdom) prior
to the addition of an avidin-biotin blocking system (Dako North America Inc.,
CA) for 10 min at room temperature. Samples were successively incubated for 60
min at room temperature with normal goat serum block, primary antibody
(rabbit anti-cleaved caspase-3 antibody; Cell Signaling Technology, United King-
dom) at a 1:100 dilution in TBST, goat anti-rabbit secondary antibody (Vector
Laboratories Inc.) at a 1:100 dilution in TBST, avidin-biotin-peroxidase conju-
gate from a Vectastain Elite ABC kit (Vector Laboratories Inc.), and 3,3�-
diaminobenzidine tetrahydrochloride from an enhanced liquid substrate system
(Sigma-Aldrich Ltd., United Kingdom). Three TBST rinses were performed
between steps. Sections were counterstained with Meyer’s hematoxylin (Surgi-
path, United Kingdom) and mounted before examination as described previ-
ously.

Immunization of mice with the rF1�rV plague vaccine. The vaccine formu-
lation used in this study comprised rF1 and rV with aluminum hydroxide gel
(Alhydrogel) as the adjuvant. Mice were split into two cohorts of 30 comprising
three groups of 10: an unimmunized control group, an immunized neat group
(given a sample of undiluted culture), and an immunized �1-dilution group.
Mice in the neat and �1-dilution groups were immunized with 1 �g of each
vaccine subunit formulated by coadsorption to 1.3% (vol/vol) aluminum hydrox-
ide gel (0.26% final concentration; Brenntag Biosector, Denmark). The vaccine
dose was delivered intramuscularly by equally distributing 100 �l between the
two hind limbs in a two-dose regimen (on days 0 and 21). Control mice were
intramuscularly given 1.3% (vol/vol) aluminum hydroxide gel. On day 27, the
mice in the two cohorts were exposed by inhalation through the nose only to an
aerosol containing Y. pestis GB produced by either the Collison nebulizer or the
FFAG.

Measurement of antibodies in sera. The sera from both nonimmunized and
immunized mice were collected by tail bleeds at 24 days postimmunization. Prior
to challenge, the serum immunoglobulin G (IgG), IgG1, IgG2a, and IgA con-
centrations in each mouse were determined by an enzyme-linked immunosor-
bent assay. Microtiter plates (Immulon HB; Thermo Fisher Scientific) were
coated with 5 �g ml�1 of either F1 polysaccharide or rV in PBS by overnight
incubation at 4°C. The wells were washed three times with PBS containing 0.05%
(vol/vol) Tween 20 and blocked with 1% (vol/vol) skim milk solution. Murine
anti-F1 146.3 and anti-V 7.3 monoclonal antibodies (0.5 �g ml�1) were prepared
in 1% (vol/vol) skim milk solution and added to the wells allocated for the
reference standards. Serum samples were prepared in 1% (vol/vol) skim milk
solution at the relevant dilution. A column acted as the negative reagent control
with neither antibody nor serum added. After double serial dilutions, the sealed
plates were incubated for 1 h at 37°C before being washed three times with PBS
containing 0.05% (vol/vol) Tween 20. Then, anti-mouse peroxidase conjugates
for IgG (Bio-Rad, United Kingdom), IgG1 and IgG2a (Sigma-Aldrich Ltd.,
United Kingdom), and IgA (AbD-Serotec, United Kingdom) were added at a
final dilution of 1:2,000 in 1% (vol/vol) skim milk solution. The plates were
incubated for 1 h at 37°C and then washed three times with PBS containing
0.05% (vol/vol) Tween 20 prior to the application of the substrate, ABTS [2,2�-
azinobis(3-ethylbenzthiazoline-6-sulfonic acid)] buffer containing 0.04% (vol/
vol) hydrogen peroxide. The plates were incubated for 30 min at 37°C. The
results were read at 414 and 492 nm on a Multiskan Ascent photometer (Thermo
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Fisher Scientific). The IgG titers in the samples were calculated using the soft-
ware ELISA for Windows (CDC).

