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Francisella tularensis is a gram-negative facultative intracellular pathogen and the causative agent of tula-
remia. Little is known about the immunopathogenesis of oral infection with this pathogen. Here, for the first
time, we examined the susceptibility of mice to intragastric inoculation with virulent type A F. tularensis and
characterized the course of infection and the associated host responses. Both immunocompetent and immu-
nodeficient mice were relatively susceptible to intragastric inoculation of type A F. tularensis with a 50% lethal
dose (LD50) of 106 organisms, which was 100,000-fold higher than the LD100 for intradermal or respiratory
routes of infection. Mice deficient in gamma interferon or tumor necrosis factor receptors 1 and 2 were more
susceptible than wild-type controls to oral infection with a high dose of the pathogen. After oral inoculation,
F. tularensis appeared first in the mesenteric lymph nodes (MLN) and then rapidly spread to the livers and
spleens, where the organism multiplied to high numbers and induced marked neutrophilic infiltration and
severe tissue necrosis. Infected mice showed rapid increases in tissue cytokine mRNA expression, which peaked
in the MLN at 2 days postinfection (dpi) and in the liver and spleen at 3 dpi. The levels of gamma interferon,
interleukin-1� (IL-1�), IL-6, tumor necrosis factor alpha, macrophage inflammatory protein 1�, KC, inter-
feron-inducible protein 10, and monocyte chemotactic protein 1 were elevated from day 2 postinoculation
onward. Moreover, mice intradermally immunized with the live vaccine strain of F. tularensis showed little
survival advantage over naive mice after oral challenge with type A F. tularensis. These results suggest that type
A F. tularensis is an effective oral pathogen that can cause fatal systemic infection and could pose a public
health concern, particularly to immunocompromised individuals, if ingested in contaminated water and food.

Francisella tularensis is a gram-negative facultative intracel-
lular pathogen and the causative agent of tularemia. The two
predominant subspecies of F. tularensis (30), F. tularensis
subsp. tularensis (type A F. tularensis) and F. tularensis subsp.
holarctica (type B F. tularensis), are both highly infectious to
humans, but only type A F. tularensis causes a life-threatening
disease, especially when inhaled (10). Naturally, humans ac-
quire the infection through arthropod bites, direct contact with
infected tissues, inhalation, or ingestion of contaminated food
or water.

Although aerosol- or skin-initiated infections are the most
common forms of naturally occurring tularemia and aerosol
infection is considered the prime choice for a bioterrorist at-
tack (10), incidental or deliberate contamination of drinking
water and the food supply could be an alternative means to
initiate infection with this pathogen (2). In fact, natural out-
breaks of food- and waterborne tularemia, mainly caused by
the type B strain F. tularensis, have occurred recently in Eu-
rope, Russia, and the United States (15, 20, 24, 29), and gas-
trointestinal tularemia is a recognized, although rare, clinical
form of F. tularensis infection (18). Experimentally, oral ad-
ministration of 1010 CFU of virulent type A F. tularensis, strain
SCHU S4, to human volunteers resulted in enlarged painful
cervical lymph nodes, and all recipients required prompt anti-
biotic therapy to prevent further morbidity (18). The oral 50%

infectious dose of strain SCHU S4 for the monkey is approx-
imately 107 CFU (34). At a dose of 106 CFU or greater, some
or all animals became infected and died if antibiotics were not
promptly administered (34).

The majority of our current knowledge on the pathogenesis
of F. tularensis infection has been derived from studies of mice
infected with either the attenuated live vaccine strain (LVS) or
virulent strains of F. tularensis by the intradermal (i.d.) or
respiratory route (9, 12, 14, 26, 33, 38). Little is known about
host susceptibility to and the pathogenesis of virulent F. tula-
rensis infection initiated through the gastrointestinal tract. As
the first step to further our understanding of these issues, in
the present study we examined the susceptibility of immuno-
competent and immunocompromised mice to intragastric in-
oculation with type A F. tularensis, determined the bacterial
burden and associated pathology in various tissues during the
course of the infection, and analyzed the cytokine or chemo-
kine responses to the infection. In addition, we utilized this
mouse model to examine the ability of the LVS immunization
to protect against oral challenge with virulent type A F. tula-
rensis.

(These findings were presented in part on 1 to 4 November
2006 at the 5th International Conference on Tularemia,
Woods Hole, MA.)

