














infected by the LVS 	fptB mutant, and another was minimally
infected by the LVS 	fptG mutant). All organs showed bacterial
clearance by day 28.

The severity of tissue pathology observed for the livers of the
infected mice was closely correlated with the bacterial burden (Fig.
6). The LVS-infected mice that were euthanized or had suc-
cumbed at day 5 exhibited extensive inflammation and granuloma
formation. Numerous necrotic and some apoptotic lesions were
also observed (Fig. 6A). Inflammation and granuloma formation
were also observed in livers of mice infected with Fpt mutants
(observed at day 7), but the pathology was generally less severe
than that of LVS-infected livers (Fig. 6C and D). Notably, there
were fewer instances of necrotic or apoptotic lesions observed for
the livers of LVS 	fptE mutant-infected mice, and there were few
to no such lesions observed for mice infected with the LVS 	fptG
mutant. The two LVS 	fptB mutant-infected mice that had higher
bacterial burdens in their livers showed pathology more similar to
that of the LVS-infected mice (Fig. 6E), whereas the two with
lower bacterial burdens exhibited reduced pathology similar to
that of the LVS 	fptG mutant-infected mice. At day 14, livers from

Fpt mutant-infected mice showed decreased pathology with mi-
nor inflammation and granuloma formation and no evidence of
necrotic or apoptotic lesions regardless of the infecting strain. By
day 21, only very minor signs of inflammation were present, with
no granulomas or lesions being observed regardless of the infect-
ing strain (Fig. 6F).

Altered cytokine responses to Fpt mutants in livers of in-
fected mice.Since the pathology induced by LVS has been attrib-
uted to the ability of this organism to produce an early cytokine
storm (5, 21, 22), we hypothesized that the attenuated Fpt mutants
would also exhibit a diminished early proinflammatory response.
Livers from LVS-infected mice showed significantly increased lev-
els of cytokine and iNOS mRNAs over a 24- to 72-h period, as
previously reported (5, 6). In contrast, the two more attenuated
strains, the LVS 	fptB and LVS 	fptG strains, exhibited markedly
decreased cytokine (TNF-�, IL-1�, and IFN-�) and iNOS gene
expression levels (Fig. 7A). The LVS 	fptE mutant, which showed
intermediate attenuation (Fig. 4), also showed intermediate ex-
pression levels of TNF-�, IL-1�, and IFN-� over the 72-h time
period. Interestingly, only the LVS 	fptE strain induced dimin-

FIG 5 (A) The bacterial burden of Fpt mutant strains is less severe than that of LVS in mouse organs. BALB/c mice were infected with a low dose of either an Fpt
mutant strain or LVS, and organs were harvested and homogenized for bacterial enumeration on days 1, 2, and 3 postinfection. Bars indicate arithmetic means
of bacterial counts. �, P � 0.05 by a two-sample t test. The statistical significance represented is between a given Fpt mutant strain and LVS at the indicated time
point. (B) LVS Fpt mutant strains are cleared from mouse organs by day 28 after infection. BALB/c mice were infected with either a well-tolerated dose of an Fpt
mutant strain or a lethal dose of LVS, and organs were harvested and homogenized. Organs from LVS-infected mice were harvested and homogenized on day 5,
and organs from Fpt mutant-infected mice were harvested and homogenized on days 7, 14, 21, and 28 postinfection. Bars indicate arithmetic means of bacterial
counts. �, P � 0.05 by a two-sample t test. The statistical significance represented is between a given Fpt mutant strain and LVS at the indicated time point.

FIG 6 Pathology is more severe in the livers of mice infected with LVS than in the livers of mice infected with Fpt mutants. (A) Liver section taken from a
mock-infected mouse on day 1. (B) Liver section taken from an LVS-infected mouse at day 5 postinfection. (C and D) Liver sections taken from LVS 	fptB (C)
and LVS 	fptG (D) mutant-infected mice at day 7 postinfection. (E) Liver section taken from an LVS 	fptB mutant-infected mouse with a high bacterial burden
at day 7 postinfection. (F) Liver section taken from an LVS 	fptG mutant-infected mouse at day 21 postinfection. Arrows denote areas of inflammation and
granuloma formation containing necrotic lesions. All images were taken at a �100 magnification.
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ished IFN-� gene expression levels compared to the levels ob-
served for LVS-infected mice or mice infected with the other two
Fpt mutants (Fig. 7A).

