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Francisella tularensis can cause severe disseminated disease after respiratory infection. The identification of
factors involved in mortality or recovery following induction of tularemia in the mouse will improve our
understanding of the natural history of this disease and facilitate future evaluation of vaccine candidate
preparations. BALB/c mice were infected intranasally with the live vaccine strain (LVS) of F. tularensis subsp.
holarctica and euthanized at different stages of disease to analyze the induction of immune molecules, gross
anatomical features of organs, bacterial burdens, and progression of the histopathological changes in lung and
spleen. Tissue-specific interleukin-6 (IL-6), macrophage inflammatory protein 2, and monocyte chemotactic
protein 1 were immune markers of mortality, while anti-LVS immunoglobulin M and IL-1� were associated
with survival. Moribund mice had enlarged spleens and lungs, while surviving mice had even more prominent
splenomegaly and normal-appearing lungs. Histopathology of the spleens of severely ill mice was characterized
by disrupted lymphoid follicles and fragmented nuclei, while the spleens of survivors appeared healthy but with
increased numbers of megakaryocytes and erythrocytes. Histopathology of the lungs of severely ill mice
indicated severe pneumonia. Lungs of survivors at early time points showed increased inflammation, while at
late times they appeared healthy with peribronchial lymphoid aggregates. Our results suggest that host
immune factors are able to affect bacterial dissemination after respiratory tularemia, provide new insights
regarding the pathological characteristics of pulmonary tularemia leading to systemic disease, and potentially
identify immune markers associated with recovery from the disease.

Francisella tularensis is a gram-negative facultative intracel-
lular bacterium that causes tularemia. Different clinical
presentations of tularemia exist, including ulceroglandular,
glandular, oropharyngeal, typhoidal, and pneumonic. Approx-
imately 200 cases of tularemia are reported in the United
States every year. Pneumonia presents in 10% to 20% of cases
as a primary event or a complication of ulceroglandular or
typhoidal tularemia (22). Pneumonic tularemia can also occur
with other forms, like glandular, oculoglandular, and oropha-
ryngeal, as a result of secondary bacteremic spread to the
lungs. Both primary pneumonic tularemia and pneumonia
complicating the typhoidal form can occur 2 days to several
months after infection. If left untreated, respiratory tularemia
can progress to respiratory failure, liver, kidney, and splenic
involvement, meningitis, septic shock, and death in up to 30 to
60% of cases. The number of tularemia cases reported world-
wide is relatively low, but the risk of the use of F. tularensis as
a biological weapon has encouraged research on its pathogen-
esis, as well as the development of effective vaccines and ther-
apeutics against the disease.

Respiratory tularemia has been studied in murine models
after inoculation with either the live vaccine strain (LVS) of F.
tularensis subsp. holarctica or type A F. tularensis strains via the

intranasal route (42) or the aerosol route (11). F. tularensis
spreads from the lungs to organs, such as the liver and the
spleen, with several pathological consequences, including se-
vere inflammation and areas of necrosis (11). More recently,
disseminated tularemia with the involvement of the spleen and
liver has been described in an oral mouse model after initial
infection of the mesenteric lymph nodes (25).

Research has also been carried out to evaluate the factors
involved in both innate and adaptive immune responses to F.
tularensis infection. Examples of these reports include studies
of the involvement of Toll-like receptors 2 and 4 in tularemia
induced in the mouse via the respiratory or the intradermal
route (6, 9, 10, 28), analysis of proinflammatory gene expres-
sion following murine intraperitoneal or intradermal infection
(8), and research on the contributions of B and T lymphocytes
to protection and response in experimental tularemia (5, 14,
15). It is still unclear what exactly triggers the host to develop
severe symptoms due to dissemination and fatal disease and
what mechanisms are involved in initial protection prior to the
initiation of acquired immune responses.

Less effort has been made to understand what factors are
involved in bacterial clearance following inhalation of high F.
tularensis doses and the long-term consequences tularemia
might have on vital organs following spontaneous recovery. In
this work, studies were conducted using the respiratory mouse
model of tularemia, induced by the LVS of F. tularensis, and
the features of pulmonary disease followed by dissemination to
peripheral organs were investigated, focusing on mice with
terminal tularemia and mice that fully recovered from disease.
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Our results will improve the understanding of the natural his-
tory of the disease and increase our knowledge of potential
protective immunity against the disease, facilitating our search
for improved vaccine strategies.