MATERIALS AND METHODS

Mice. Eight- to twelve-week-old specific-pathogen-free female C57BL/6,
BALB/c, and C.B-17 SCID mice were purchased from Charles Rivers Labora-
tories (St. Constant, Quebec, Canada). Transgenic mice (B6.129S7-Ifngtm1 Agt

(IFN-��/�), B6;129S-Tnfrsf1atm1 Imx Tnfrsf1btm1 Imx (TNFR1R2�/�), B6.129S2-
Igh-6tm1 Cgn (B cell�/�), B6.129P2-Tcrbtm1 Mom (T cell�/�), and B6.129S7-
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Rag1tm1 Mom (Rag1�/�)) of similar ages were purchased from Jackson Labora-
tories (Bar Harbor, ME). The animals were housed under specific-pathogen-free
conditions in a federally licensed small animal containment level 3 facility and
given free access to sterile water and certified mouse chow. The animals were
maintained and used in accordance with the recommendations of the Canadian
Council on Animal Care Guide to the Care and Use of Experimental Animals,
and the experimental procedures were approved by the institutional animal care
committee.

F. tularensis and oral inoculation. F. tularensis LVS (ATCC 29684) was ob-
tained from American Type Culture Collection (Manassas, VA). Type A F.
tularensis strain FSC033/snMF (strain FSC033) was originally isolated from a
squirrel in Georgia (United States) (21). Strain FSC033 appeared to be subtly,
and sometimes statistically, more virulent than the virulent SCHU S4 isolate in
our hands when given i.d. or by the aerosol route. However, for the most part, the
observed virulence differences seemed not to be biologically significant (35). For
oral inoculation, thawed F. tularensis stocks were diluted in phosphate-buffered
saline, and 0.5 ml of the inoculum was given to each mouse by using an 18-gauge
gavage needle (5). Actual inoculum concentrations were determined by plating
10-fold serial dilutions on cystine heart agar supplemented with 1% (wt/vol)
hemoglobin (9). In some experiments, mice were fasted overnight and adminis-
tered 0.2 ml of 3% sodium bicarbonate to neutralize gastric acidity 10 min prior
to oral inoculation.

Quantitative bacteriology and histopathology. For bacterial kinetic analysis,
groups of five mice were sacrificed by CO2 asphyxiation at day 1, 2, or 3 post-
inoculation (dpi). Mesenteric lymph nodes (MLN), spleens, livers, and lungs
were aseptically removed and homogenized in aerosol-proof homogenizers, and
the number of viable bacteria in the respective organs was determined by quan-
titative bacteriology (9). Additional groups of four mice were sacrificed at 0, 1, 2,
and 3 dpi. The MLN, stomach, intestines, lung, liver, thymus, and spleen was
removed from each animal; fixed immediately in 10% neutral buffered formalin;
and processed by standard paraffin-embedding methods (Dept of Pathology and
Laboratory Medicine, University of Ottawa, Ottawa, Ontario). Sections were cut
4 �m thick, stained with hematoxylin and eosin, and examined for the nature and
extent of the tissue damage and inflammation by using a light microscope.

In vitro susceptibility of F. tularensis to pH. The in vitro susceptibility of the
type A and LVS strains of F. tularensis to acidity was assessed based on the
method of Pasquali et al. (27). Briefly, LVS or type A F. tularensis (107 CFU/ml)
was incubated in 5 ml of sterile saline. The pH was adjusted as required with 1
N HCl. All liquid cultures were incubated at 37°C for 90 min. The total number
of viable bacteria in each duplicate tube was evaluated by plating aliquots on
cystine heart agar supplemented with 1% (wt/vol) hemoglobin (9).

Tissue RNA extraction, quantitative reverse transcription-PCR analysis, and
measurement of serum cytokines and chemokines. For cytokine or chemokine
analysis, groups of five to eight C57BL/6 mice were sacrificed 0, 1, 2, and 3 days
after oral inoculation with �108 CFU of type A F. tularensis. Blood samples were

collected for serum separation, and the spleen, liver, and MLN were dissected
and immersed immediately in RNAlater (QIAGEN, Germantown, MD). The
serum and the tissues were stored at �80°C until analyzed.

Relative amounts of cytokine and chemokine mRNA in the MLN, liver, and
spleen over the course of infection were estimated by using a real-time PCR-
based method essentially as described elsewhere (1, 22). Briefly, total RNA was
extracted from tissues, and cDNA was prepared, amplified, and quantified by
using primers and probes designed with the Primer3 program available at http:
//frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi. The levels of PCR product
were normalized to a housekeeping gene (�2-microglobulin), and data are pre-
sented as the average of relative expression values compared to those in the
corresponding tissues of mice killed at dpi 0 (1, 22).