We also observed that increased expression levels of a subset of

these inflammatory cytokines were correlated directly with an in-
creased bacterial burden in organs and the onset of clinical signs of
illness. At day 7 after infection, two of four mice infected with the
LVS 	fptB strain had a very high bacterial burden in the liver that

FIG 7 Cytokine gene expression in murine livers in response to infection with Fpt mutant strains is altered compared to that in response to infection with LVS.
Groups of 3 BALB/c mice were infected with either PBS (mock infected), 500 CFU of LVS, 400 CFU of the LVS 	fptB strain, 300 CFU of the LVS 	fptE strain,
or 700 CFU of the LVS 	fptG strain. (A) Livers were harvested and homogenized at 24, 48, and 72 h after infection. (B) Difference in IFN-� and iNOS expression
levels in LVS 	fptB mutant-infected mice (1.5 � 103 CFU) with high bacterial burdens versus those with low bacterial burdens at day 7. High bacterial burden
versus low bacterial burden refers to Fig. 5B, where two mice had bacterial burdens similar to those for LVS infection (approximately 108 CFU/gram tissue) and
are considered “high” and two mice had bacterial burdens similar to those for infection with the other two mutants (approximately 103 CFU/gram tissue) and
are considered low. Relative cytokine gene expression levels were measured by using quantitative RT-PCR. �, P � 0.05 by Dunnett’s two-sided multiple-
comparison test. The statistical significance represented is between a given Fpt mutant strain and LVS at the indicated time point.
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was similar to that observed for LVS-infected mice (approxi-
mately 108 CFU/gram tissue) (Fig. 5B) and exhibited obvious
signs of illness. Both IFN-� and iNOS mRNA levels in these two
mice were considerably higher than those in livers of mock-in-
fected mice and not statistically different from those in the LVS-
infected mice (Fig. 7B). In contrast, the other two mice infected
with the LVS 	fptB strain had considerably lower bacterial bur-
dens in the liver (approximately 103 CFU/gram tissue) (Fig. 5B),
had no obvious signs of illness, and showed a level of induction of
IFN-� and iNOS mRNAs that was considerably lower than that
observed for the LVS-infected mice or their LVS 	fptB strain-
infected counterparts, which had much higher bacterial burdens
in the liver (Fig. 7B).

DISCUSSION

There has been a surge of research interest in Francisella tularensis
due in large part to concern for its use in a bioterror attack. Due to
the lack of a licensed vaccine, much effort has been dedicated to
the development of vaccines against tularemia. One common
strategy used for the development of vaccine candidates has been
the construction of live-attenuated strains by the targeted deletion
of genes suspected to encode virulence factors. Advantages to this
approach include the ability to engineer strains with a clearly de-
fined molecular basis of attenuation with multiple distinct genetic
deletions, greatly reducing the risk of reversion. While the highly
virulent type A strains remain the target for a protective vaccine,
type B LVS provides a good model system to use for the engineer-
ing of prototype attenuated strains. LVS retains the ability to
mimic the lethal disease caused by type A strains (such as Schu S4)
in humans in animal models and can be studied in BSL-2 contain-
ment. Mutations of various metabolic genes and virulence factors
in the LVS background, such as mutations of purMCD, guaB and
guaA, sodB, and tolC, have conferred various degrees of attenua-
tion and protective capacity against the parental strain in mouse
models (2, 11, 26, 27, 32). Three mutants have been shown to
provide significant protection against Schu S4 challenge in mice,
an LVS sodB mutant (1); a Schu S4 FTT_1103 mutant, which
encodes a DsbA-like protein (29); and a Schu S4 clpB mutant (9,
39). The creation of attenuated strains with defined genetic dele-
tions toward the goal of creating a safe and highly efficacious vac-
cine continues.