MATERIALS AND METHODS

Preparation of inoculum. F. tularensis subsp. holarctica LVS (ATCC 29684)
was obtained from the CDC, Fort Collins, CO. LVS was grown on chocolate agar
plates (Remel, Lenexa, KS) for 72 h at 37°C to form a layer, and colonies were
scraped off and resuspended in sterile phosphate-buffered saline (PBS) to an
optical density at 600 nm (OD600) of 0.3. CFU were determined by plating out
100 �l from 10-fold dilutions on chocolate agar plates after incubation at 37°C
for 72 h. Bacterial suspensions were prepared, and CFU counts were confirmed
for each experiment.

Mice and LVS respiratory infection. Female BALB/c mice, 7 to 10 weeks old,
were obtained from Jackson Laboratories (Bar Harbor, ME) and given pelleted
food and water ad libitum. All experimental procedures were in compliance with
the guidelines of the Institutional Animal Care and Use Committee at the
Boston University School of Medicine. The mice were anesthetized with ket-
amine HCl (Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (Lloyd
Laboratories, Shenandoah, IA) and challenged intranasally with 104 CFU of
LVS in 20 �l of PBS under biological safety level 2 conditions. Mock-inoculated
mice received 20 �l of PBS. All animals were closely observed until they had
completely awakened from anesthesia.

Survival, symptoms, and tissue processing. The mice were monitored daily for
signs of disease. Typical signs included ruffled fur, hunched posture, decreased
responsiveness to stimuli, eye discharge, and weight loss. Animal survival was
recorded for up to 50 days postinfection, and in some experiments, death was
considered an endpoint. In selected experiments, mice were humanely eutha-
nized at 24, 48, 72, and 96 h postinfection or when severe disease was observed
at day 7 postinfection (moribund). Animals recovered from disease signs and
euthanized at days 7, 15, and 50 postinfection (survivors) were also included for
analysis. Lungs and spleens were harvested aseptically and weighed, and their
gross anatomy was observed and photographed (with a Canon EOS-20D digital
camera). To determine bacterial loads, organs were homogenized in sterile PBS
according to their size (1 ml of normal saline for each 70 mg of spleen or 150 mg
of lung), and CFU per tissue weight was calculated by culture of lysates on
chocolate agar plates after incubation at 37°C for 72 h. Similarly, blood was
collected from the submandibular vein, diluted appropriately, and plated out for
CFU counts. Results were expressed as log10 mean CFU/milligram of tissue or
milliliter of blood.

Cytokine, chemokine, and antibody measurement. Tissues were homogenized
in PBS according to their weight and size (as described above) and centrifuged
for 20 min at 1,500 � g, and the supernatants were collected, immediately placed
on ice to minimize proteolysis, and stored at �80°C. Serum was obtained from
blood by incubating samples for 10 min at room temperature and centrifuging
them for 20 min at 1,500 � g. Upon use, samples were thawed at room temper-
ature, diluted appropriately, and analyzed. Levels of monocyte chemotactic pro-
tein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-2), interleukin-6
(IL-6), IL-1�, and gamma interferon (IFN-�) were measured in lung and spleen
supernatants by using ELISA BD OptEIA (San Diego, CA) or R&D systems
(Minneapolis, MN) kits, and plates were read at OD450 on an ELx800 enzyme-
linked immunosorbent assay reader (Bio-Tek Instruments, Inc., Winooski, VT).
Results were expressed as mean picograms/milliliter based on the standard
curves provided by the manufacturers. To analyze LVS-specific immunoglobulin
G (IgG) and IgM antibody levels, Immulon II microtiter plate wells were coated
with 100 �l of whole bacteria (106 CFU/well) in PBS, incubated at 37°C for 3 h,
and then stored overnight at 4°C. Supernatants were diluted in 0.05% PBS-
Tween 20, added to the bacterium-coated wells, and incubated for 1 h at 37°C.
Alkaline phosphatase-conjugated anti-mouse IgG or IgM (100 �l; Sigma, St.
Louis, MO) diluted in PBS-Tween 20 was added, and the plates were incubated
for 1 h at 37°C and washed. Color was developed with 100 �l 1-step p-nitrophe-
nylphosphate (Pierce, Rockford, IL) and measured at OD405 on the ELx800
enzyme-linked immunosorbent assay reader. Colorimetric values were converted
to nanograms/milliliter, based on the standard curves for IgG or IgM generated
by using known concentrations of IgG and IgM on plates coated with goat
anti-mouse IgG and IgM F(ab�)2-specific antibodies (Jackson ImmunoResearch
Laboratories Inc., West Grove, PA) as described previously (27). Levels of IL-6
and anti-LVS IgM in mouse sera were also determined.