The serum levels of cytokines and chemokines were determined by using the
mouse multiplex cytokine detection system 2 and the mouse chemokine 5-Plex
(Upstate, Charlottesville, VA, and BioSource, Camarillo, CA) on a Luminex 100
IS system (Luminex, Austin, TX). Serum samples (25 �l) were diluted 1:2 and
analyzed as specified by the manufacturer. The analysis was done in duplicate,
and the cytokine or chemokine concentrations were calculated against the stan-
dards by using Beadview software (version 1.03; Upstate).

Statistical analysis. Data are presented as means � the standard deviation for
each group. Differences in quantitative measurements were assessed by one-way
or two-way analysis of variance, followed by post hoc multiple comparison tests.
Differences in nonparametric data were analyzed by the Kruskal-Wallis nonpara-
metric analysis of variance and Mann-Whitney U test. The Fisher exact test and
the chi-square test were used for comparison of categorical variables. Differences
were considered significant when the P value was �0.05.

RESULTS

Susceptibility of immunocompetent mice to oral inoculation
with type A F. tularensis. To determine the relative suscepti-
bility of mice to oral infection with type A F. tularensis, a total
of 67 8- to-10-week-old female C57BL/6 mice were gavaged
with various numbers of type A F. tularensis (ca. 104 to 108

CFU) in three separate experiments with or without pread-
ministration of 3% sodium bicarbonate to neutralize gastric
acidity. Survival of the inoculated mice was monitored for 14
days. Oral gavage of mice with 106 CFU of virulent type A F.
tularensis resulted in slightly more than 50% mortality by day 5
after inoculation. All mice except one that received the lowest
inoculum (104 CFU) survived the infection, whereas all mice

FIG. 1. Survival of C57BL/6 mice after oral inoculation with different doses of virulent type A F. tularensis. A total of 67 mice were inoculated
by gavage with the highly virulent type A F. tularensis strain FSC033 at day 0, and their survival was monitored for 14 days. The data are compiled
from three independent experiments with similar results.
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that received the highest inoculum (108 CFU) died by dpi 5
(Fig. 1). A similar susceptibility was also observed in BALB/c
mice (data not shown). These results suggest that the 50%
lethal dose (LD50) for oral type A F. tularensis infection in
mice is about 106 CFU.

The reason for the relatively high oral LD50 versus inhaled
or intradermal LD50 for type A F. tularensis in mice is unknown
but is unlikely to be due to the inhibitory effect of gastric
acidity on the pathogen. Compared to other bacteria such as B.
abortus and Y. pestis where viability reduced substantially at pH
3.8 (4, 27), both type A F. tularensis and LVS are relatively
resistant to acid stress in vitro in that there was no substantial
reduction in the bacterial viability of either strain of the patho-
gen at pH 3 (Table 1). This tolerance to acidified conditions is
in agreement with our findings that neutralization of gastric
acidity with 3% sodium bicarbonate does not increase the
susceptibility of mice to the infection and the fact that viable F.
tularensis can be recovered from the gastric juices of patients
with tularemia (18, 34). These results imply that most orally
inoculated F. tularensis organisms failed to overcome other
natural defenses of the gastrointestinal barrier.

Susceptibility of immunocompromised mice to oral inocu-
lation with type A F. tularensis. We next determined whether
immunocompromised mice are more susceptible to oral inoc-
ulation with type A F. tularensis than are immunocompetent
mice. Groups of mice lacking functional T and B lymphocytes
(SCID), B cells (Igh�/�), IFN-� (IFN-��/�), or TNF receptors
1 and 2 (TNFR1R2�/�), as well as wild-type (WT) C57BL/6,
and their survival rates and median times to irreversible mor-
ibundity (MTM) were monitored. As shown in Fig. 2A, mice
with various global or defined immunodeficiencies displayed
similar susceptibilities to oral inoculation with this dose of type
A F. tularensis (P 	 0.05).