Toward the goal of defining improved targets for mutation in
generating live-attenuated vaccine strains, we investigated a fam-
ily of genes encoding MFS transporters as vaccine candidates.
MFS transporters are ubiquitous across bacteria and are involved
in the transport of a wide variety of substrates, including but not
limited to amino acids, carbohydrates, and Krebs cycle metabo-
lites (25). F. tularensis is predicted to encode 31 total MFS trans-
porters. We studied a subset of nine of these genes with homology
to the phtA gene of L. pneumophila. phtA is a member of the Pht
(phagosomal transporter) subfamily of MFS transporters and was
shown previously to be important for the intramacrophage sur-
vival of L. pneumophila (35). Including phtA, a total of 12 Pht
subfamily MFS transporters have been identified in L. pneumo-
phila (4). Of the other members, phtJ has been defined as a valine
transporter, and phtC and phtD are suspected to be involved in
nucleoside assimilation (4). Based on their homology to phtA and
the other Pht genes in L. pneumophila, we named these nine genes
the Fpt (Francisella phagosomal transporter) subfamily. In this

study, we created genetic deletions of each member of the Fpt
subfamily and characterized their effects on pathogenesis.

Three mutants, the LVS 	fptB, LVS 	fptE, and LVS 	fptG
mutants, showed altered replication kinetics in one or more cell
types, including macrophages and HepG2 cells. The defect in
all cases was a decreased level of replication within the first 24-h
period. Two Schu S4 transposon mutations of Fpt genes,
FTT_0056c and FTT_0129 (corresponding to fptB and fptG), were
previously identified as being defective for replication in HepG2
cells, and FTT_0056c was identified as being defective for replica-
tion in J774.1 cells (28), suggesting that the phenotypes which we
have observed for LVS are conserved in Schu S4. This is not sur-
prising given the high (98 to 100%) degree of amino acid identity
between proteins encoded by LVS and those encoded by Schu S4.
There are several possible reasons for the observed lag in intracel-
lular replication, including a metabolic defect in the mutant
strains that forces the use of an alternate metabolite or metabolic
pathway for an essential cellular function upon reaching the cyto-
sol, resulting in the observed lag in replication. Studies are under
way to identify the function of each Fpt protein and its mechanism
in the infection process of Francisella.

These three mutant strains were highly attenuated in BALB/c
mice following i.p. inoculation, where at least partial survival was
observed for mice inoculated with each of the three mutants at
doses ranging up to 3.5 � 105 CFU, a dose at least 1,000 times
higher than the 100% lethal dose for LVS. Our data demonstrate
that the LVS 	fptG strain was the most attenuated of these three
strains, with a 100% survival rate for mice infected with a dose as
high as 2.7 � 106 CFU. The levels of attenuation of the other two
mutant strains were similar.

The three mutant strains all conferred protection against lethal
challenge following a single immunizing dose. Regardless of the
immunizing strain or dose, all mice were protected against a chal-
lenge dose of 1.2 � 105 CFU of LVS, which is at least 1,000 times
higher than the lethal dose. The protection from challenge elicited
from these strains after a single dose was also shown to be long
lasting, as mice that were challenged 3 months after vaccination
were also fully protected. We also observed that vaccination doses
as low as 200 to 500 CFU were completely protective against a
challenge dose of 5.1 � 103 CFU. This is important to note, since
many of the strains previously reported to be attenuated and pro-
tective either were not challenged with such a high dose, required
a higher vaccination dose, or required multiple vaccinations to
achieve the same level of protection (15, 16, 18, 20, 26, 30, 32, 36).
There has been one other LVS mutant reported to provide full
protection against an LVS challenge of 105 CFU with a vaccination
dose of only 103 CFU (37). The ability of the Fpt mutants to confer
protection with a small vaccination dose may be related to the fact
that they are able to replicate in macrophages, unlike other atten-
uated strains, such as the 	guaA, 	guaB, and 	purMCD mutant
strains, which are unable to replicate in macrophages.

During infection in mice, F. tularensis colonizes target organs,
including the lungs, liver, and spleen. While Fpt mutant strains
colonize the lungs, liver, and spleen in mice, they fail to replicate to
the same levels as those of parental LVS during the first 3 days after
infection. These mutants were almost completely cleared from the
organs by day 21 after inoculation and were totally cleared by day
28. This is significant, because even if attenuated and protective, a
strain that causes a persistent bacterial burden in target organs
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which fails to clear over time would likely not be a viable vaccine
candidate.