Histopathology. Lungs and spleens were removed aseptically. Formalin-fixed
lungs and spleens were embedded in paraffin, and 5-�m sections were stained

with standard hematoxylin and eosin and analyzed by light microscopy. The lungs
were inflated with 10% buffered formalin through the trachea to preserve the
tissue architecture. Histopathological analysis of tissues from moribund mice was
conducted at either day 6 or 7 after intranasal infection, while for survivors, it was
done either 7 days (early survivors) or 50 days (late survivors) after infection.

Statistical analysis. Comparisons of groups were performed by the Mann-
Whitney U nonparametrical test using GraphPad Prism version 4.02 (San Diego,
CA). P values of �0.05 were considered significant, while P values of �0.01
indicated high significance.

RESULTS

Outcome of respiratory tularemia in the mouse model. Res-
piratory tularemia followed by dissemination into distant or-
gans, including the spleen, was consistently induced by intra-
nasal inoculation of mice with 104 CFU of LVS. Infected mice
showed signs of moderate disease (ruffled fur, hunched pos-
ture, or decreased responsiveness to stimuli) by 3 to 4 days
following inoculation. At 5 to 8 days postinfection, approxi-
mately 70% of the mice developed severe disease and/or died
(Fig. 1A), and weight loss was observed, in addition to the
development of clinical symptoms (Fig. 1B). In initial experi-
ments, mice were infected and closely observed for survival
and disease signs. This led us to determine the distinction

FIG. 1. Survival and weight loss curves following pulmonary infec-
tion with F. tularensis LVS. Mice were inoculated via the intranasal
route with 104 CFU of the LVS strain, and survival and body weight
were monitored over time. (A) All mice showed disease signs by day 3
or 4, and approximately 75% became moribund and died between days
5 and 8, while a small percentage (�25%) overcame the illness and
recovered. In this representative experiment, a total of 22 mice were
included, 5 of which were survivors. (B) Moribund mice showed a body
weight loss of approximately 25% (n 	 12; filled circles) compared to
uninfected controls (n 	 4; open triangles). Survivors also lost body
weight concurrently with the appearance of clinical signs but regained
it upon recovery (n 	 3; filled inverted triangles). Differences in body
weight between moribund mice and survivors were statistically signif-
icant at day 8 postinfection (*, P 
 0.05). The error bars represent
standard deviations.
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between mice reaching the terminal disease stage (moribund)
and mice recovering from disease (survivors). A moribund
animal was defined as one showing a deteriorating condition
with the disease signs listed above, with the addition of severe
eye discharge and the complete inability to respond to external
stimuli. The frequency and accuracy of clinical-sign observa-
tion also revealed that at this terminal stage mice died within
a few hours. A smaller percentage of the mice never reached
the moribund stage, despite being symptomatic at earlier time
points (days 3 to 4). These animals overcame the disease,
gradually regained weight, and became asymptomatic (Fig. 1A
and B). Recovery from the symptomatic stage was observed as
early as 7 days postinoculation. In subsequent experiments,
moribund and surviving mice were humanely sacrificed for
measurement of parameters. For moribund mice, all analyses
were performed at day 7 and for survivors at 7, 15, and 50 days
postinoculation.