It has been previously reported that increased susceptibility
of immunodeficient mice to certain bacterial pathogens may
only be apparent when a high inoculum is used (6, 28, 32). To
examine this possibility, groups of 10 mice deficient in B cells,
IFN-�, Rag-1, TCR-�, or TNFR1R2, as well as WT control
mice, were gavaged with 5 
 107 CFU (�50 LD50) of type A
F. tularensis, and their survival rate and MTM were compared
(Fig. 2B). In contrast to WT mice, which showed an MTM of
5 days, mice with various immunodeficiencies had a shortened
MTM (3 to 4 days). In particular, mice deficient in IFN-� or
TNFR1R2 became sick more rapidly and all IFN-��/� mice
and 70% TNFR1R2�/� mice died of infection by dpi 3 (Fig.
2B). These results suggest that IFN-� and TNF signaling play
only a subtle role in host resistance against orally initiated
tularemia.

Course of oral type A F. tularensis infection in mice. As the
first step toward a better understanding of the pathogenesis of

oral infection with virulent type A F. tularensis, we determined
the bacterial burdens and examined the associated pathology
in different organs of C57BL/6 mice gavaged with 108 CFU of
type A F. tularensis over the course of infection. As shown in
Fig. 3, small numbers of F. tularensis were cultured from the
MLN, spleen, and liver at dpi 1. The bacterial numbers con-
tinued to increase significantly (P � 0.05) in the liver and
spleen between dpi 2 and 3 and reached log10 9.0 in some of
the infected mice by dpi 3. In contrast, the number of bacteria
in the MLN increased more slowly than in the spleen and liver,
peaked at dpi 2, and then fell to undetectable levels in most of
the mice by dpi 3. F. tularensis was not cultured from the lung
at dpi 1, was present in one mouse at dpi 2, and was only
detected occasionally in small numbers at dpi 3 (Fig. 3).

Pathology of orally initiated tularemia. The pathological
changes seen in the different tissue organs after oral type A F.
tularensis infection were consistent with the kinetics of bacte-
rial dissemination and growth. Apparent gross changes in the
liver, spleen, and MLN were not seen until dpi 3. By this time,
the liver was pale yellowish in color with a moderately friable
and flaccid texture. The MLN showed slight to moderate de-
crease in size. The spleens from some mice showed multiple
white-gray foci on their surface but remained normal in size.
The lungs showed no remarkable changes and remained float-
ing in the fixative even at dpi 3. Similarly, there was no gross
change in the stomach, kidney, thymus, or small or large in-
testine.

As expected, all of the tissues collected from mice killed at
dpi 0 showed normal histological appearances (Table 2 and
Fig. 4A and E). However, the histopathological changes in the
liver and spleen were evident in some mice as early as dpi 1 and
consisted of single or multiple, randomly distributed small foci
of inflammatory infiltrates with mixed mononuclear cells and a
few neutrophils (Fig. 4B). The number and size of these in-
flammatory foci increased substantially on dpi 2 and 3. At dpi
2, there were multiple inflammatory foci of medium size
throughout the section with the occasional presence of necrotic
hepatocytes (Fig. 4C). The hepatocytes immediately adjacent
to the infiltrates were usually moderately swollen with a baso-
philic cytoplasm. There was also an increase in the number and
size of Kupffer cells in some areas. Occasionally, the portal
areas were infiltrated with small to moderate numbers of mac-
rophages and lymphocytes. By dpi 3, livers from most mice
showed multiple large foci or areas of inflammation with a
poor demarcation from the adjacent tissue and hepatic necro-
sis (Fig. 4D).

The spleen showed mild expansion of the red pulp together
with accumulations of small numbers of neutrophils and mac-
rophages at dpi 1 (Fig. 4F). The severity of spleen changes
varied in the mice killed at dpi 2, ranging from an increased

TABLE 1. Susceptibility of type A F. tularensis and F. tularensis LVS to acid conditions in vitroa

F. tularensis strain
Avg log10 CFU � SD at pH:

7 6 5 4 3.5 3 2.5

Type A (FSC033) 7.07 � 0.06 7.12 � 0.05 7.02 � 0.03 7.07 � 0.06 6.76 � 0.03 6.72 � 0.03 6.27 � 0.38
LVS 7.33 � 0.03 7.30 � 0.02 7.29 � 0.08 7.10 � 0.08 7.32 � 0.04 7.01 � 0.01 �5.70

a Five milliliters of sterile saline was inoculated with 107 CFU of type A F. tularensis strain FSC033 or LVS. After 90 min of incubation at 37°C, aliquots of different
suspensions were plated to assess the viability of bacteria. Data are presented as the average of duplicate cultures.
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number of neutrophils in the red pulp to a moderate infiltra-
tion of neutrophils in the white pulp, lymphocyte necrosis, and
the destruction of entire lymphoid follicles (Fig. 4G). By dpi 3,
the spleen showed multifocal infiltrations of neutrophils ad-
mixed with large numbers of degenerated and necrotic lym-
phoid cells in the red pulp and the peripheral areas of the
white pulp. In severely affected areas, adjacent necrotic areas
became coalescing and resulted in the loss of entire lymphoid
follicles (Fig. 4H).