Antibiotic efficacy. Commercially available tablets of ciprofloxacin (Bayer,
United Kingdom) were dissolved in sterile distilled water to produce a final
concentration of 100 mg ml�1. The ciprofloxacin solutions were freshly prepared
and filter sterilized prior to administration. The antibiotic dosing regimen con-
sisted of twice-daily oral administration of 20 �l of the ciprofloxacin solution for
7 days at 12-h intervals, equating to a dose of 100 mg kg of body weight�1.
Groups of 10 mice were exposed to either a small- or large-particle aerosol of Y.
pestis GB bacteria generated by the Collison nebulizer or the FFAG, respec-
tively. The prophylactic regimen was started at either 24 or 48 h postexposure.
Challenged control mice received a 7-day course of sterile distilled water. The
MIC of ciprofloxacin for Y. pestis GB has been determined previously to be 0.025
to 0.125 mg liter�1 (41, 42). Survivors were humanely sacrificed by cervical
dislocation 21 days postexposure. The animal tissues were processed and ana-
lyzed as described previously.

Statistical analysis. The data derived are expressed as the means and standard
errors. Organs containing a bacterial load below the limit of detection (�10 CFU
per organ) were designated culture negative. A two-sample t test was used to test
the significant differences in the deposition data for the aerosols generated by the
FFAG and the Collison nebulizer. The significant differences between treated
and untreated groups of mice in efficacy studies were evaluated by analyses of
variance followed by Tukey’s honestly significant difference posttest. P values of
�0.05 are considered to indicate significant difference.

RESULTS

Particle size influences respiratory tract deposition of Y.
pestis. Bacteria were aerosolized using the Collison nebulizer
or the FFAG to generate predominantly 1- or 12-�m-particle-
size aerosols (43). These aerosols of bacteria are hereinafter
referred to as 1- or 12-�m-particle aerosols. BALB/c mice were
exposed to a concentration of 1.44 � 109 � 0.26 � 109 CFU
ml�1 within 1- or 12-�m-particle aerosols, and the site of
deposition of bacteria within 30 min of exposure was deter-
mined (Fig. 1). Over 90% of the 1-�m-particle aerosol (1.76 �
104 � 0.085 � 104 CFU ml�1) deposited in the lungs. Less than
0.6% of the bacteria (1.2 � 102 � 0.4 � 102 CFU ml�1; P 	
0.006) deposited in the nasal passages. Conversely, 76% of the
12-�m-particle aerosol bacteria (1.33 � 104 � 0.74 � 104 CFU
ml�1) deposited in the nasal passages, and less than 5.5% of
the bacteria (9.5 � 102 � 5.7 � 102 CFU ml�1; P 	 0.004)

were deposited in the lung tissue. Tracheal deposition patterns
of bacteria were not significantly different (P 	 0.27) for 1- and
12-�m particles. Appreciable numbers of bacteria from 1- or
12-�m particles were found in the gastrointestinal tract, con-
stituting 6.3 and 10.5%, respectively, of the total deposited
material. These results demonstrate that the bacteria in 1-�m
particles deposited predominantly in the lungs and that those
in 12-�m particles deposited mainly in the upper respiratory
tract (URT), supporting the use of the 1- or 12-�m particles to
investigate lower respiratory tract (LRT) or URT infections
caused by Y. pestis.

Increased numbers of Y. pestis bacteria are required to in-
duce an URT infection. Initially, the MLD of Y. pestis was
determined in order to investigate the numbers of bacteria
required to generate infections in the URTs and LRTs of mice
challenged with 1- or 12-�m particles. A culture of Y. pestis
containing 1.52 � 109 � 0.04 � 109 CFU ml�1 was aerosolized,
and the retained dose was determined. When the 1-�m-parti-
cle aerosol was generated, impinger samples indicated a re-
tained bacterial dose of 1.90 � 104 CFU. The actual retained
doses determined postmortem were 1.76 � 104 CFU in lung
tissues and 90 CFU in the nasal passages. When a 12-�m-
particle aerosol was generated, quantities of 7.00 � 103 and 90
CFU were recovered postmortem from the nasal passages and
lungs, respectively. Tenfold serial dilutions of the initial chal-
lenge culture resulted in approximately 10-fold reductions in
the numbers of bacteria deposited in the lungs or nasal pas-
sages of mice as determined by necroscopy (data not shown).