Immunoglobulin, cytokine, and chemokine levels in tissues
from moribund mice versus mice that had recovered from
respiratory infection. In supernatants of lungs and spleens
obtained from moribund animals, IgM levels (36.2 � 30.4
ng/ml in spleens and 10.4 � 6.6 ng/ml in lungs) were similar to
those of negative controls (not detectable in spleens and
37.14 � 16.6 ng/ml in lungs), while in mice that recovered and
survived, they reached average levels of 575.2 � 283.3 ng/ml in
spleen lysates and 335.9 � 88.5 ng/ml in lung lysates (day 7),
peaking at day 15 (816.8 � 337.4 ng/ml for spleens and 845.7 �
134.6 ng/ml for lungs), and returned to baseline levels at later
time points (day 50) (Fig. 2A and B). Differences in antibody
levels between tissues of moribund mice and survivors were
statistically significant (P 
 0.05 and P 
 0.01). In mouse
serum, IgM levels reflected the trend observed in target tissue
lysates, although no significant differences were detected be-
tween moribund mice and survivors (data not shown). Anti-
LVS IgG levels were detected only at later time points (day 50)
in tissue supernatants of mice surviving disease (data not
shown). Levels of MIP-2, MCP-1, and IL-6 were elevated
above baseline in both lungs and spleens of moribund mice,
while in tissues of animals surviving tularemic disease, the
levels of these immune mediators were extremely low and
similar to those observed in uninfected controls (Fig. 2C, D, E,
and F and 3A and B). Differences in the levels of MCP-1 and
IL-6 in the lysates of lungs from moribund mice compared to
mice that survived infection were highly significant (P 
 0.01).
Levels of IL-6 in serum were also higher in moribund animals
than in either infected mice that survived or uninfected con-
trols, but the difference was not found to be statistically signif-
icant (data not shown). IL-1� production was detected in lungs
and spleens of moribund mice, but it was significantly higher in
mice that recovered and survived infection at day 7 (P 
 0.05
and P 
 0.01) (Fig. 3C and D). In mice surviving tularemia at
days 15 and 50 postinfection, levels of IL-1� returned to base-
line (Fig. 3C and D). In both lung and spleen tissue lysates,
IFN-� levels were elevated in both moribund mice and survi-
vors on day 7, while no detectable amounts were measured in
mice that survived at days 15 and 50 or in uninfected controls
(Fig. 3E and F).

Organ enlargement and bacterial burdens in pulmonary
and splenic tissues of moribund versus surviving mice. Upon
dissection, spleens from moribund mice were pale, brittle, vis-

ibly enlarged, and approximately twofold greater in weight
than those of control mice (Fig. 4A and Table 1). In contrast,
spleens from mice fully surviving infection showed slight dis-
coloration and tissue changes, but their splenomegaly was even
more pronounced, up to threefold larger than those of unin-
fected mice (Fig. 4C and Table 1). In fully recovered mice,
tissue gross anatomy was observed at 7, 15, and 50 days postin-
fection, and the splenomegaly persisted up to the latest time
point. Tissue discoloration in the enlarged spleens of survivors
appeared less evident than that observed in moribund mice
(Fig. 4C). The lungs of moribund mice were enlarged and
greater in size (Table 2), while the tissue and dimensions of
lungs in survivors appeared normal (Fig. 4B and D).

In selected experiments, animals were sacrificed at 24, 48,
72, and 96 h to determine changes of organ weight and bacte-
rial burdens at early time points in both tissue lysates and
blood (Fig. 5). A significant enlargement of spleens, compared
to those from uninfected animals, was observed as early as 96 h
postinfection (P 
 0.05) (Fig. 5A). Compared to uninfected
controls or moribund mice, spleen enlargement in mice that
survived infection was highly significant (P 
 0.01 and P 

0.05, respectively) (Fig. 5A). In splenic tissue, LVS CFU were
detectable at 48 h postinfection and increased daily, reaching a
mean of 4.4 � 106 � 5.6 � 106 CFU/mg of tissue in moribund
mice (Fig. 5C). Bacteria were not detected in any of the
spleens from mice that survived past day 7 (Fig. 5C), but upon
analysis of blood collected from all mice, LVS was detected
over time, providing evidence that an infection had occurred
(Fig. 5E). Bacteremia was detected from 48 h and persisted up
to 96 h postinfection (Fig. 5E), and when approximately 75%
of the mice became moribund, they showed a mean of 9 �
103 � 5.2 �103 CFU/ml of blood, while in those mice recov-
ering from disease (�25%), LVS was already cleared (Fig.
5E). Only moribund mice presented significantly enlarged lung
tissue compared to controls (P 
 0.05), and a significant dif-
ference in weight was also seen between lungs from moribund
mice and lungs from mice that recovered from infection (P 

0.05) (Fig. 5B). Bacteria were found as early as 24 h postin-
fection in lung tissue, peaking at 2.2 � 106 � 7.7 � 105

CFU/mg of tissue at the moribund stage. A lower number of
bacteria (2.9 � 102 � 1.4 �102 CFU/mg of tissue) were found
in lungs of recovered mice 7 days postinfection, but 15 and 50
days later, the infection was cleared (Fig. 5D).