The MLN showed only mild infiltration of small numbers of
neutrophils in the medulla with little or no involvement of
lymphoid follicles at dpi 1 and 2 (Fig. 5A). By dpi 3, the MLN
showed moderately severe depletion of lymphocytes and focal
infiltration of neutrophils throughout the medullar regions and
the destruction of lymphoid follicles in some areas (Fig. 5B).

The lung showed no remarkable change at dpi 1 and 2 and
only mild, focal infiltration of neutrophils and hypercellularity
of alveolar septa at dpi 3 (Fig. 5C). There was surprisingly little
change in the stomach and intestine except for the presence of
small numbers of necrotic neutrophils in the crypt epithelium
in some mice killed at dpi 3 (Fig. 5D). The stomach and thymus
showed only incidental change consisting of submucosal gas-
tritis and thymus atrophy and thymocyte necrosis, respectively,
in one mouse killed at dpi 3.

Cytokine and chemokine responses after oral infection with
type A F. tularensis. mRNA expression of selected inflamma-
tory chemokines and cytokines was assessed by real-time re-
verse transcription-PCR in the MLN, liver, and spleen samples
of the mice killed at dpi 0, 1, 2, and 3 (Table 3). Among the
tested cytokines and chemokines, gamma interferon (IFN-�),

FIG. 2. Survival of immunocompromised mice after oral inoculation with a sublethal (A) or lethal (B) dose of type A F. tularensis. Groups of
immunodeficient or WT control C57BL/6 (B6) mice (n � 5 to 10) were inoculated by gavage with 5 
 105 CFU (sublethal) or 5 
 107 CFU (lethal)
of the highly virulent type A F. tularensis strain FSC033 at day 0, and their survival was monitored for 15 days.
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interleukin-1� (IL-1�), macrophage inflammatory protein 1�
(MIP-1�), MIP-1�, and interferon-inducible protein 10 (IP-
10) mRNA expression gradually increased in the spleen over
the course of infection and peaked at dpi 3. IL-6, MIP-2, and
monocyte chemotactic protein 1 (MCP-1) mRNA expression
increased significantly and peaked at dpi 2 and remained elevated
at dpi 3, whereas tumor necrosis factor alpha (TNF-�) mRNA
expression did not significantly increase until dpi 3. The IFN-�,
MIP-1�, MIP-1�, TNF-�, and IP-10 mRNA expression profiles
in the liver were more or less similar to those in the spleen.
However, IL-1�, IL-6, MIP-2, and MCP-1 mRNA expression
peaked at dpi 1 and declined gradually on dpi 2 and 3. In contrast,
the expression pattern and kinetics of cytokine or chemokine
mRNA in the MLN were substantially different from those in the
liver and spleen. In this tissue, the expression of most cytokine
and chemokine mRNA peaked at dpi 2 and subsided, although
remaining elevated, at dpi 3 (Table 3).

In addition to tissue cytokine or chemokine mRNA levels,
the serum levels of a panel of ten cytokines and five chemo-
kines were determined over the course of the infection. Com-
pared to dpi 0, there was little, if any, detectable change in the
serum levels of these cytokines or chemokines at dpi 1 (Fig. 6).

TABLE 2. Histological examination of livers and spleens from mice
orally inoculated with virulent type A F. tularensisa

Time point
(dpi)

Histopathological changes in

Liverb Spleenc

0 0, 0, 0, 0d 0, 0, 0, 0
1 1, 1, 0, 1 1, 1, 0, 1
2 2, 1, 2, 2 3, 2, 2, 2
3 3, 1, 3, 3 3, 4, 2, 4

a The oral inoculum was 108 CFU of type A F. tularensis strain FSC033 per
mouse.

b Liver lesion: 0, no remarkable change; 1, small numbers of focal inflamma-
tory infiltrates with occasional degeneration and necrosis of individual hepato-
cytes; 2, moderate numbers of small to medium-size inflammatory infiltrates with
occasional degeneration and necrosis of individual or clusters of hepatocytes; 3,
moderate numbers of large inflammatory infiltrates with aggregates of hepato-
cyte necrosis; 4, extensive infiltration with large numbers of inflammatory cells
and large areas of hepatocyte necrosis with loss of normal liver anatomic archi-
tecture.