Mice with a retained dose of 104 CFU from 1-�m particles
displayed 100% mortality, with a mean time to death (MTD)
of 72 � 0 h. Challenge with a 10-fold-lower dose resulted in
protracted infection, with 40% of the mice succumbing by
120 h postinfection. No deaths occurred among mice with
retained doses of 102 CFU or lower. When mice received a
challenge with 12-�m particles producing a retained dose of
7 � 103 CFU of Y. pestis, 80% of the animals died, with an
MTD of 90 � 11.5 h. The remaining mice survived until the
end of the experiment and cleared the infection, as evidenced
by bacteriological analyses of lung and spleen tissues. Signifi-
cant differences in survival rates between mice with the 1- and
12-�m-particle inhalational infections were observed at re-
tained doses of 104 CFU (P 	 0.024) and 103 CFU (P 	 0.001).
None of the mice challenged with 12-�m particles yielding
lower retained doses died during the course of the experiment.
The calculation of the MLD produced values of 601 and 2,951
CFU, respectively, for Y. pestis inhaled within 1- or 12-�m-
particle aerosols.

Differential pathology results from the inhalation of Y. pestis
within small- and large-particle aerosols. The temporal pro-
gression of the inhalational infections resulting from the de-
position of 1- and 12-�m particles was assessed (Table 1).
Differential deposition patterns in the lungs and nasal passages
were achieved using the Collison nebulizer and the FFAG
(Fig. 2). The inhalation of the 1-�m-particle aerosol generated
by the Collison nebulizer led to the deposition of 1.23 � 103 �
0.3 � 103 and 50 � 20 CFU in the lungs and nasal passages,
respectively. Conversely, the inhalation of the 12-�m-particle
aerosol generated by the FFAG led to the deposition of 20 �
10 and 7.09 � 103 � 0.45 � 103 CFU in the lungs and nasal
passages, respectively.

FIG. 1. Initial deposition of 1- and 12-�m-particle aerosols of Y.
pestis GB within the murine respiratory tract at 0 h postinfection. Error
bars represent the standard errors (n 	 10).
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The 1-�m-particle infection presented in the lungs with an
initial reduction in bacterial numbers over the first 4 h before
multiplication (Fig. 2a). At the terminal stages of disease,
bacterial counts in the lungs exceeded 109 CFU g�1. His-
topathological analysis indicated primary pneumonia, with
neutrophil infiltration and tissue consolidation evident by 48 h.
At 72 to 96 h postinfection, tissue consolidation was extensive,

with numerous bacteria and hemorrhages apparent within the
alveoli (Fig. 3a to c). Conversely, low numbers of bacteria were
deposited in the nasal passages and were rapidly cleared by 4 h
postinfection, remaining below the limits of detection over the
course of the experiment. Between 24 and 48 h postinfection,
dissemination to other organs, including the spleen, liver, and
kidneys, occurred, correlating with the onset of bacteremia.
The NALT and the cervical lymph nodes (CLNs) in 30 and
40% of mice, respectively, showed involvement, with no evi-
dence of colonization of the nasal mucosa.

Initially, the 12-�m-particle infection presented in the nasal
passages, with similar numbers of bacteria retained over the
course of the experiment (Fig. 2b). A transient increase in
bacterial numbers in the nasal passages occurred at 48 h
postinfection, correlating with the dissemination of bacteria to
the lungs, spleen, and kidneys. Liver involvement associated
with transient bacteremia occurred after 72 h postinfection.
The bacteriological data were supported by histopathological
analyses. With the exception of the CLNs, NALT, and the
nasal mucosa, tissues exhibited extensive pathology only at 96 h
postinfection. Lung involvement was evident only at 96 h
postinfection, and the histopathology was different from that
observed in the small-particle infection. Abundant bacterial
colonies were closely associated with blood vessels. Severe
alveolar hemorrhage was evident, with mild to minimal neu-
trophilic infiltration and necrosis of the pulmonary paren-
chyma (Fig. 3a and d to f). In all animals, ulceration of the
nasal mucosa characterized by the sloughing and degeneration
of ciliated epithelial cells and lymphocytic depletion within
NALT were observed by 96 h postinfection; bacteria were
present in both tissues (Fig. 4a and b). Neutrophil infiltration
at the edges of NALT and the encapsulation of the infected
tissue were noted (Fig. 4c). In some individuals, focal areas of
Y. pestis multiplication in NALT underlying the ciliated colum-
nar epithelium were observed (Fig. 4d). Marked histopatho-
logical changes were observed in the CLNs from animals that
inhaled 12-�m particles. At 24 h postinfection, the CLNs were
enlarged and hyperemic. By 96 h postinfection, complete ne-

TABLE 1. Comparative histopathological progression patterns of
murine inhalational plague infections in the major tissues affected