Histopathology of pulmonary and splenic tissue in mori-
bund mice versus survivors. Histolopathological analysis of
spleens from moribund mice demonstrated depletion of lym-
phocytes and destruction of the follicular architecture. Nuclear
fragments within the follicles and necrotic foci were also de-
tected in spleen tissue (Fig. 6B). In contrast, the spleens of
survivors appeared to be normal, with no alterations of the
follicular architecture, but the splenic sinusoids were con-
gested and a high number of megakaryocytes were observed
(Fig. 6C). The elevated numbers of megakaryocytes were ob-
served in the splenic tissues of survivors at both early and late
time points (Fig. 6D).

Lungs of terminally ill mice had evidence of severe pneu-
monia, characterized by diffuse peribronchial and perivascular
edema, moderate to massive infiltration of neutrophils, and
necrosis (Fig. 7B). In the adjacent alveoli, vasculitis, defined by
the presence of neutrophils in the arterial wall, fibrin deposits,
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FIG. 2. Antibody and chemokine responses in lungs and spleens of mice infected with LVS. Following intranasal infection with LVS, mice (three to
six animals per group) were humanely sacrificed at a terminal disease stage or at different time points after recovering from symptoms. The results are
shown in light gray for spleens and dark gray for lungs. Organs from mice injected with PBS were used as negative controls. Data are presented as the
quantity (in ng or pg) of antibody or chemokine per milliliter at different stages of disease, and the error bars represent standard deviations. Differences
between moribund mice and survivors were either significant (*, P 
 0.05) or highly significant (**, P 
 0.01). ND, not detectable.
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FIG. 3. Cytokine levels in lungs and spleens of mice infected with LVS. Following intranasal infection with LVS, supernatants from spleens
(light-gray histograms) and lungs (dark-gray histograms) from moribund and survivor mice (three to six animals per group) were collected and
analyzed for cytokine production. Organs from mice injected with PBS were used as negative controls. The data are reported as amounts (in pg)
of cytokine per milliliter at different stages of disease, and the error bars represent standard deviations. Differences between moribund mice and
survivors were either significant (*, P 
 0.05) or highly significant (**, P 
 0.01). ND, not detectable.
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and nuclear fragments, was noted. The lungs of asymptomatic
mice presented with severe infiltration of neutrophils and lym-
phocytes, but no fibrin deposits or edema of the arterial walls
was observed at early time points (Fig. 7C). The lungs of mice
surviving infection after 50 days appeared healthy and showed
only prominent peribronchial lymphoid aggregates (Fig. 7D).

DISCUSSION

Animal models of tularemia have principally been devel-
oped in the mouse and have proved to be very helpful tools in
elucidating several aspects of disease pathogenesis, including
the characterization of innate and adaptive immunity to F.
tularensis, in testing the efficacy of antibiotics and other ther-
apies (30, 32, 33, 39) and vaccine candidates against the disease
(7, 13, 34). Various methods of inducing disease have been
used, and the respiratory route is of particular interest (11, 42)
due to the severity of pneumonic tularemia and the impact that

aerosol spread might have in a bioterrorist attack. Despite the
extensive use of the mouse model for the study of tularemia,
little is known about bacterial clearance following inhalation of
F. tularensis in contrast to the factors that contribute to mor-
tality. Also, the long-term sequelae of tularemia in vital organs
following spontaneous recovery, especially after dissemination,
are still unclear. We defined factors that discriminate between
the outcomes of (i) death of mice due to disseminated disease
and (ii) recovery by overcoming clinical symptoms and surviv-
ing infection, even after prolonged periods of time. This was
accomplished by observing signs of disease, characterizing an-
atomical and histopathological parameters, and analyzing
markers of immunity following infection of mice via the intra-
nasal route with the LVS strain of F. tularensis. We acknowl-
edge that LVS is an alternative to the use of much more
virulent type A Francisella isolates (35, 40). This attenuated
strain offers certain advantages over the use of the type A
strain, and for the purpose of this study, it proved to be an ideal
model strain, as it did not induce 100% death and allowed the
study of correlates of mortality versus survival. The interpre-
tation of these results was done with the drawbacks of the use
of LVS in mind, and future, similar studies using type A strains
are planned.