c Spleen lesion: 0, no remarkable change; 1, occasional inflammatory infiltrates
in the junction between white and red pulp region; 2, small numbers of inflam-
matory infiltrates in the white pulp without loss of normal lymphoid follicle
structure; 3, severe inflammatory infiltrates in the white pulp and medulla with
some loss of lymphoid follicle structure; 4, extensive inflammatory infiltration
with severe necrosis of lymphocytes and loss of normal spleen anatomic archi-
tecture.

d Individual scores are given for liver or spleen samples of four mice for each
time point.

FIG. 3. Bacterial burdens in the MLN, livers, spleens, and lungs of mice inoculated by gavage with 108 CFU of type A F. tularensis strain
FSC033. Each symbol represents the log10 of the viable count of an individual mouse. Horizontal lines indicate the mean of each group of mice
on the indicated postinoculation days. The detection limits for the bacterial burdens were 0.9, 1.2, 2.2, and 2.2 log10 CFU/organ for the MLN, lung,
liver, and spleen, respectively.
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FIG. 4. Histopathological findings of the livers (A to D) and spleens (E to H) of mice killed at 0, 1, 2, and 3 days after inoculation by gavage with 108 CFU
of type A F. tularensis strain FSC033. The liver (A) and spleen (E) from a mouse killed at dpi 0 showed normal histological appearance. Mild, focal monocytic,
and neutrophilic infiltration (arrow) was observed in the liver (B) and spleen (F) of a mouse killed at dpi 1. (C) At dpi 2, marked inflammatory infiltration and
necrosis of individual hepatocytes (arrows) was observed in the liver. (G) The spleen showed moderate infiltration of neutrophils in the red pulp regions (arrows)
as well as within some lymphoid follicles. (D and H) At dpi 3, the liver showed multiple foci and areas of inflammation (arrows) (D), and the spleen showed
the severe destruction of lymphoid tissues and neutrophil infiltration, with only the remnants of normal lymphoid follicles (*) evident in some severely affected
areas (H). *, Lymphoid follicles. Hematoxylin and eosin staining was used. Bar, 40 �m for the main images and 20 �m for all of the inset images.
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As observed with the tissue mRNA expression patterns, the
serum levels of IFN-�, IL-6, TNF-�, IL-12, IP-10, MIG, and
MCP-1 were significantly increased; the KC, MIP-1�, IL-1�,
and IL-10 levels were moderately increased at dpi 2; and most
of these cytokines or chemokines maintained similar levels at
dpi 3 except IL-6 and MCP-1, which increased further. On the
other hand, there was little or no change in the serum IL-2,
IL-4, IL-5, or granulocyte-macrophage colony-stimulating fac-
tor level throughout the course of the infection.

Intradermal LVS immunization provides poor protection
against oral infection with virulent type A F. tularensis in mice.
Previous studies from several laboratories including ours have
shown that i.d. immunization of mice with LVS protects them
against subsequent i.d. challenge with virulent type A F. tula-
rensis but is less effective against respiratory challenge (7, 38).
Therefore, we were interested to determine whether this vac-
cination strategy would be effective against orally initiated tu-
laremia. To this end, groups of BALB/c and C57BL/6 mice
were immunized i.d. with 2 
 105 CFU LVS on day 0 (7) and
challenged by gavage with 108 CFU type A F. tularensis 4 weeks
later. As can be seen in Fig. 7, i.d. immunization of mice with
LVS failed to protect against an oral infection with virulent
type A F. tularensis since immunized mice showed no substan-
tial survival advantage over unvaccinated naive mice after the

challenge, despite the fact that these mice were fully protected
against i.d. challenge with 103 CFU (approximately 100 LD100)
type A F. tularensis (data not shown).