Aerosol particle
sizea Tissueb

Progression of infection postchallengec

24 h 48 h 72 h 96 h

Small (1–3 �m) Nasal mucosa � � � �
NALT � � ��� ���
Cervical node � � � ���d

Mediastinal node � � ��� �����
Lung � ��� ����� �����
Spleen � ��� ����� �����
Liver � � ��� �����
Thymus � � � ���d

Bone marrow � � �� ���d

Blood � � ��� �����

Large (12 �m) Nasal mucosa � ��� ����� �����
NALT � ��� ����� �����
Cervical node � ��� ����� �����d

Mediastinal node � � � ��
Lung � � � ��
Spleen � � � �����
Liver � � � �����
Thymus � � � �����d

Bone marrow � � � ���d

Blood � � � � � �

a The actual infectious doses delivered were 1.23 � 103 � 0.3 � 103 CFU and 7.09 �
103 � 0.45 � 103 CFU for the 1- and 12-�m-particle aerosols, respectively.

b Stomach, intestinal, Peyer’s patch, pharyngeal, esophageal, and kidney tissues
were negative for Y. pestis until 96 h postinfection in both 1- and 12-�m-particle
inhalational infections, correlating with bacteremia. Y. pestis was observed only in the
capillaries of these organs. Inguinal and mesenteric lymph nodes displayed patho-
logical changes, with Y. pestis and neutrophils present by 48 h postinfection, in the
1-�m-particle inhalational infection. Similar pathological changes were observed
only at 96 h postinfection in the 12-�m-particle inhalational infection.

c The severity of pathological sequelae was scored subjectively as follows: �,
no sequelae; �, mild; ���, marked; and �����, severe.

d Tissue where activated/cleaved caspase-3 immunolabeling was observed.
Caspase-3 immunolabeling was performed only at 96 h postinfection.

FIG. 2. Kinetics of Y. pestis GB aerosol infections in the murine model. Asterisks indicate time points at which deaths occurred. Error bars
represent the standard errors (n 	 3). Data are representative of results from two separate experiments. (a) Results of small (1-�m)-particle
infections generated by the Collison nebulizer; (b) results of large (12-�m)-particle infections generated by the FFAG.
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crosis of the lymph node structure had occurred, with lympho-
cyte depletion and replacement by large numbers of bacteria.
Pericapsular infiltration of the lymph nodes by neutrophils was
observed. Infection of the CLNs occurred earlier in the 12-
�m-particle inhalational infection than in the 1-�m-particle
inhalational infection (Table 1).

The inhalation of 12-�m particles resulted in thymus pathol-
ogy presenting as marked lymphoid depletion with the loss of
differentiation between the cortex and the medulla, multifocal
hemorrhages, and the presence of intravascular bacteria and
numerous tingible body macrophages containing pyknotic and
karyorrhectic debris. Activated/cleaved caspase-3 immunola-
beling showed a very high number of lymphocytes in the thy-
mus, indicating an accelerated apoptosis phenomenon and
identifying the pyknotic and karyorrhectic debris as apoptotic

bodies. Similar changes were observed in only one animal that
inhaled 1-�m particles. Increased cleavage of caspase-3 in the
lymphocyte populations of the sternal bone marrow and the
cervical and inguinal lymph nodes was also observed at 96 h
after challenge with either 1- or 12-�m-particle aerosols
containing Y. pestis. The histopathology patterns observed in
the spleen and liver were similar regardless of the size of
particles inhaled; however, the changes occurred earlier in
the small-particle infection, with marked pathology evident
at 48 h compared to 72 to 96 h in the large-particle infection
(Table 1). In both infections, terminal disease was charac-
terized by pneumonia and septicemia at 72 to 96 h postin-
fection.