In our mouse model, anti-LVS IgM was the first marker to
obviously distinguish between death and survival, and we spec-
ulate that it may be associated with infection clearance. Anti-
LVS IgM levels were raised in survivors at early time points
and returned to baseline in survivors at late time points. IgM
may play a direct role in survival, as Cole et al. (8) observed a
robust response in mice surviving challenge with LVS after
administration of LVS lipopolysaccharide 2 days prior to in-
fection. One factor that should be kept in mind is that this
phenomenon could be unique to LVS, as several groups have
shown that upon transfer of specific antibodies, there is pro-
tection against F. tularensis subsp. holarctica but none against
F. tularensis subsp. tularensis strains (1, 19, 38).

In moribund mice, but not survivors, MIP-2 and MCP-1
were clear indicators of critical illness, as shown by their ele-
vated levels in both lung and spleen supernatants. MIP-2 is a
potent chemoattractant for neutrophils and has previously
been found to be involved in the recruitment of polymorpho-
nuclear leukocytes in experimental bacterial pneumonia
caused by K. pneumoniae and Escherichia coli (37), in mouse
sepsis models (41), and in herpes simplex virus type 1 and
Pseudomonas aeruginosa corneal-infection models (24, 44).
The elevated levels of MIP-2 in lung and spleen tissues at a
terminal stage of pneumonic tularemia support the histological
findings characterized by neutrophil infiltration. MCP-1 is as-
sociated with the recruitment of macrophages, the main cell
type infected by F. tularensis, and increased levels of the che-
mokine in sick mice reflect this type of response. Levels of the
IL-6 cytokine were elevated in moribund animals, while in
survivors, these levels were similar to those detected in unin-
fected control mice. In mouse serum, a similar trend was ob-
served, but the difference between moribund mice and survi-
vors was not found to be significant. We speculate that there
may be an opposite response in other tissue sites (i.e., liver or
kidney), probably due to stimulation of different cell popula-
tions, and that the contributions of these other organs might
even out IL-6 levels in the serum. IL-6 is a cytokine with a

FIG. 4. Changes in lung and spleen gross anatomy after infection
with LVS. (A) Spleens collected from representative moribund mice
appeared enlarged and pale (right) compared to those of uninfected
controls (left). (B) Lungs from representative moribund mice did not
collapse and showed some color variation (right) compared to those
from uninfected controls (left). (C) Splenomegaly in representative
survivors at early (day 7; center) and late (day 50; right) time points in
comparison to normal spleens from uninfected control mice (left).
(D) Lung tissue from survivors at both early (day 7; center) and late
(day 50; right) times appeared normal in size and color, similar to
those of uninfected controls (left). Bars 	 5 mm.
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well-established role in inflammatory processes and is an im-
portant marker of sepsis (29). This finding suggests that mice
showing severe symptoms underwent organ failure, while the
absence of an IL-6 response in survivors suggests that the
septic process was aborted. A recent study reported the con-
troversial role of IL-6 as a predictor of death outcome due to
sepsis induced by cecal ligation and puncture, as a high per-
centage of mice exhibited low levels of the cytokine at the
moribund stage (43). Interestingly, levels of the proinflamma-
tory cytokine IL-1�, induced following in vitro stimulation of
human monocytes and macrophages with LVS (4, 20), were
found to be raised above baseline in tissue supernatants of
moribund mice but were even higher in day 7 survivors. This
finding makes IL-1� an important immune marker for the
identification of the recovery stage and could be of remarkable
value to help clarify mechanisms of infection control in mori-
bund mice. Raised levels of IFN-� were observed in moribund
mice and in survivors at the early stage. IFN-� is known to play
a pivotal role in protective host responses to F. tularensis, and
tissues from experimentally infected mice have previously been
shown either to have increased levels of the cytokine in lung
lysates (16, 28) or to express it in different tissues (8, 23). The
fact that we still observed raised levels of IFN-� in mice re-
covering from infection indicates that this molecule is also
involved in the control of tularemia.