The cytokine responses in the livers of mice infected with the
Fpt mutant strains were altered in comparison to that of LVS. We
focused on the livers because the cytokine response to Francisella
infection is much more muted in the lungs and spleen following
i.p. infection (5, 12, 13). Consistent with previous reports, we
observed a robust inflammatory response, particularly at 48 and
72 h postinfection in the LVS-infected mice (3, 5, 12, 13, 21, 22). In
contrast, the Fpt mutant strains induced significantly less proin-
flammatory gene expression, and this reduction correlated with
lower bacterial burdens and reduced pathology. It was shown pre-
viously that a cytokine storm resulting in severe tissue damage is a
factor contributing to F. tularensis virulence in mice (3, 21, 22, 38).
The reduced induction of gene expression of the proinflammatory
cytokines TNF-�, IFN-�, and iNOS in the livers of mice infected
with Fpt mutant strains corresponded to decreased liver pathol-
ogy compared with that of mice infected with LVS, where more
inflammatory foci, apoptosis, and necrosis were observed.

Also of note is the elevation of IFN-� gene expression levels in
the livers of mice infected with Fpt mutants compared with the
level in mice infected with LVS. Cole et al. previously showed the
importance of IFN-� in controlling F. tularensis replication (6).
While the inducible levels of IFN-� mRNA did not reach the level
of statistical significance, we believe that this finding suggests that
this cytokine may contribute to the control of the replication of
the Fpt mutant strains. Interestingly, despite the observed eleva-
tion of IFN-� gene expression levels in response to Fpt mutant
infection at 72 h compared with levels in response to LVS infec-
tion, iNOS expression levels at 72 h in response to infection with
these mutants were significantly reduced. While LVS-induced
IFN-� was previously shown to be required for iNOS expression
in macrophages (6), mice that lack the IFN-�/� receptor have
been found to be more resistant to infection (17). Thus, the role of
IFN-� in F. tularensis infection remains controversial, and its pos-
sible relationship to the phenotypes of the attenuated strains will
be examined in future studies.

Additional evidence that a reduced proinflammatory response
contributes to attenuation and eventual survival was seen in the
pathology of mice infected with the LVS 	fptB mutant. When we
examined cytokine expression levels in livers from mice infected
with this mutant at day 7 after infection, we observed that two
mice with a low bacterial burden which exhibited no signs of ill-
ness had levels of IFN-� and iNOS expression similar to those of
mock-infected mice, whereas two mice with a high bacterial bur-
den which exhibited severe signs of illness had levels of IFN-� and
iNOS expression that were dramatically elevated compared to
those of mock-infected mice. Tissue pathology such as inflamma-
tion, granuloma formation, and necrotic cell death, which corre-
lated with the high bacterial burdens in the two mice, was also
observed to be more severe in the two mice with higher bacterial
burdens.

During our analysis of the LVS and Schu S4 strains for the
presence of the Fpt genes, we discovered that each of the LVS Fpt
genes has a virtually identical homolog in Schu S4 (Table 1). We
have previously shown that our suicide plasmid system is amena-
ble to the creation of deletions in the Schu S4 strain, and the
development of live-attenuated Schu S4 Fpt mutants is under way.

This is the first report to link MFS transporters to pathogenesis
and virulence in F. tularensis, making it the second intracellular

pathogen shown to rely on MFS transporters for virulence. Three
genes in this family, fptB, fptE, and fptG, are critical for normal
survival and replication in one or more cell types that are impor-
tant for Francisella pathogenesis. Furthermore, we have shown
that these Fpt mutant strains are severely attenuated for virulence
in mice and protective against high-level challenge with parental
LVS and that the protection is long lasting. There have been lim-
ited reports of live vaccine strains conferring protection against a
type A challenge (1, 27). Future studies will determine if these LVS
Fpt mutants or the corresponding mutants in the Schu S4 back-
ground can protect against a type A challenge. While further in-
vestigation of the role of the Fpt transporters in pathogenesis and
the mechanism underlying the attenuation and protection of
these strains is required, we have shown that members of the Fpt
subfamily of MFS transporters are critical virulence factors in F.
tularensis and may represent promising targets for the develop-
ment of a live-attenuated vaccine.
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