Efficacy of the rF1�rV vaccine against inhalational Y. pestis
infections. An rF1�V vaccine has been shown previously to be

FIG. 3. Lung pathology after the inhalation of aerosolized Y. pestis GB. The actual infectious doses delivered were 1.23 � 103 � 0.3 � 103 CFU
and 7.09 � 103 � 0.45 � 103 CFU for the 1- and 12-�m-particle aerosols, respectively. (a) Lung sample at 0 h postinfection (control). (b and c)
Infection generated by the inhalation of 1-�m particles produced by the Collison nebulizer at 72 h postinfection. (d to f) Infection generated by
the inhalation of 12-�m particles produced by the FFAG. (d) Early lesion at 72 h postinfection. (e and f) Later lesion at 96 h postinfection. Samples
were stained with hematoxylin and eosin. The original magnification of each image is indicated. A, alveolar spaces; B, bronchioles; BV, blood
vessels; C, consolidation of tissue; H, hemorrhage; N, neutrophils; O, edema; and Yp, Y. pestis.
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efficacious in protecting mice from disease caused by the in-
halation of a small-particle Y. pestis aerosol (46, 48). In this
study, the efficacy of the rF1�rV vaccine in providing protec-
tion against disease caused by the inhalation of Y. pestis within
small or large particles was determined (Table 2). The total
concentrations of the IgG and IgG1, IgG2a, and IgA subtypes
in sera were determined prechallenge (n 	 40). The sera of
immunized mice had mean titers of IgG against the F1 and V
antigens of 207.7 � 34.1 and 135.2 � 18.6 �g ml�1, respectively
(P 	 0.003). The serum IgG1 and IgG2a titers were 36.92 �
3.87 and 2.36 � 0.23 �g ml�1, respectively, for rF1 and 69.11 �
7.12 and 0.085 � 0.043 �g ml�1, respectively, for rV. Both
antigens generated greater IgG1 titers than IgG2a titers (P 	
�0.05). However, rV generated a greater IgG1 response than
rF1 (P 	 0.001), while the converse was true for the IgG2a
response (P 	 0.001). No serum IgA response was observed for
either the F1 or the V antigen. The mice were exposed to 5.5

MLDs of Y. pestis within either small or large particles. Signif-
icant differences in survival rates (P � 0.05) between the con-
trol and immunized mice were observed for both types of
inhalational infections. All of the control mice immunized with
aluminum hydroxide gel alone and challenged with 1-�m par-
ticles containing Y. pestis died, with an MTD of 72 � 0 h. Only
80% of mice that were challenged with Y. pestis in 12-�m
particles died, with an MTD of 114 � 8.8 h.

None of the immunized mice succumbed to infection, irre-
spective of whether Y. pestis was delivered in small or large
particles. The clearance of Y. pestis from immunized animals
was confirmed by the inability to culture bacteria from the
lungs or spleens of the survivors at 21 days postchallenge.
Histological analysis of the immunized mice did not reveal any
adverse pathology associated with immunization or subsequent
challenge with Y. pestis. Furthermore, none of the immunized
mice displayed any adverse clinical signs after challenge; in
contrast, control mice displayed ruffled fur and a hunched
posture by 48 h postchallenge. Histological examination of
nonimmunized control mice at the time of death indicated
pathology characteristic of either LRT or URT infection, de-
pendent on exposure to 1- or 12-�m particles.

Ciprofloxacin protects against small- and large-particle in-
halational Y. pestis infections. The efficacy of ciprofloxacin in
providing protection against a small-particle inhalational chal-
lenge with Y. pestis has been demonstrated previously (11, 40,
41, 42). Here, the efficacy of ciprofloxacin (100 mg kg�1) in
protecting groups of 10 mice against a lethal challenge with Y.
pestis within either small or large particles was investigated

FIG. 4. Pathology of the nasal cavity after the inhalation of Y. pestis GB aerosolized in 12-�m particles by the FFAG. The actual infectious dose
delivered was 7.09 � 103 � 0.45 � 103 CFU. (a) Nasal turbinates and mucosa; (b) NALT at 0 h postinfection (control); (c and d) NALT at 96 h
postinfection. Samples were stained with hematoxylin and eosin. The original magnification of each image is indicated. Ce, ciliated columnar
epithelium; De, degraded epithelium; L, lymphocytes; N, neutrophils; S, sloughed epithelial cells; U, ulceration; and Yp, Y. pestis.