The clinical and pathological characteristics of tularemia in
animal spleens have been described and include enlargement,
severe tissue pallor, and splenic granulomatous lesions (2, 3,
11). In a study conducted in 1988, Anthony et al. described how
LVS caused splenomegaly in C57BL/6 mice at 5 and 8 days
after intravenous infection (2). In our study, the spleens of
moribund mice were enlarged, pale (not the normal dark-red
to purple color), and friable, and elevated bacterial counts

were detected. These findings are in accordance with what has
been observed in previous aerosol studies conducted in mice,
where splenomegaly was associated with elevated LVS counts
(11). In this report, histological analysis of splenic tissue from
moribund mice reflected the compromised appearance of the
tissue gross anatomy: we found necrotic lesions and follicle
pattern disruption due to reduction of small lymphocytes.
Spleens of mice that recovered from disease symptoms ap-
peared healthy but visibly enlarged, and the splenomegaly was
even greater than for moribund animals, up to threefold
greater than in uninfected controls. We also noted that in
survivors, the enlargement persisted over time: mice sacrificed
at 7, 15, and 50 days postinfection all presented with prominent
splenomegaly, despite the absence of LVS CFU in the tissue.
Morphologically, the spleens of survivors appeared healthier
than those of severely ill mice and contained high numbers of
megakaryocytes (extramedullary hemopoiesis), as observed in
survivors sacrificed at both early (day 7) and late (day 50) time
points. In mice, increased extramedullary hemopoiesis can oc-
cur in both the spleen and liver as a compensatory response to
deficient bone marrow cells. In human diseases like myelofi-
brosis, splenomegaly has been observed in some patients (17,
21). Extramedullary hemopoiesis has rarely been reported in
direct association with infection, although Murray et al. ob-
served megakaryocytes in spleens from IFN-��/� mice in-
fected with bacillus Calmette-Guérin via the intraperitoneal
and intravenous routes (31). In other experimental models, a
correlation between extramedullary hemopoiesis and spleno-
megaly was also seen following administration of CpG oligode-
oxynucleotides and IL-13 in mice (26, 36). Our findings indi-
cate that the extramedullary hemopoiesis evident in all
tularemia survivors could contribute to splenomegaly and its
persistence over time.

TABLE 1. Spleen characteristics at different stages of tularemia

Mice Organ wt (mg)a Gross anatomy Histopathology

Uninfected controls (n 	 4) 72.5 � 5 Normal Normal

Moribund (n 	 5) 120 � 12.2b Pale, friable, visibly enlarged Lymphocyte depletion, necrosis

Survivors
Day 7 (n 	 6) 185 � 48.4c No color variation, visibly enlarged Erythrocytes in sinusoids, megakaryocytes
Day 50 (n 	 3) 186.6 � 30.5c No color variation, visibly enlarged Erythrocytes in sinusoids, megakaryocytes

a Average weights � standard deviations.
b P 
 0.05 compared to uninfected controls; Mann-Whitney U test.
c P 
 0.01 compared to uninfected controls; Mann-Whitney U test.

TABLE 2. Lung features at different disease stages of tularemia

Mice Organ wt (mg)a Gross anatomy Histopathology

Uninfected controls (n 	 4) 175 � 17.3 Normal Normal

Moribund (n 	 5) 308 � 43.8b Color variation, visibly enlarged Diffuse edema, neutrophils and necrosis

Survivors
Day 7 (n 	 6) 226.6 � 64.5 Normal Neutrophil and some lymphocyte infiltration,

no fibrin deposits or edema
Day 50 (n 	 3) 246.6 � 64.2 Normal Prominent lymphoid aggregates