DISCUSSION

F. tularensis has been shown to be extremely lethal to mam-
mals (including mice and humans) by skin and respiratory
routes of exposure, but little is known about the potential of F.
tularensis as an oral pathogen. Hornick et al. (18) and Tulis
(34) showed that monkeys and humans are susceptible to oral
challenge with type A F. tularensis strain SCHU S4 (18, 34). In
the present study, for the first time, we described and charac-
terized a mouse model of oral infection with another highly
virulent type A strain of F. tularensis (strain FSC033). Our
results suggest that the LD50 for oral type A F. tularensis
infection in mice is about 106 CFU. This is about 100,000-fold
higher than the LD100 for this organism administered i.d. or via
respiratory routes (9, 38). Nevertheless, F. tularensis is more
virulent for mice via the oral route than many other common
gastrointestinal pathogens such as Yersinia enterocolitica, Esch-
erichia coli O157:H7, Listeria monocytogenes, Salmonella en-
terica serovar Typhimurium, and Brucella abortus, the oral
LD50 of which are generally higher than 107 CFU (16, 23, 25,

FIG. 5. Histopathological findings of the MLN (A and B), lungs (C), and small intestines (D) of mice killed at different days after inoculation
by gavage with 108 CFU of type A F. tularensis strain FSC033. (A) The MLN from a mouse killed at dpi 2 shows an the almost-normal appearance
with only occasional accumulation of neutrophils in small venules (inset). (B) The MLN from a mouse killed at dpi 3 shows the severe neutrophil
infiltration and lymphocyte necrosis in the medullar region, whereas the lymphoid follicles (*) in the cortical region were relatively unaffected.
(C) The lung from a mouse killed at dpi 3 shows almost-normal architecture with only mild nonsuppurative pneumonitis. (D) The ileum from a
mouse killed at dpi 3 shows the mild infiltration of mononuclear cells in the lamina propria and the presence of occasional necrotic neutrophils
in the crypt lumen. Hematoxylin and eosin staining was used. Bar � 40 �m for the main images and 10 �m for the inset image.
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27, 36). On the other hand, the oral LD50 for type A F. tula-
rensis in mice is very similar to that of Y. pestis, another gram-
negative, intracellular pathogen with high virulence by systemic
or respiratory routes of inoculation (4).

The present study has shown that there was minimal change in
the intestinal mucosa during the course of oral F. tularensis infec-
tion, and the changes seen in the intestinal epithelium, Peyer’s
patches, and MLN were comparable to those seen in mice inoc-
ulated by respiratory or i.d. route (19, 38; W. Chen and J. W.
Conlan, unpublished data). Compared to aerosol infection,
changes in the lungs of mice after oral inoculation with type A F.
tularensis were relatively minimal (9). In particular, there was no
bacterial colonization, cellular and fibrinous exudates in the alve-
olar space or airway lumens, or dilatation of the perivascular
spaces. The changes in the liver, and particularly in the spleen,
were evident somewhat earlier in orally infected mice than in
mice infected by aerosol with the same strain of the pathogen.

The lack of tissue damage and inflammatory response in the
gastrointestinal tract in the early stages of orally initiated tulare-
mia supports the possibility that it is the extraintestinal bacterial
dissemination and resulting damage to systemic tissues, rather
than local enteric infection, that contribute to the associated mor-
bidity and mortality. Indeed, in contrast to the pathology associ-
ated with other oral bacterial infections in mice (16), which pro-
duces acute inflammation and necrosis in the intestinal mucosa
and its associated lymphoid tissues, F. tularensis produced mini-
mal local gastrointestinal pathology. Mice showed no clinical signs
of acute enteritis, and the MLN revealed little change at dpi 1 to
2. Instead, orally inoculated mice showed histopathological
changes typical of overwhelming systemic infection, consisting of
heavy infection and acute inflammation and necrosis of the spleen
and liver. The lesions in these tissues were identical to those seen
in mice infected by the systemic and respiratory route (9, 13, 38).
Thus, the gastrointestinal tract, like the lungs and skin, acts pri-
marily as a portal of entry for F. tularensis rather than as the
critical site of infection. In this regard, we have previously spec-
ulated that, in aerosol-initiated F. tularensis infection, it is the
disseminated rather than the pulmonary infection that kills the
host (9). Taken together, these data would postulate a single
mechanism by which this pathogen causes disease, regardless of
the route of infection. However, this postulation does not explain
the observation that mice intradermally immunized with F. tula-
rensis LVS can control i.d. challenge with up to 1,000 CFU type A
F. tularensis but struggle to contain a 100-fold smaller aerosol
inoculum, despite the fact that the LD100 for naive mice is similar
by either route (7), suggesting that different immune responses
are required to combat systemically initiated versus inhalation-
initiated tularemia. It is possible that, in the immunization chal-
lenge model, the immune responses elicited by LVS vaccination
might be less well expressed in the lungs than elsewhere or be less
able to combat pulmonary versus systemic tularemia.