TABLE 2. Efficacies of rF1�rV vaccine and ciprofloxacin against
inhalational plague infections caused by small or large particles

Aerosol
particle

size (�m)

No. of survivors/no. in group (% survival)

rF1�rV vaccine Ciprofloxacina (100 mg ml�1)

No rF1�rV
vaccine

rF1�rV
vaccine

Control
(0 hpi) 24 hpi 48 hpi

1–3 0/10 (0) 10/10 (100) 0/10 (0) 10/10 (100) 9/10 (90)
12 2/10 (20) 10/10 (100) 0/10 (0) 10/10 (100) 9/10 (90)

a Time points indicate the hours postinfection (hpi) at which treatment was
administered.
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(Table 2). Mice were challenged with between 3.5 and 4.0
MLDs of Y. pestis within either 1- or 12-�m aerosol particles.
The numbers of Y. pestis bacteria deposited in the lungs and
nasal passages equated to 2.53 � 103 � 0.28 � 103 CFU and
40 � 20 CFU for 1-�m particles and 1.13 � 102 � 0.07 � 102

CFU and 1.02 � 104 � 0.55 � 104 CFU for 12-�m particles.
The MTD for untreated control mice was 77.6 � 2.5 h or 60.7 �
3.2 h for 1- or 12-�m particles, respectively.

Antibiotic treatment commenced at either 20 or 44 h post-
challenge, with a twice-daily regimen of 100 mg kg�1 cipro-
floxacin at 12-h intervals for 7 days. Survival rates of 100 or
90%, respectively, were achieved when prophylaxis was started
20 or 44 h postchallenge, irrespective of the particle size. The
clearance of Y. pestis from treated animals was confirmed by
analyses of the lungs and spleens of the survivors. Histopatho-
logical analyses and bacteriological analyses of tissues demon-
strated the typical LRT or URT pathogenesis associated with
the inhalation of Y. pestis within 1- or 12-�m particles, respec-
tively (data not shown). Furthermore, a remission of clinical
signs over the period from 96 to 151 h in survivors from all
ciprofloxacin-treated groups was observed, with mice progress-
ing from having ruffled fur and a hunched posture to having
ruffled fur only to being fully active and alert by 168 h postin-
fection. In the cases of both the 1- and 12-�m-particle inhala-
tional infections, 55% of the mice that died during the course
of the rF1�rV and ciprofloxacin experiments presented with
eye problems such as conjunctivitis or blindness.

DISCUSSION

Humans exposed to airborne Y. pestis either naturally or
intentionally will likely inhale both small and large particles.
This is the first report of the comparative pathogenesis pat-
terns of disease after the exposure of mice to 1- and 12-�m-
particle aerosols and the efficacy of therapeutics for these dif-
ferent disease forms. All previous studies with mice have used
small particles that penetrate into the alveoli. Recently, we
reported the use of the FFAG to generate microbiological
aerosols containing predominantly 12-�m particles (43). This
FFAG has been used to generate large particles containing Y.
pestis. The exposure of mice to 12-�m particles resulted in the
preferential deposition of Y. pestis in the nasal passages of
mice, whereas 1-�m particles deposited primarily within the
lungs. After the exposure of mice to either 1- or 12-�m parti-
cles, bacteria could be recovered from the gastrointestinal
tract. However, there was no histological evidence for infection
via this route. In support of this finding, the MLD of intragas-
trically delivered Y. pestis was determined previously to be 2.09 �
106 CFU (10), a dose far exceeding the numbers entering the
gastrointestinal tract in this study. Our finding that the MLD
for bacteria delivered in 12-�m particles was 4.9-fold higher
than that for bacteria delivered in 1-�m particles is broadly
similar to the 2.5-fold difference in MLDs reported for similar
particle sizes in guinea pigs (17). The MLD of 601 CFU for the
1-�m-particle aerosols is similar to MLD values ranging from
100 to 900 CFU obtained in other studies (40, 46).

The 1- and 12-�m-particle infections differed markedly (Ta-
ble 1). Primary pneumonic plague developed from the depo-
sition of 1-�m particles in the lungs, as demonstrated in pre-
vious studies (1, 9, 31). Lung involvement in the 12-�m-particle

infection was limited to the terminal stages. The close proxim-
ity of Y. pestis to capillaries and extensive hemorrhages within
the lung architecture indicated secondary pneumonia. This
study presents the first evidence for the involvement of URT
lymphoid tissues such as NALT and the draining lymph nodes
in the pathogenesis of murine inhalational plague infections.
NALT can be considered to be the equivalent of the naso-
oropharyngeal lymphoid tissues present in higher mammals,
including humans. These lymphoid tissues respond to the de-
posited antigenic challenge from inhaled or ingested material,
generating specific mucosal immunity in the naso-oropharyn-
geal region (4, 6, 7, 30). However, as indicated in this study,
they can also act as a route of infection for deposited lympho-
trophic bacteria such as Y. pestis. Rodent NALT and human
tonsillar and adenoid tissues contain M cells, dendritic cells,
and macrophages (3, 4, 6, 30). Influenza A virions and group A
streptococci use M cells in nasopharyngeal lymphoid tissue as
a gateway (21, 36); Y. pestis may utilize M cells in a similar
manner. The terminal stages of both the 1- and 12-�m-particle
inhalational infections were characterized by systemic dissem-
ination from the initial foci (NALT, CLNs, and/or lungs) de-
spite attempted neutrophilic encapsulation earlier in the infec-
tion.