a Average weights � standard deviations.
b P 
 0.05 compared to uninfected controls; Mann-Whitney U test.
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FIG. 5. Analysis of organ weight and enumeration of bacterial loads in tissue and blood after induction of tularemia. Following intranasal
infection, mice (n 	 3 to 6) were sacrificed at different time intervals. Lungs and spleens were dissected, weighed, and homogenized, and samples
were serially diluted to determine LVS CFU by culture. The data are reported as weight per milligram and CFU per milligram of either spleen
(A and C) or lung (B and D) tissue over time, and the error bars represent standard deviations (SD). (E) In a separate experiment, bacterial loads
were also evaluated in blood from all mice (n 	 25) collected at different time intervals (24 to 96 h). Also shown are CFU values detected in the
blood of �75% of the mice that became moribund at day 7 (n 	 18) and the �25% of survivor mice at days 7, 15, and 50 (n 	 7). The data are
expressed as CFU per milliliter, and the error bars represent SD. Differences in organ weight (mg) were either significant (*, P 
 0.05) or highly
significant (**, P 
 0.01) in comparison to uninfected controls. “Survivor” data in panels A and B include organ weights determined at days 7,
15, and 50 postinfection (no differences were observed between the time points).
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Compared to uninfected controls, moribund mice had in-
creased lung size and weight, discolored foci, and bacterial
counts greater than 106 CFU/mg of tissue. The yield of bacte-
rial loads in lungs over time was comparable to those in pre-

vious reports (11, 16, 18), but with this model, we emphasize
how different disease outcomes (mortality versus survival)
could occur even though all of the mice became infected at
early time points (bacteremia at 48 to 96 h). Histology of lungs

FIG. 6. Hematoxylin and eosin staining of formalin-fixed splenic tissue. Spleens were removed at different stages of disease. (A) Spleen from an
uninfected control with no pathological changes. (B) Spleen from a representative moribund animal sacrificed at day 7 with lymphoid follicle disruption.
The inset shows infiltration of fragmented nuclei, some neutrophils, and the absence of megakaryocytes. (C and D) Spleens from survivors sacrificed at
early (day 7) (C) and late (day 50) (D) time points showed normal lymphoid follicle architecture. The insets demonstrate the presence of prominent
megakaryocytes, as indicated by the arrows. The sections were photographed with a 10� objective, with a 50� objective for the insets.

FIG. 7. Hematoxylin and eosin staining of formalin-fixed pulmonary tissue. (A) No alterations were observed in the lung tissue of uninfected
control mice. (B) Seven days after infection, moribund mice presented with pneumonia characterized by diffuse edema, neutrophil infiltration, and
fibrin deposits. The inset shows a large area of diffuse edema. (C) Survivors sacrificed at day 7 postinfection presented with severe cellular
infiltration but no fibrin deposits or edema. Neutrophil infiltration is evident in the inset. (D) Survivors sacrificed at day 50 no longer showed
pathological changes in the lung, and lymphoid aggregates were evidenced, as shown by the arrows. The sections were photographed with a 10�
objective, with a 50� objective for the insets.

494 CHIAVOLINI ET AL. INFECT. IMMUN.



revealed severe pneumonia characterized by diffuse inflamma-
tion with neutrophil and fibrin infiltration, and these observa-
tions are in accordance with previous studies (11, 42). Histo-
logically, the lungs of survivors at an early time point (day 7)
showed characteristics of severe inflammation that were absent
in survivors at a later time point (day 50). This event, as well as
the occurrence of bacteremia over a period of time, demon-
strates that all animals became infected, as indicated by detec-
tion of bacteria in blood and organs at early time points. We
speculate that in some animals (survivors), lung immunity was
able to control bacterial replication, preventing dissemination
and leading to recovery (bacteria and inflammation were still
present in the lungs of survivors sacrificed 7 days after infec-
tion). At later time points, LVS colonies were no longer de-
tectable in murine tissue and blood, and in addition, lung
histology appeared normal and healthy with areas of lymphoid
aggregates. Conlan et al. (12) have previously described the
presence of these areas in lungs from mice immunized with
LVS via the aerosol route and speculated that they could
represent either residual infection foci or specific anti-Fran-
cisella T cells that might potentially be recalled by reinfection
with more virulent strains. Our group is currently investigating
the nature of this type of response, which could play an im-
portant role in overcoming disease.

In our study, we identified immune markers associated with
death or survival following induction of pulmonary murine
tularemia. We also characterized important differences in the
gross anatomy and histopathological changes of target organs
between moribund mice and survivors. Our findings will help
to clarify the natural history of Francisella tularemia and even-
tually aid our understanding of whether characteristics of sur-
vival after natural infection differ from those of survival due to
the protective effect of vaccine candidates after bacterial chal-
lenge.
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