Based on the knowledge from other well-studied oral bac-
terial infection models, orally administered bacteria may dis-
seminate to systemic tissues from the intestinal lumen through
one of the following avenues: use of M cells and epithelial cells
as a portal of entry with or without the colonization of intes-
tinal lymphoid tissues (such as Peyer’s patches and MLN) (3,
17) or transport by CD18-expressing phagocytes directly across
the epithelial layer (37). Although it is not clear from the
present study exactly how F. tularensis crossed the intestinal
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epithelium to cause fatal systemic infection, the presence of
relatively low numbers of bacteria in the MLN during the
course of infection and large numbers of the pathogen in the
liver and spleen at dpi 2 and 3 also suggest that F. tularensis
introduced by the oral route traversed the gastrointestinal tract
and proceeded to infect systemic organs with very little local
bacterial replication. In addition, the absence of F. tularensis in
the lung during the first 2 days rules out incidental inhalation
or aspiration of the gavage inoculum as the mode of infection.

The magnitude of mRNA expression and cytokine levels was
similar in pattern to that of the bacterial burdens in the tissue,
which peaked in the MLN at dpi 2 and in the liver and spleen
at dpi 3. Overall, the cytokine and chemokine profiles seen in
orally infected mice were similar to those reported after sys-
temic or aerosol infection with virulent type A. F. tularensis and
the attenuated LVS strain (1, 8, 11, 14, 31). For the latter
organism, early production of several of these cytokines by
cells of the innate immune system, particularly TNF-�, IFN-�,

and IL-12, has been shown to be critical for effectively com-
bating primary infection (11, 31). In contrast, we and others
have previously shown that mice that produce these cytokines
in response to low-dose systemic or aerosol challenge with type
A F. tularensis still rapidly succumb to the ensuing infection (1,
9, 14, 38). In other words, virulent strains of F. tularensis that
infect via the skin or lungs thrive despite a vigorous innate
immune response by the murine host. This also appears to be
the case when the pathogen enters the host via the oral route.
However, it is interesting that IFN-��/� mice died sooner than
WT mice when a high dose of the pathogen was used (Fig. 2),
indicating a role for this cytokine in early protection, whereas
in WT mice the significant increase in the mRNA expression
and production of IFN-� on dpi 2 and 3 suggest that overpro-
duction of IFN-� after infection contribute to the subsequent
death of the animal. These findings suggest that IFN-� may
play a divergent, although subtle, role in the pathogenesis of
oral infection with virulent type A F. tularensis.

FIG. 6. Cytokine and chemokine levels in sera from mice orally inoculated with type A F. tularensis. Groups of C57BL/6 mice were orally
gavaged with 2 
 107 CFU type A F. tularensis strain FSC033 on day 0, and blood samples were collected at dpi 0, 1, 2, and 3. Cytokine and
chemokine levels in the serum were determined by using the Beadlyte mouse multiplex cytokine detection system 2 and mouse chemokine 5-Plex
assay kits on a Luminex 100 IS instrument. The data are expressed as means � the standard deviations of eight mice at each time point. The
detection limits of the assays were 2.5 to 5 pg/ml. *, P � 0.05; **, P � 0.01 (versus dpi 0).

FIG. 7. Lack of protection against oral challenge with type A F. tularensis in mice i.d. immunized with LVS. Groups of C57BL/6 and BALB/c
mice were i.d. immunized with approximately 2 
 105 CFU of F. tularensis LVS (n � 10) or sham immunized (n � 5) at day 0. Mice were challenged
orally with 108 CFU type A F. tularensis strain FSC033 4 weeks after immunization, and their survival and MTM were monitored.
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It is worth noting that, under natural circumstances, the oro-
pharynx is probably a major interface of the pathogen with the
host in oral F. tularensis infection. However, it is not practical to
simply feed mice with type A F. tularensis without the risk of
concomitant respiratory tract infection given the fact that the
LD100 for the latter route is approximately 10 CFU (9, 38). To
avoid this, the F. tularensis inoculum was delivered by gavage in
the present study, which bypassed the oropharynx region. Thus,
the mouse model described probably does not represent all fea-
tures of human oral F. tularensis infection but rather those that
occur once the pathogen passes beyond the oropharynx. Never-
theless, this mouse model will be a useful tool for future studies
on the immunopathogenesis of orally initiated tularemia and for
the development and evaluation of prophylactic and therapeutic
agents against this form of the disease.
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