The induction of macrophages, lymphocytes, and dendritic
cells in the apoptotic pathway is a well-characterized phenom-
enon during infection with Y. pestis. Caspase-3 is a marker of
apoptotic activity, previously demonstrated to be activated in
response to Y. pestis interaction with macrophage and T-lym-
phocyte cell lines (8, 32, 51). Increased numbers of lymphoid
and myeloid cells possessing cleaved caspase-3 were observed
in lymphoid tissues, indicating increased apoptosis. This is the
first demonstration of in vivo caspase-3 activation during inha-
lational plague infections.

Previously, the efficacy of an rF1�rV vaccine against pneu-
monic plague in mice after the inhalation of 1-�m particles was
demonstrated (46, 48) and attributed to protective IgG titers,
with the predominance of the IgG1 isotype (2, 45, 46, 47, 48).
The absence of secretory IgA and the presence of IgG in
bronchial wash fluids indicated that immunity was due to a
systemic immune response (45). For the first time, we demon-
strate that the rF1�rV vaccine is effective in preventing dis-
ease caused by the inhalation of Y. pestis within large particles.
The protective effect of the rF1�rV vaccine against URT chal-
lenge is due partly to the predominant serum F1- and V-
specific IgG1 response elicited during immunization. The
rF1�rV vaccine is currently undergoing human clinical trials.
Taken with the findings of this study, the accumulative data
indicate that the vaccine elicits protection against a range of Y.
pestis infections, including bubonic and LRT and URT inha-
lational infections, in animal models (46, 48). Additionally, the
size of the inhaled particles did not affect the efficacy of cip-
rofloxacin. At least 90% survival occurred when ciprofloxacin
was administered up to 44 h postchallenge.

Interestingly, 55% of mice that succumbed to inhalational
plague infections caused by either small or large particles pre-
sented with ocular manifestations such as blindness and con-
junctivitis. Ocular plague presenting as keratoconjunctivitis
with various degrees of necrotizing and fibropurulent endoph-
thalmitis in mule deer has recently been observed. This form is
not associated with morbidity or mortality (19). Ocular mani-
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festation in this study was observed only at the gross level and
appeared during the terminal stages of infection; hence, it is
unclear whether ocular involvement was initiated through the
deposition of Y. pestis-containing particles on the conjunctiva
during aerosol exposure or through hematogenous spread via
the ocular capillaries during the septicemic stage of the infec-
tions. In addition to the lower and upper respiratory mucosal
surfaces, the ocular conjunctiva should be considered as a
portal of entry for aerosolized pathogens to invade the body.

This study demonstrated the effectiveness of the FFAG to
generate large-particle aerosols that deposit within the URTs
of mice, producing an infection that differs from primary pneu-
monic plague. URT manifestations of plague in humans are
known to include cervical lymphadenopathy, tonsillitis, peri-
tonsillar abscesses, and pseudomembranous pharyngitis, with
pulmonary involvement being limited to fulminant pneumonia
(12, 13, 14, 20, 26, 34, 37, 49, 50). This form of plague may arise
from the deposition of Y. pestis contained within large particles
in the nasopharyngeal or oropharyngeal region of the URT;
extrapolation from murine and guinea pig data indicates that
deposition in these regions would produce infection via the
URT lymphoid tissues with drainage to the CLNs, terminating
in septicemia. The severity of infection would be related to the
initial deposition, the clearance kinetics, and the immunolog-
ical response. It is probable that the initial route of infection in
patients suffering from this form of inhalational plague is often
masked, and the clinical spectrum of this form of infection is
worth consideration from a therapeutic perspective in the
event of a bioterror attack using Y. pestis. Immunization using
the rF1�rV vaccine or the administration of ciprofloxacin pro-
tected against the complete spectrum of inhalational infections
expected upon exposure to a bioterror release of Y. pestis.
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